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FOREWORD

This book contains the edition of an anonymous fourteenth-century Mamluk
treatise on the construction of astronomical instruments, which I have attrib-
uted to Najm al-Din al-Misr1. The work is remarkable for two reasons: first,
it gives construction procedures for over one hundred different instruments
(mostly astrolabes, quadrants and sundials), a great number of which were
previously unknown to specialists; second, these procedures are accompanied
by large diagrams of each instrument accurately drawn to scale. No justifica-
tion needs to be given for publishing such a technical work from fourteenth-
century Egypt, as there exist several hundred scientific treatises composed in
the Near East during the period ca. 1250—-1500, out of which less than a hand-
ful have been so far edited or translated. The treatise with which the present
study is concerned, even though it is atypical in many respects, still is deeply
rooted within a tradition emphasising practical science, which developed in
the context of Mamluk religious institutions of learning. Experts of Mamluk
intellectual history have so far failed to appreciate the extent and diversity of
scientific activities within these institutions. Consider the following quotation
from Jonathan Berkey:

The rational sciences — such as philosophy, logic, and mathematics — had
little part in the curriculum of the schools of higher religious education
in Mamluk Cairo, except, for example, in so far as a student encountered
logic as an ancillary to his study of the law.!

It is true that Mamluk historiographical works, generally written by religious
scholars, seldom provide information about teaching and research activities in
astronomy or mathematics within the confines of madrasas or mosques. Yet
the numerous copies of scientific treatises written or copied during the Mam-
luk period contain contrary evidence.”? This claim notwithstanding, much
work still needs to be done for an adequate appreciation of scientific life
in Mamluk society, in particular with regard to its institutional aspects. For
example, a prosopographical study of the actors, especially the muwaqgqits,
could furthermore reveal the affiliation patterns and the genealogical network
of scientific practitioners.

! Berkey 1992, p. 13.
2 For a first look at these sources see King 1983a.
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I contend that a serious understanding of the Mamluk period is crucial for
all historians of Islamic science, as it will inevitably lead them to examine vex-
ing and disputable questions related to ‘post-classicism’ and ‘decline’, and to
assess the complex relationship between theoretical and practical knowledge.
Some of these critical issues have been perceptively addressed in an insight-
ful essay by A. I. Sabra; commenting the phenomenon of applied science in
Mamluk religious institutions, he wrote:

... what we have to do with here is not a general utilitarian interpretation
of science, but a special view which confines scientific research to very
narrow, and essentially unprogressive areas. We may rightly admire the
ingenuity, inventiveness and computational prowess of the works of the
muwagqgqits on timekeeping and the gibla; but we have to realize that
breakthroughs, if such were at all possible, could only have occurred
elsewhere . ..3

The reader will find in my introduction some evidence for my partial dis-
agreement with Sabra’s characterization of Mamluk science as ‘instrument-
alist’ and ‘unprogressive’. In general, the present book does not pursue the
issues mentioned above beyond mere occasional remarks. I do hope, how-
ever, to convince readers of the following pages that a detailed social history
of Mamluk science would be a worthwhile and timely undertaking.

Despite the enduring fascination for the astrolabe and its history, histori-
ans of ancient and medieval science have seldom demonstrated interest in the
topic of instrumentation, which most of them see as pertaining to a category
of opera minorissima. The study of instrumentation in Islamic civilization
has never reached historiographical eminence; the outdated and incomplete
character of most studies dealing with the subject is a serious hindrance. Also
problematic is the fact that most of the important works from before 1300 are
either unpublished or inadequately available. (The Spanish Islamic tradition,
which has been thoroughly investigated by successive generations of schol-
ars in Barcelona, is a notable exception.) This justifies the approach adopted
for the commentary on Najm al-Din’s treatise, which I have written as a self-
standing historical and technical essay organised by categories of instruments.
If the present publication were to foster a new interest in the subject and a
more refined appreciation of its historical importance, it will have attained its
goal.

I am particularly grateful to my Doktorvater David A. King, to whom I
owe more than I could express in a few lines. His unrivalled intellectual and
personal generosity, his good humour and his sagacity have been immensely
helpful from the very beginning. The following persons and organisations
have also provided advices and help in various ways: Hans Daiber, Lewis

3 Sabra 1987, pp. 241-242.
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CHAPTER ONE
INTRODUCTION

Instruments are the preferred icons of science.! In the history of Eastern

and Western art, astronomical instruments almost invariably accompany rep-
resentations of astronomers and astrologers, who may be portrayed holding
an astrolabe, standing next to a globe or an armillary sphere, or performing
an altitude measurement through the sights of parallactic rulers or an horary
quadrant. In Islamic art and literature, the astrolabe had a preeminent status,
as it symbolised and embodied the science of astronomy and, perhaps even
more, astrology.” Several representations of astronomers or astrologers can
be found in Ottoman, Persian and Moghul miniatures.® In medieval European
art we sometimes encounter astrolabes as attributes of ancient astronomers or
wise men.* Two masterpieces of European Renaissance painting also come to
mind, namely, Van Eyck’s portrait of St. Jerome in his study with an astrolabe
hanging in the back (1442) and Botticelli’s fresco depicting St. Augustine
in his study with an armillary sphere in front of him (ca. 1480).> Ancient

! The above statement may seem trivial: if we list, for each pre-modern or early-modern field
of scientific endeavour, visual icons or symbolic attributes of the sciences, we shall inevitably
end up with a list of instruments. For astronomy, the armillary sphere and the astrolabe, later the
telescope; for arithmetic, the dust board or the abacus; for geometry, the compass; for geography
and discoveries, the globe and the sextant. Instruments are also preeminent icons of ancient and
medieval science in modern publications, as they are used to illustrate the front-page of books
and journals, to adorn posters for congresses and to serve as logos for learned associations. An
icon is not hard to define, but the investigation of why and how icons are used in the practice and
rhetoric of ancient or modern science — or even within modern discourse on ancient science — is
certainly a complex issue.

2 See Saliba 1992, pp. 50, 53, 61 and plates 1-6.

3 Two magnificent miniatures, one made in Shiraz in 1410, the second one in 1596 at the royal
workshop of Akbar in India, representing Nasir al-Din al-Ttis1 and his colleagues at the Maragha
observatory, are illustrated in Richard 2000, fig. 2 and fig. 4; a better reproduction of the Shiraz
miniature is in Nasr 1976, p. 22 (with misleading caption). The Ottoman miniature representing
Taqt al-Din and his colleagues at the observatory in Istanbul is famous: see for example Sayili
1960, Unver 1969 (plate 2 between pp. 16 and 17 and details on plates 3-11 at the end), Nasr
1976, p. 113, or Michel 1977, p. 124. Six superb Moghul miniatures featuring astrologers at work
are illustrated in Saliba 1992; on all of them an astrologer holds an astrolabe in one of his hands.

4 See e.g. Michel 1977, pp. 97, 101, 103, or G. Turner 1991, p. 17 (the latter is a fourteenth-
century miniature in Ptolemy’s Geography showing Ptolemy holding an astrolabe). On a sundial
copperplate print by Georg Hartmann we also see Ptolemy holding an astrolabe (Munich, Rara
434, unfoliated, photograph in the Ernst-Zinner-Archiv of the Institut fiir Geschichte der Natur-
wissenschaften, Frankfurt am Main).

5 Both are illustrated in G. Turner 1991, pp. 18 and 19.
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and contemporary instruments are also richly featured in frontispieces of fam-
ous seventeenth-century astronomical books, such as Kepler’s Tabule Rudol-
phince Astronomice (1627) or Hevelius® Uranographia (1690).° The idealised
representation of Tycho Brahe sitting in his observatory next to a large mural
quadrant, with assistants in the background operating other instruments, is one
of the best known depictions of an early modern astronomer at work.” When
we think of astronomical instruments we generally associate them with obser-
vations and with astronomical practice. Historians of astronomy are indeed
familiar with Ptolemy’s discussion of four observational instruments (namely,
the ecliptic ring, the mural quadrant, the armillary sphere and the parallactic
rulers) used by him and his predecessors to gain the necessary data for estab-
lishing empirical parameters and confirming their theoretical models.’

Notwithstanding this iconographical tradition, the present study is mainly
concerned with another category of astronomical instruments, which are la-
belled mathematical and graphical.’ 1 look at two-dimensional objects of
practical mathematics which serve as models of the heavens or as graphical
devices for solving problems of positional astronomy. Also, the instruments
featured in this study can be characterised as didactical tools. 1 contend in the
following pages that a major function of mathematical instruments in late me-
dieval Islamic society was indeed didactical: they were favoured visual aids
used in the transmission of technical astronomical knowledge.

While having roots in the Hellenistic and — to a lesser extent — Hindu civil-
izations, astronomical instrumentation benefited in Islam from the formidable
spirit of inventiveness and creativity that characterised all branches of theor-
etical and practical knowledge. Only a few decades after having adopted the
astrolabe from hellenised Near Eastern centres of learning, scholars of differ-
ent faiths living in Dar al-Islam, mainly Muslims but also Christians, Jews
and others, had already improved the instrument and invented other devices
that were unknown to their predecessors. Astronomical instrumentation was
traditionally regarded — in encyclop&dias and treatises on the classification
of the sciences — as a subdivision of astronomy (ilm al-nujiam), as, for ex-
ample, in the encyclopadia of the sciences by the late-tenth century Central
Asian scholar Abu ‘Abd Allah Muhammad al-Khwarizmi.'? Later, timekeep-
ing joined the list as a further subdivision of astronomy; non-observational

© The frontispiece of J. Luyts, Astronomica Institutio (1692) is also of interest in this respect.

7 Tycho Brahe, Astronomiae Instauratae Mechanica, 1598.

8 Ptolemy, Almagest, Books I and V.

° T use these terms in order to emphasise their distinction from purely observational instru-
ments, this despite the fact that the term ‘mathematical instruments’ was traditionally used in a
wider sense (e.g., in seventeenth-century England). That many instruments of the mathematical
genus (such as the astrolabe) were usually fitted with a pair of sights should not detract us from
the fact that their main function was not to measure altitudes.

10 al-Khwarizmi, Mafatih al-‘uliim, pp. 232-235. Cf. Wiedemann 1918-19, p. 2.
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instrumentation, although it formed a sub-discipline of astronomy in itself,
in practice often figured as an ancillary science of timekeeping. The Cairene
scholar Ibn al-Akfant (d. 739 H/1348), in his influential classification of the
sciences, included timekeeping, observational instruments, the projection of
the sphere and gnomonics among the subsidiary branches of astronomy.!!
During the period ca. 800-1100, the topic of astronomical instrumentation
attracted the attention of a wide spectrum of scholars, from down-to-earth
asturlabis — those professionally concerned with the construction and opera-
tion of instruments — to universal minds like al-Bir@ini and Ibn Sin3,'? and on
to first-rank mathematicians,'® court astrologers and ordinary teachers.

The focal point of the present investigation is an illustrated Arabic treatise
composed in Cairo ca. 1330, in which the construction of over one hundred
different mathematical instruments is explained. The work is anonymous but
I shall later demonstrate how it can be attributed to a practical astronomer,
Najm al-Din al-Misri. This work is remarkable for several reasons, even if
some of its characteristics can be considered in negative terms by traditional
historiographical standards. A critical edition and translation of the treatise
form the second part of what follows, and this text will provide the main
source for my investigation. Before discussing the attributes of this unusual,
idiosyncratic scientific production, a brief overview of its context is apposite.

1.1 Learning and miqat in Mamluk society

The period during which the Mamluk Sultanate ruled Egypt and Syria, namely,
1250-1517, is one of the most fascinating and colourful episodes of the me-
dieval history of the Near East. It is also a time characterised by a remarkable
level of intellectual vivacity and innovation.'* The social transformations un-
der Mamluk rule led to the accessibility of knowledge to a larger part of the
population, and this explains, at least in part, why practical science became

11" See Ibn al-Akfani, p. 59, and the translation of this passage in King 1996, pp. 303-304.

12 31-BiranT’s remarkable treatise on the astrolabe (entitled Isti‘ab al-wujiih al-mumkina fi
san‘at al-asturlab, “Comprehensive account of all possible ways of constructing the astrolabe”)
is often cited in the modern literature, although it has not been yet published. [Note added in
proof: An edition by Muhammad Akbar Jawadt al-Husani (Mashhad, 2001) has become avail-
able after completion of this study. See al-Biraini, Isfi‘ab in the bibliography.] It was composed
in the author’s youth, while he was in Gurganj. I shall frequently refer to this important work in
the commentary; I have used MS Leiden Or. 591/4, pp. 47-175 (copied 614 H). For Ibn Sina’s
involvement with observational instruments see Wiedemann & Juynboll 1926.

13 The foremost examples being al-Kiihi and Ibn al-Haytham; see p. 54, n. 19 and p. 183.

14 The first century and a half of Mamluk rule (1250-1400) — which coincides with the temporal
boundaries of the present study — is a period traditionally associated with the beginning of the so-
called ‘post-classical’ age of Islam, a periodisation that now urgently ought to be abandoned.
The Mamluks were former soldier-slaves of Turkic and Circassian origins who eventually rose to
positions of power.
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increasingly popular, as the number of treatises written specifically for begin-
ners or for a non-specialised audience clearly attests.'> During this period,
instrumentation became localised within the frame of a new subdiscipline of
astronomy, the science of astronomical timekeeping (ilm al-migat or ilm al-
mawagqit). Stricto sensu, the science of migat denotes the knowledge of de-
termining the times of the sacred prayers. After 1250 AD the term acquired a
broader meaning, and referred to the whole field of spherical astronomy, time-
keeping, astronomical instrumentation, gibla computations, chronology and
prediction of lunar crescent visibility.!® It encompasses all aspects of prac-
tical astronomy, especially those of relevance to the Islamic community.'” In
the course of the thirteenth century this whole field became the domain of
a new category of professionals, the muwaggqits.'® These astronomers, em-
ployed by a mosque or a madrasa, were primarily responsible for establishing
the times of prayer, computing the gibla and constructing instruments such
as sundials. A consequence of this professionalization of practical astronomy
was a dramatic increase in texts dealing with migat, along with a strengthened
interest in instruments. But this phenomenon cannot be reduced to the realm
of muwagqgqits, for a large number of scholars who were the leading special-
ists of the field are not known to have been employed officially in mosques.
An independent scholar who already earned his living as a teacher might also
have made substantial contributions as an expert of migat, thus fulfilling the
same function as a muwagqgqit, albeit in an unofficial manner, by producing
tables or instruments used by the mosque or madrasa where he was active. It
is also well known that many muezzins were also muwagqqits; in fact the two
designations were frequently used interchangeably.

The basics of migat were taught in mosques, madrasas and private houses,
not necessarily as part of a fixed ‘curriculum’, but rather as an accepted and
socially useful branch of knowledge. Muezzins or apprentice muwaqqits were
taught migatr along with numerous students whose inclinations may not have
been mainly scientific. Although the standard topics of Muslim education
(such as usil al-din, figh and kalam) attracted large number of students and
conferred prestige on their teachers, scientific disciplines like astronomy and
mathematics, and the ‘rational sciences’ in general, were also continuously
present in the educational scene and enjoyed considerable esteem, despite
their apparently marginal status.'® The usefulness of applied astronomy and
mathematics for religious practice and for Islamic society in general (prayer
times, gibla, lunar visibility, algebra of inheritance, practical geometry ap-

plied to religious ornamentation and architecture) certainly contributed to se-
15 For a social history of religious education in Mamluk Cairo see Berkey 1992.

16" See King 1983a.

17" This is what David King has labelled “Astronomy in the service of Islam”™: see King 1993a.

8 see King 1996a.

See Brentjes, “Respectability”.

=
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cure that esteem to the eyes of the community. The same is true of other
‘alliances’ between secular sciences (such as logic and philosophy) and tra-
ditional ones.?’ Tbn al-Akfani confirms the high social status of migat, when
he mentions that scholars have applied the five categories of Islamic law?!
to the science of astronomy, the higher category of wajib being reserved to
the science of determining the prayer times,>> whereas the last three categor-
ies of ‘permissible’, ‘reprehensible’ and ‘forbidden’ concern various levels of
astrological doctrine.

The foundation of numerous mosques and madrasas through religious en-
dowments (waqf) during the Mamluk period created a higher demand for
specialists of migat. Since not all institutions could afford to hire their own
muwaqgqit (in general, only major institutions had muwaggqits among their per-
sonnel), their muezzins thus had to rely, for technical matters, upon the knowl-
edge of others. This created a demand for the tools (computational methods,
auxiliary tables, instruments and related treatises) and products (pre-compiled
prayer tables and sundials) of migat that are relevant to their activity. Such a
climate was propitious for competition between specialists, who rivalled to
attract students, and to provide them with the best teaching and the best in-
struments and methods.

A rare glimpse at the contents and context of this activity is provided by
Ibn al-“Attar, a fifteenth-century specialist on instruments who appears later in
the following pages. He tells us that Ibn al-Majd1 — a well-known astronomer
of fifteenth-century Cairo?® — taught him the elements of astronomy, and that
he read under his supervision (gara’a ‘alayhi) about the construction of in-
struments, such as declining sundials (munharifar**), and about theoretical
astronomy (hay’a), religious sciences (‘ulim al-din) and jurisprudence (figh).
We also learn that this teaching activity took place at the al-Azhar mosque, at
Ibn al-MajdT’s private residence, and at the madrasa of Janibak, and that Ibn
al-“Attar’s association with his master lasted close to 20 years.?®

20 Brentjes, “Respectability”, pp. 14—17, 22. Cf. Michot 2000, p. 148, emphasizing the “inter-
disciplinarity” and interaction of “philosophy, theology (kalam), sciences and even Sufism”.

21 Namely, 1. wajib (necessary), 2. mandiib (recommended), 3. mubah (permissible), 4.
makrith (reprehensible) and 5. mahzir (forbidden, prohibited). The same five categories were
already applied to astrology by Fakhr al-Din al-Razi; see Saliba 1982, p. 216 n. 14 (p. 56 of the
reprint), quoting MS Escorial 909, f. 66v. It would be interesting to know whether Ibn al-Akfani
took this directly from al-Razi.

22 Tbn al-Akfan, p. 58.

23 See Section 1.3.9.

24 The text has & lamce.

25 The text has ¢l sl
This information occurs at the end of a late copy of Ibn al-“Attar’s treatise on quadrants
composed in 830 H [= 1426/7] (see Section 1.3.9). The Arabic text is reproduced in King, Fihris,
I, p. 368. Ibn al-“Attar also says that he had previously studied under Niir al-Din al-Naqqash ibn
‘Abd al-Qadir (on whom see King, Survey, no. C74), on whose notes his treatise is based.
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Why did the practice of astronomy undergo such radical changes under
the Mamluks? What conditions made possible the appearance of this new
category of astronomers, the muwagqqits? George Saliba has formulated the
interesting thesis that the institution of the muwagqgqit appeared as a reaction
by the astronomers to the repeated attacks against astrology during the past
centuries.”’ By associating themselves with religious institutions and unmis-
takably obviating themselves from practising astrology to earn their living,
astronomers could successfully secure the religious and social legitimacy of
their discipline. Saliba notes that a strong plea for the usefulness of astronomy
and its distinctiveness from astrology had already been formulated in previous
centuries, notably by al-Biriini.?® Although this animosity against astrology
must have been one of the forces that led to a reshaping of astronomical prac-
tice during the twelfth to fourteenth centuries, it can hardly be accepted as
the monocausal explanation of a complex phenomenon, which is deeply de-
pendent upon a vast array of social and cultural changes experienced during
the Ayyubid and Mamluk periods.?® Be that as it may, a clearly observable
trend is the relative, if not complete, exclusion of astronomers and astrologers
from the court, and the remarkable marginality of the astrological literature
produced during the fourteenth and fifteenth centuries.>° In any event, astro-
nomy became increasingly dominated by migat, and its practitioners integ-
rated themselves to a religious setting, thereby adopting the same conventions
for transmitting their knowledge as those privileged by the religious scholars.

The shift of interest associated with the transformations in the practice of
the mathematical sciences impelled new avenues of research, including the-
oretical ones.?! Theoretical astronomy was not necessarily overshadowed by

27 Saliba 1994, pp. 61, 65, 78-79.

28 Saliba 1994, p. 60. This is most evident in al-Birini’s treatises on mathematical geography
(Tahdid, pp. 22-62 and translation pp. 1-33.) and on shadows (Shadows, 1, pp. 1-9), both quoted
by Saliba.

29 Yet Saliba also offers a more nuanced statement in this respect, saying that the office of the
muwagqgqit “was created specifically as a result of the change in the conception of the role of the
astronomer in the society” (Saliba 1994, p. 32).

30" To be sure, astrology did not disappear! But the number of astrological works by Mamluk
authors is comparatively few. Astrology and magic, of course, were not allowed in the context of
the mosque, at least not officially, but it is well-known that works on such topics were read and
copied within the confines of religious institutions. Moreover, there are few traces of astrology in
a courtly context during the Mamluk period, much unlike medicine, which the ruling elite actively
patronised (see Brentjes, “Respectability”, p. 33). Reports of Mamluk astronomers practising
astrology at the request of a patron are exceptional. So it is quite surprising to discover the
existence of a horoscope prepared for a Mamluk amir by the esteemed muwagqgit of al-Azhar and
religious scholar Ibn al-Majd1 (see King, Survey, no. C62 sub 5.5.1 — the horoscope is for one
Nasir al-Din Abi ’1-Fath Muhammad, born in 802 H [= 1399/1400]). Such patronage activity was
probably more frequent than we would assume, but it nevertheless appears to have been sporadic
and unofficial.

31 Among theoretical advances: mathematical geography (gibla), spherical trigonometry, the-
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the dominating insistence on the practical. Ibn al-Shatir could indeed pursue
his researches on the reform of Ptolemaic astronomy besides his functions
as a muwaqqit and a teacher. Other developments may have been accidental
consequences of the constant preoccupation with certain class of problems.
The case of instrumentation is particularly illuminating in this respect: the
practice and teaching of an astronomy dominated by migat encouraged the
explorations of fruitful paths in the design of instruments, which would have
been more difficult to access in a different context.

Most of the historical issues presented in the above survey require detailed
research which still needs to be conducted, a task beyond the scope of the
present work. The above remarks of a preliminary nature nevertheless aimed
at providing the reader with a clearer perspective of the place, role and virtues
of practical astronomy, and especially of instrumentation, in the context of
Egyptian and Syrian societies of the Mamluk period. Attention now turns to
a work of major importance.

1.2 An early Mamluk encyclopadia of miqat and
instrumentation: al-Marrakushi’s Jami® al-mabadi’
wa-l-ghayat f1 ‘ilm al-miqat

The astronomer Sharaf al-Din Abu “Alr al-Hasan ibn “Ali ibn “‘Umar al-Marra-
kush®? compiled in Cairo during the second half of the thirteenth century a
remarkable summa®? devoted to the science of migat, which is the single most
important source for the history of astronomical instrumentation in Islam.3*
Since it became the standard reference work for Mamluk Egyptian and Syrian,
Rasulid Yemeni and Ottoman Turkish specialists of the subject,® it merits
attention here.

al-Marrakushi, unfortunately, does not figure in any of the standard bio-
graphical dictionaries I have consulted, so the scanty evidence provided by his
own work shall be used to shed some light on his person. He was obviously

ory of projections and sundial theory.

32 On this individual see the article “al-Marrakusht”, EI?, VI, p. 598 (by D. A. King); on his
writings see Suter, MAA, no. 363 and King, Survey, no. C17.

33 To characterise this work, King has unfortunately often used the word ‘compendium’ by
mistake (e.g. King 1983a, p. 539 or King, Survey, p. 59). In view of the nature and sheer size of
al-Marrakushi’s Jami", its best Latin equivalent is without question summa.

34 The first half (Fann 1 and the first three gisms of fann 2) was translated into French by
J. J. Sédillot in 1822 and printed in two volumes in 1834-1835; the rest of the second fann was
summarised in a very inadequate fashion (at least by modern standards) by his son L. A. Sédillot
in an essay published in 1844. Both publications are respectively listed as Sédillot, Traité and
Sédillot, Mémoire in the bibliography.

35 The number of extant copies of this work proves its popularity: I am aware of 14 complete
copies, 3 incomplete ones, and numerous fragments and extracts.
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an emigré from the Maghrib active in Cairo.?® It is not surprising, given the
turmoil affecting al-Andalus and the Maghrib in the thirteenth century, that a
scholar from the westernmost part of the Islamic world would decide to emig-
rate to Egypt, whose capital Cairo was indeed already established as the major
cultural centre of the Arab-Islamic world. al-Marrakushi appears to have writ-
ten his major work in Cairo during the years 675-680 H [= 1276-1282]. First,
a solar table is given for the year 992 of the Coptic calendar (Diocletian era),
corresponding to the years 674-75 H and 1275-76 AD. Also, some examples
of chronological calculations are given for the year 680 H [= 1281/2], and
his star table (in equatorial coordinates) is calculated for the end of the year
680 H. An interesting confirmation of his Maghribi origin and a testimony of
his exile from there to Egypt is provided by his geographical table: 44 of the
135 localities featured in the list of latitudes are written in red ink to signify
that the author visited these places personally and determined their geograph-
ical latitude in situ through observation. These 44 locations begin along the
Atlantic coast of today’s West Sahara, include numerous cities and villages in
the Maghrib, two cities in al-Andalus (Seville and Cadiz), and continue along
the Mediterranean coast via Algiers, Tunis and Tripoli to end up in Alexan-
dria, Cairo, Minya and Tinnis.3’” al-Marrakushi’s Western Islamic heritage is
also apparent in the fact that his chapters on precession and solar theory de-
pend upon the works of Ibn al-Zarqalluh and Ibn al-Kammad. al-Marrakushi
died, certainly in Cairo, between the years 680 H and ca. 725 H.38

The voluminous®® Jami‘al-mabadi’ wa-1-ghayat has repeatedly been qual-
ified to be a mere compilation of older sources without original content.*? It
is true that the book depends heavily upon the works of predecessors; this is,
after all, what we should expect of a comprehensive synthetic work, a summa.
Yet in its organization, style and purpose, it is definitively original and without
precedent. In fact, no single part of the work can be proven to reproduce the
words of an earlier author, except for the few sections where al-Marrakusht

36 Since the work of the Sédillots father and son in the first half of the nineteenth century and
until the 1970s, al-Marrakusht was thought to have been active in the Maghrib.

37 See al-Marrakushi, Jami, 1, pp. 84-87; Sédillot, Traité, pp. 199-204; cf. Lelewel 1850-57,
I, pp. 134-142 and atlas pl. XXII; Sezgin, GAS X, pp. 168-172.

38 He was certainly alive in 680 H since many examples in his work are given for that year.
And in two early fourteenth-century sources, namely, the anonymous Kanz al-yawagit datable to
723 H (Ms Leiden Or. 468, f. 91r; the date is related to a star table ascribed to al-Marrakushi on
f. 69v) and in Najm al-Din’s treatise (see pp. 230 below), he is mentioned as a deceased scholar.
A copy of his Jami‘ was made in the year 695 H (MS Istanbul Nuruosmaniye 2902, see Krause
1936, p. 493), which I have not consulted, but which could provide an earlier terminus ante quem
in case the author’s name in it is followed by the eulogy rahmat Allah ‘alayhi.

39 Most complete copies cover 250 to 350 folios.

40 “Most of the material was apparently culled from earlier sources which are not identified by
the author and which have not yet been established.” Article “al-Marrakushi” in EI*> (by D. A.
King).
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clearly states from whom he is quoting.*! In those occasional cases where an
earlier source is mentioned, al-Marrakush1’s text always turns out to be either
a major rewriting of the original or an independent paraphrase. In fact, al-
Marrakushi himself tells us in the introduction how he compiled his summa
and confirms our understanding about the nature and purpose of the work:

oo ol b e o2y OB e i e Bl S Wl )
o opaily o] oSl L il Il e b caloly sl
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L oaly o el mep L) U
Considering this, some friendly advice induced me to compose this book,
in which I included everything that can be desired on this topic. I have
rectified in it their*? incorrect operations which could be corrected, I
have abbreviated the overly lengthy ones and I have completed those

which are lacunary, and I have added to this the useful propositions of
my own invention, all of this based on exact proofs.

The Jami* al-mabadi’ wa-1-ghdyat is written in a relatively literate style,
quite different from the dry prose that is the norm for Mamluk writings on
technical topics. The author displays a good encyclopadic knowledge, es-
pecially in the subject matters he is writing about and also occasionally on
philosophical issues.** His indebtedness to his predecessors and his profound
knowledge of their works is everywhere apparent. The book is also very lo-
gically organised and is replete with cross references.** New information is
often introduced just before it is effectively used: thus the table of geograph-
ical latitudes immediately precedes the first chapter in which knowledge of
the latitude is required, and the same is also true of the tables of terrestrial
longitude and declination of stars. In its structure and intent, al-Marrakush1’s
work is thus in many ways comparable to the project achieved for medicine
by Ibn Sina with his Qaniin, or for mathematics by the eleventh-century An-
dalust mathematician Ibn Hiad with his Istikmal, two works characterised by

41 Chapter 7 of Fann 3 on the use of the sphere (in 90 divisions) has been said to reproduce
verbatim the contents of an earlier anonymous treatise entitled Mukhtasar fi kayfiyyat al-‘amal
bi-l-kura, extant in MS Istanbul Aya Sofya 2673/2 (in 88 divisions); see King 1979b, p. 454 and
idem, Survey, p. 59; it is listed in Krause 1936, pp. 525-526. But the converse is true: the treatise
in the latter manuscript, as its title suggests, represents a slight abridgment (mukhtasar — two of
the 90 chapters having been omitted) of al-Marrakushi’s original text. Indeed, the introductory
text to al-Marrakushi’s Chapter 7 makes it evident that we are reading his very own words, and
that he had compiled his 90 chapters from various sources he had access to. Furthermore, since
the Istanbul manuscript was copied in 864 H, almost 200 years after the composition of the Jami,
it is of no avail to any attempt to determine sources which al-Marrakushi might have used.

42 He is probably referring to his predecessors in general.

43 See for example the passage translated on p. 80 below.

4 In the introduction it is stated that cross-references have been used in order to avoid
repetitions.
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their comprehensiveness and brilliance, and by their logical and didactical
organisation.*>

The arrival of al-Marrakushi in Cairo must have coincided with the estab-
lishment of the first offices of muwaggits in Mamluk mosques. His work was
thus certainly a reaction to a demand from Egyptian society (more specifically
the mosque administration, the muezzins and muwagqgits, instrument-makers
and interested students). His motive for writing his work is the inadequate
education of instrument-makers and their methodological failures. It is sur-
prising not to find any reference to the profession of the muwagqgqit or to the
milieu of the mosque; this appears to indicate that al-Marrakushi was an in-
dependent scholar without institutional affiliation. His introduction suggests
that his readership consisted of instrument-makers, that is, artisans and practi-
tioners of applied science who are not professional astronomers. To this group
could belong most muezzins of Cairo, but hardly any muwagqgit with a serious
education. This affirmation is contradicted by the technical level of the book,
which certainly assumes the reader to know at least the basics of arithmetic,
geometry, spherics, algebra and trigonometry. The Jami“ al-mabadi’ wa-I-
ghayat is in fact a comprehensive reference work of intermediate to advanced
level, not an introductory work on the topic of astronomical timekeeping.*
Its ideal readership, thus, would be made of active and apprentice muwagqqits,
and of the group of all specialists of migar and instrumentation who gravitated
around them.

The Jami“is made up of four books (fann) on the following topics:

1. On calculations, in 67 chapters (fas!). This books gives exhaustive com-
puting methods (without proofs) concerning the topics of chronology,
trigonometry, geography, spherical astronomy, prayer times, the solar
motion, the fixed stars and gnomonics.

2. On the construction of instruments, in 7 parts (gism). The first part con-

cerns graphical methods in spherical astronomy and gnomonics. The

second to seventh parts then treat the construction of 2) portable dials,

3) fixed sundials, 4) trigonometric and horary quadrants, 5) spherical

instruments, 6) instruments based on projection and 7) observational

and planetary instruments.

On the use of selected instruments, in 14 chapters (bab).

4. The work ends with a ‘quiz’ — a series of questions and answers — in
4 chapters (bab), whose aim is to train the mental abilities of the stu-
dents. The first chapter has 21 questions and answers (Q&A) requiring

W

45 “The Istikmal is essentially an intelligent and efficient abridgement of other sources, with
few original contributions”, Hogendijk 1986, p. 48. See further Hogendijk 1991.

46 A few decades after al-Marrakushi’s composition of the Jami*, the scholar Ibn al-Akfant
mentioned it as the standard comprehensive work on the topic of timekeeping. He also mentions
the Nafa’is al-yawagqit (anonymous and not extant) as being a short book on the subject; see Ibn
al-Akfani, p. 59.
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no calculation, the second one has 40 Q&A requiring mental calcula-
tion (hisab maftith), the third one has 18 Q&A requiring geometrical
methods, and the last one has 22 Q&A requiring algebraic methods.

1.3 Some fourteenth-century Mamluk authors on
instrumentation

1.3.1 al-Magsi

Shihab al-Din Abu ’1-“Abbas Ahmad ibn ‘Umar ibn Isma‘il al-SGfT al-Magsi
was a contemporary of al-Marrakushi. He is known for his timekeeping tables
for the latitude of Cairo and for a work on fixed sundials for the latitude of
Cairo, with tables, composed in 675 H [= 1276/7].4’ He is not known to have
otherwise contributed to instrumentation.

1.3.2 Ibn Sam‘un

Nasir al-Din Muhammad ibn Sam‘tn (d. 737 H [= 1336/7]) was muwaqgqit at
the Mosque of ‘Amr in Fustat.*® He might well be the author of the anonym-
ous Kanz al-yawagit (composed around 723 H), which contains a reference
to various members of a family Ibn Sam‘lin who were muwaggqits in Cairo in
the thirteenth century.** Ibn Sam‘iin wrote original treatises on various kinds
of instruments.>”

1.3.3 al-Mizzi

Zayn al-Din (or Shams al-Din) Abu ‘Abd Allah Muhammad ibn Ahmad ibn
‘Abd al-Rahim al-Mizz1 al-Hanaft was born in 690 H [= 1291], probably in al-
Mizza near Damascus, and studied in Cairo under Ibn al-Akfani. He was first
appointed muwagqgqit in al-Rabwa, a quiet locality near Damascus, and later at
the Umayyad Mosque in Damascus, a position he held until his death early in
750 H [= 1349].5! al-Mizzi is the author of treatises on the use of the astro-

47 Suter, MAA, no. 383; Brockelmann, GAL, I, p- 626 and Suppl. I, p. 869; King, Survey, no.
C15. On his tables for timekeeping, see King, SATMI, 1, §§ 2.1.1, 4.1.3, 5.4.4. On his work on
sundials, see the article “Mizwala” in EI*, VII, pp. 210-211 (by D. King).

48 Suter, MAA, no. 398; Brockelmann, GAL, 11, p. 155; King, Survey, no. C24.

49 Preserved in the unique manuscript Leiden Or. 468.

50 On those of the unusual kinds, see p- 90, n. 127 and p. 222.

51 On his biography, see al-Safadi, Nakt, p. 209; Ibn Hajar, Durar, 111, p. 410 (no. 3392);
see also Mayer 1956, p. 61. On his works, see Suter, MAA, no. 406; Brockelmann, GAL, II,
pp. 155-156 and Suppl. II, pp. 156, 1018; King, Survey, no. C34.
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labe, the astrolabic quadrant and the sine quadrant;52 he also wrote on the use
of less common instruments, such as the musattar and the mujannah quad-
rants.”>3 Although he made few original contributions to instrument-making,
al-Mizzi was nevertheless an important and influential authority in the field,
whose didactical treatises were appreciated by students of migat. The instru-
ments he made were highly praised as being the best of his times, and sold
for considerable prices, namely 200 dirhams or more for an astrolabe, and
at least 50 dirhams for a quadrant.** Some five quadrants made by him are
extant, dated between 727 and 734 H [= 1326/7-1333/4].5° According to
Ibn al-“Attar he also made astrolabes with mixed projections.*® al-Mizz1 also
excelled in oiling bows (bara‘a fi dahn al-qist) and impressed his contem-
poraries by constructing mechanical devices such as those of the Bant Miisa.

1.3.4  Ibn al-Sarraj

Shihab al-Din Abu ’l-°‘Abbas Ahmad ibn Abi Bakr ibn “Al1 ibn al-Sarraj al-
QalanisT al-Halab1>’ was the most important specialist of instrumentation in
the Mamluk period.’® His lagab al-Qalanisi®® may indicate that he or his fam-
ily was involved with the profession of making skull-caps (galanis), but an-
other possible interpretation would be that he had studied at the Dar al-Hadith
(also called a khanga) al-Qalanisiyya in Damascus, which was founded by the
celebrated historian Abii Ya‘la Hamza Ibn al-Qalanisi (d. 555 H [= 1160]).%°
Ibn al-Sarraj’s dates of birth and death are not known.®! Tbn al-Ghuzalt (see

52 1In particular his treatises al-Rawdat al-muzhirat fi ’l-‘amal bi-rub® al-mugantarat (on the
astrolabic quadrant) and Kashf al-rayb fi ’I-‘amal bi-l-jayb (on the sine quadrant) were quite
popular.

53 On the musattar, see Section 2.4.2; on the mujannah, see Charette 1999a.

4 This is reported by al-Mizzi’s contemporary al-Safadf (Nakt, p. 209). The fifteenth-century
scholar Ibn Hajar, whose biographical notice seems to be based on that of al-Safadi, gave those
prices as 10 dinars for astrolabes and 2 dinars for quadrants; these are probably converted from
the above figures (with 20 dirhams to the dinar). Cf. Mayer 1956, p. 61.

55 Three of them are described in Dorn 1865, pp. 1626 and plates; Féhérvari 1973; King
1993b, p. 438. Cf. Combe 1930, p. 56, and Mayer 1956, pp. 61-62.

36 See p. 73, n. 83.

57 The nisba al-Hamaw is given in MS Manchester Rylands 361, f. 36r, and in the introduction
of a treatise by Ibn al-Ghuzili (see ibid. f. 38v, and King, Fihris, 11, p. 566); this may indicate
that he or his family hailed from Hama in Syria.

38 On his works, see Brockelmann, GAL, I, p. 155 and Suppl. II, p. 156; and King, Survey, no.
C26.

59 Attested in MSs Princeton, Yahuda 296, f. 1r, Paris 2459, f. 98r-v; Damascus, Zahiriyya
4133, f. 1v.

0 See Sauvaire 1893—1896, I, pp. 29-30 [= Journal Asiatique 1894, pp. 279-280]. The text of
al-“Almawt (d. 1573 AD) translated by Sauvaire gives the dates of his birth and death erroneously
as 649 H [= 1251/2] and 6 Dhi ’1-Hijja 729 H [= 30 September 1329]!

61 The information in the modern literature about his year of death is confused and based on a
misunderstanding. Ahlwardt (Verzeichnis, no. 5799/1, p. 234) writes “um 726/1326 am Leben”,
and this information was repeated by Suter (MAA, p. 200) and Schmalzl (1929, p. 108). But
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below) says in his treatise on an instrument of Ibn al-Sarra;j’s invention that the
latter lived and died in Aleppo.®? There is some indication that he also spent
part of his life in Cairo.®3 He was already active in 714 H [= 1319/20], in
which year he copied MS Istanbul Aya Sofya 1719, containing Muhy1 al-Din
al-Maghribi’s recension of Euclid’s Elements.** There is yet more evidence
that his mathematical education was exceptional: he owned a precious ma-
nuscript (Aya Sofya 2762) copied in 415 H [= 1024/5] by none other than
Ibn al-Haytham, and containing the Conics of Apollonius in the translation of
Thabit ibn Qurra, with improvements by the Banii Miisa.%> He also wrote a
marginal note in a copy of al-Karaji’s important treatise on algebra al-Fakhrf,
stating that part of the work was taken from Diophantus.%® He made a univer-
sal astrolabe in 729 H [= 1328/9] (see below) and was still active in 748 H [=
1347/8], just before the great plague of 749 H [= 1348/9], since in that year he
wrote a treatise on geometrical problems, of which the autograph is extant.®’

Ibn al-Sarraj’s contribution to the field of instrumentation was first rate.
Ibn al-“Attar (see further below) ascribes him the invention of the following
instruments: the musattar (“folded”) and mujannah (“winged”) quadrants,
the semicircle called al-jayb al-gha’ib (“the hidden trigonometric grid”’), and
an unusual sine quadrant called jayb al-awtar, which is equivalent to Ibn al-
Shatir’s ‘Ala’7 quadrant (see below). Except for the latter, he indeed wrote

Brockelmann (GAL, I, p. 155) wrote instead “starb um 726/1326 in Aleppo”, and Mayer (1956,
p. 34), realizing that Ibn al-Sarraj had made an astrolabe in 729 H, modified this into “died in or
after 729/1329”; Curiously, ‘Azzawi1 1958 has “Ibn al-Sarraj al-Yamani (!) al-mutawaffa sanati
726 h /1335 m”, without indicating any source (he does not appear to have used Brockelmann).

62 Ahlwardt (Verzeichnis, no. 5847) and others have claimed that Ibn al-Ghuzilt’s treatise was
composed in 745 H [= 1344/5]; in fact, the author states in his introduction the following: “In
the month of Muharram 745 some friend of mine and his companions presented to me ...an
instrument invented by Ibn al-Sarraj — may God Almighty have mercy upon him — who lived
and died in Aleppo. They asked me to explain how to use the instrument invented by the afore-
mentioned and which he called al-jayb al-gha’ib.” (Ms Cairo ZK 782/7, ff. 35r—40v: introduction
reproduced in King, Fihris, II, p. 566; and MS Manchester Rylands 361, ff. 38r—40v, on f. 38v).
The above, clearly, does not necessarily mean that the treatise was written in 745 H. In fact Ibn
al-Sarraj was alive in 748 H (see below), which gives us a terminus post quem for the composition
of Ibn al-Ghuzult’s treatise.

63 According to Ibn Abi ’1-Fath al-SGf (Ms Berlin Wetzstein 1139, ff. 37v—47r, on f. 37v),
Ibn al-Sarr3j sent a treatise on an instrument of his invention to Ibn al-Shatir in Damascus, who
completed it with new markings. The latter then wrote wrote a treatise explaining them, which
he sent to Cairo. This seems indeed to imply that Ibn al-Sarraj was then active in Cairo. See
Ahlwardt, Verzeichnis, no. 5844, Schmalzl 1929, p. 111, and Charette 1999a.

64 See Krause 1936, p- 506 (no. 11).

%5 On this manuscript, see Krause 1936, p. 449; other owners of the book were Zayd ibn
al-Hasan al-Kindi, Muhammad ibn Abr al-Jarrada (Suter, MAA, no. 385), and Ahmad al-Kawm
al-Risht (809 H [= 1406/7]) (Suter, MAA, no. 428; King, Survey, no. C41). This version of the
Conics is edited in Toomer 1990.

66 s Paris 2459, f. 98r (information kindly communicated by Prof. David King).

67 See King, Fihris, II, pp. 897-898; a photograph of the colophon with his signature is illus-
trated in King, Survey, plate CIlIc.
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treatises on all of these ingenious instruments and some others, characterised
by their concise and efficacious language. These instruments include various
universal trigonometric grids®® and a special form of astrolabic quadrant.®®
His treatise on spherical astronomy and instruments (preserved in MS Prin-
ceton Yahuda 296) deserves investigation, as well as the commentary on it by
Ibn al-Majdi.” He also ‘reinvented’ (or, more precisely, ‘adapted’) the uni-
versal astrolabe of “Ali ibn Khalaf (see Section 2.6.4). The universal astrolabe
he made in 729 H integrates to the basic universal astrolabe of the latter a
series of elements and ideas that make it “the most sophisticated astronomical

instrument from the entire medieval and Renaissance periods”.”!

1.3.5 Ibn al-Shatir

‘Ala’ al-Din Abu al-Hasan “Al1 ibn Ibrahim ibn Muhammad ibn al-Himam
Abi Muhammad ibn Ibrahim al-Ansart al-Muta“im al-Dimashqi, known as
Ibn al-Shatir, was the leading astronomer of Mamluk Egypt and Syria. His
life is well documented.”? He was born on 15 Sha‘ban 705 H [= 1 March
1306] in Damascus;”® having lost his father at an early age, he was tutored
by his grandfather and then sent to the husband of his maternal aunt and to
the son of his father’s paternal uncle, from whom he learned the technique of
inlaying ivory (tat7m al-‘aj, hence his lagab “al-muta“im”). He also learned
some mathematics and astronomy in his native city and then went to Cairo
and Alexandria to further his studies in these fields. He occupied the position
of muwaqgqit of the Umayyad Mosque in Damascus at least from 733 H [=
1332/3] until his death in 777 H [= 1375/6]; he was also chief muezzin of the
mosque. Although he is best known for his important contributions to obser-
vational and planetary astronomy, his professional activities also dealt with
instrumentation. He made several instruments himself (three astrolabes, one

8 On the semicircle and the “winged” quadrant, see Schmalzl 1933, pp. 108112, and Charette
1999a.

9 See Section 2.4.2.

70 See already Charette 1999a.

71 King 1986, p. 7. A monograph by D. A. King and the present author on the Mamluk
tradition of universal astrolabes in general and on the Benaki instrument in particular is being
prepared for publication (listed in the bibliography as King & Charette, Universal Astrolabe).
For an epigraphic description see Combe 1930, pp. 54-56.

72 Most biographical sources concerning his life (including two previously unpublished ones)
are reproduced in Kennedy & Ghanem 1976, pp. 11-15 (Arabic section) and summarised on
pp. 21-22. See also Wiedemann 1928; Reich & Wiet 1939-40; Sauvaire 1894-1896, 277-278
[= Journal Asiatique, 1896, pp. 207-208: Sauvaire’s translation of al-‘Almawi (who quotes the
well-known passage of al-Safadi) is imperfect]; Mayer 1956, p. 40; and DSB, s.v. (article by
D. A. King).

73 Most biographers give 13 Rabi* I 704 [= 13 October 1304] instead, but al-Safadi (Kennedy
& Ghanem 1976, p. 12 of the Arabic section) says that he had this information from Ibn al-Shatir
himself.
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‘compendium box’ and one sundial are extant’#) and invented a large num-
ber of original instruments (mainly trigonometric grids, a universal astrolabe
and a universal compendium). He composed numerous didactical treatises on
various instruments, notably those he invented.”

1.3.6 Ibn al-Ghuzalr

The fourteenth-century instrument specialist Shams al-Din Abad ‘Abd Allah
Muhammad ibn Muhammad Ibn al-Ghuzult made a quadrant for the chief
muezzin of the Umayyad Mosque in Damascus in 735 H,”® and one can as-
sume that his entire career unfolded in that city.77 He was still active in 779 H,
in which year he composed a work on Ibn al-Shatir’s square trigonometric
grid (al-murabba 2).”8 Tbn al-Ghuzali devised the crescent (hilali) quadrant,
a special form of the astrolabic quadrant on which the ecliptic is shaped as
a crescent, and also the thumn al-da’ira, that is, the “eighth of a circle” (or
“octant”), which consists of two distinct set of markings on both sides of an
octant: one side bears astrolabic markings — obtained by folding those of an
astrolabic quadrant about the 45°-radius — and the other side bears a special

74 The three astrolabes are: a standard astrolabe dated 726 H (Paris, Observatoire) and two

universal ones dated 733 H (Cairo, Museum of Islamic Art, and Paris, Bibliotheque Nationale).
The ‘compendium box’ is preserved in the Awqaf library in Aleppo. The horizontal sundial, dated
773 H [= 1371/2], is preserved in the Archaeological Museum, Damascus. See the next note for
references to the literature on these instruments.

75 The instruments of his invention are the following:

— A triangular trigonometric grid called al-rub“ al-tamm or al-muthallath, invented between
733 and 739 H [= 1332/2 and 1338/9] (see Schmalzl 1929, pp. 105-108).

— A variant of the above, called al-rub® al-‘Ala’t, rub* al-awtar or jayb al-awtar (see
Schmalzl 1929, pp. 100-105).

— A universal astrolabe with rotating grid of horizons, combined with a trigonometric grid
on the back, called al-ala al-jami‘a, (unstudied, but see King 1988, pp. 164-165).

— A square trigonometric grid (a variant of the sine quadrant) called al-murabba‘a (unstud-
ied).

— A composite instrument (compendium) called sandiig al-yawagqit (see Janin & King
1977).

76 On his quadrant, see Morley 1860; Schmalzl 1929, pp. 37-38; Mayer 1956, pp. 66-67. On
his works, see Suter, MAA, no. 412; Brockelmann, GAL, II, pp. 331-332 and Suppl. 11, p. 364;
King, Survey, no. C33.

7T The information in King 1983a, p. 553 and idem 1988, p. 169, that he was active in Cairo
appears to be inexact. Furthermore, Schmalzl (1929, pp. 112-113) claims that he was a “Schiiler
oder Vertrauten des nicht unbedeutenden arabischen Gelehrten Schems al Din Muh. Jahen Juzei
(7)”; but I was unable to find this information where Schmalzl supposedly did, namely, at the end
of the introduction of MS Berlin Ahlwardt no. 5838 [= codex Pm 228, ff. 58v—60v, copied 849 H],
so this probably results from a confusion with another author or a different manuscript.

78 Ms Manchester Rylands 361, ff. 64r-65v.
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form of trigonometric grid.”® Ibn al-Ghuzili also wrote on the sine quadrant,
on Ibn al-Sarraj’s ‘concealed grid’ (al-jayb al-gha’ib) and on the musdatira.

1.3.7 al-Bakhaniqt

Shams al-Din Ahmad ibn Muhammad ibn Ahmad al-Azhart al-Bakhaniqt
worked in the Yemen and dedicated one of his works to an officer of the
Rasilid Sultan Mujahid (reg. 721-764 H [= 1322-1363]);%' he was later

active in Cairo.3> He was responsible for editing the “main Cairo corpus of

tables for timekeeping”.8® In the field of instrumentation he is known for his

extension of al-Farghani’s tables for constructing astrolabes®* and for various
treatises on the use of the astrolabic, sine, musattar and shakkazi quadrants.85
He was still active in 774 H [= 1374/5], in which year he acquired MS Istan-

bul Topkap1 Ahmet III 3343, a valuable book in two volumes containing the

complete text of al-Marrakushi’s Jami<86

1.3.8 Taybugha al-Baklamishit and his son ‘Al

‘Ala’ al-Din Taybugha al-Dawadar al-Baklamishi®’ lived in Egypt in the late
fourteenth century.3® The title of dawadar (stricto sensu the amir in charge
of the royal inkwell) signals us that Taybugha was an important officer of the

7 This instrument, especially its trigonometric grid, still needs proper investigation.
Schmalzl’s description of the grid (Schmalzl 1929, pp. 112-114) is inaccurate, since it is based
on the text of MS Berlin Pm 228, ff. 58v—60v, which is corrupt.

80 See King, Survey, no. C33 and Ahlwardt, Verzeichnis, nos. 5837 and 5838.

81" Ms Dublin CB 4090, f. 1v. In this manuscript the lagab “al-migati” is also given. According
to MS Manchester Rylands 361, f. 56r, al-Bakhaniqt was also known as Ibn Mu‘ini al-Khatib.

82 On his works, see King, Survey, no. C28 and King 1983c, no. 13.

83 King 1983a, p. 540. For a thorough analysis of this corpus and its history see now King,
SATMI, 1, § 2.1.1 and I1, § 5.6.

84 Preserved in Ms Dublin CB 4090, 53 ff.

85 His treatise on the shakkazr quadrant was composed in 760 H [= 1358/9]: see MS Manchester
Rylands 361, ff. 56r-57v.

86 His mark of ownership can be read on the title-page of al-Marrakushi, Jami<, I, p. 1.

87 The orthography Baklamishi is also attested: see King, Fihris, I, sub DM 774, and Hajjt
Khalifa, Kashf al-Zuniin, 1, col. 866-867.

88 On his works, see Brockelmann, GAL, II, pp. 168-169 and Suppl. II, p. 167; King, Survey,
no. C53. In his treatise on the use of the shakkazi quadrant (I have used MS Princeton Yahuda
373, ff. 149v—157v) he uses an obliquity of 23;31°, which has been observed by Ibn al-Shatir
in Damascus in the year 750 H [= 1349/50] (this information is recorded in Ibn al-Shatir’s Zij:
see MS Oxford Bodleian Selden A inf. 30, ff. 140v—142r). Taybugha also gives an example
(f. 1571 of the Princeton MS) of the heliacal rising of Sirius when the sun is in 5° Leo, for Cairo,
in the year 1115, without specifying the era, which can only be the Coptic calendar: the above
solar longitude would imply the date ca. 20 July 1399. (These remarks should be considered
provisory, since they are only based on the above-mentioned copy; the information should be
checked against the older copy Cairo DM 774, copied 864 H [= 1459/60]).
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Mamluk sultanate.3® He may thus well have been the only contributor to our
subject who had a position of high social standing outside of the religious
institutions. In the secondary literature, it is often stated that Taybugha was
the inventor of the shakkazi quadrant, but we shall see in Section 2.6.7 that this
cannot be the case. We can identify him with near certainty with Taybugha al-
Ashrafi al-Baklamishi al-Yiinani, author of a well-known treatise on archery
composed during the reign of sultan al-Malik al-Ashraf Sha‘ban (reg. 1362—
1377).°° Although Taybugha is clearly a Turkic name, his nisha al-Yiinani
suggests a connection with Greece, whilst al-Ashraff must be related to his
association with the above-named sultan. His son “Ala” al-Din Abu ’1-Hasan
‘Al1 was muwaqgqit at the Umayyad Mosque in Aleppo ca. 1400. He wrote on
the sine, astrolabic and shakkazr quatdramts.91

1.3.9 Important authors from the fifteenth century

— Jamal al-Din al-Maridini was a student of Ibn al-Shatir.”> He wrote on
the double shakkazi quadrant (see Section 2.6.7).

— Shihab al-Din Abi ’1-°‘Abbas Ahmad ibn Rajab ibn Taybugha al-Majdi
al-Shafi1, a student of Jamal al-Din al-Maridini, was a muwagqgqit at the
al-Azhar Mosque and head of the teachers at the Janibakiyya madrasa.”
He was one of the major astronomers of fifteenth-century Cairo and
wrote numerous influential treatises, notably on instrumentation. He
was born in Cairo in Dhu ’I-Hijja 767 H [= August 1366] and died on
the night of Saturday 11 Dhii ’1-Qa‘da 850 H [= 27/28 January 1447].

— Ibn al-“Attar was a student of Ibn al-Majdi and Nur al-Din al-Nag-
gash.”* In 830 H [= 1426/7] he wrote an important comprehensive

89 See “Dawadar” in EI2, 11, p- 172 (by D. Ayalon), where it is stated that this office became
important only under the Circassian Mamluks (who seized power in 1382). More precise bio-
graphical data — which I have not yet systematically sought — would be necessary in order to
assess Taybugha’s ranking within the Mamluk administration.

9 Published in English translation by Latham 1970. See also the article “Kaws” in EI%, IV,
p- 797. The Arabic text has been published in 1999: see al-Baklamishi, Ghunyat al-rami. Note
that in the article “Hisab al-‘aqd” in EI?, III, pp. 466467 (by C. Pellat), a work on dactylonomy
is wrongly ascribed to him; for clarifications see Ruska 1920, pp. 91, 95, 108.

ol See King, Survey, no. C54; King 1988, pp. 169-170. His treatise on the shakkazi quadrant is
investigated in Samsé & Catald 1971 and Samsé 1971 (where he is confused with Ibn al-Majdi).

92 Suter, MAA, no. 421; Brockelmann, GAL, II, p. 218; King, Survey, no. C47.

9 On his life, see al-Sakhawi, Daw?, 1, pp. 300-302. Ibn Taghribirdi, Manhal, 1, p. 279 (no.
255); al-Suyiti, Nazm, p. 42. On his works, see Suter, MAA, no. 432 (and “Nachtrége”, p. 178);
Brockelmann, GAL, 11, pp. 158-159 and Suppl. 11, pp. 158-159; King, Survey, no. C62.

94 On his life, see al-Sakhawi, Daw’, IX, p. 3 (no. 13). On his works, see Suter, MAA, no. 431;
Brockelmann, GAL, II, pp. 157-158 and Suppl. I, p. 158; “Azzawi 1958, pp. 202-203; King,
Survey, no. C66. On al-Naqqash, see King, Survey, no. C74.
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treatise on the construction of all the instruments (especially the quad-
rants) that were invented in the fourteenth century, and which contains
interesting historical information.”

— “Izz al-Din ibn Muhammad al-Wafa’1 was muwagqgqit at the Mosque of
al-Muwayyad in Cairo.?® He died in 876 H [= 1471/2]. He invented a
type of equatorial sundial and wrote an important treatise on the univer-
sal astrolabe made by Ibn al-Sarraj, which had come into his possession.

— Badr al-Din Abu “‘Abd Allah Muhammad ibn Muhammad ibn Ahmad,
Sibt al-Maridin1 (826-934 H [= 1422/3-1527/8]), grandson of Jamal
al-Din, studied under Ibn al-Majdt and was muwagqqit of al-Azhar in
Cairo. His was an important author of didactical treatises, notably on
instruments.”’

1.4 Themes and incentives of Mamluk miqat literature

Inevitably, the emphasis on the practical and useful aspects of astronomy
brought about a change in the practice and transmission of science. Mamluk
authors on migat had new sensibilities and different aims than their prede-
cessors. Their writings reflect both their own priorities and preoccupations
and the requirements of the religious institutions that employed them as well
as the expectations of their audience. I now discuss selected themes in Mam-
luk astronomy to demonstrate its peculiar flavour, especially with regard to
the migat tradition, and to illustrate the nature and scope of science in late
medieval Islamic society.

1.4.1 The interaction of folk and mathematical astronomies

Until a few decades ago the picture of scientific activity in Islam was limited
to an appreciation of the reception, transformation and transmission of the
sciences of the Ancients. No historian of science could possibly imagine that
other scientific traditions coexisted with them, and that non-mathematical,
pre-Islamic scientific lore continued to flourish for centuries, especially so-
called ‘folk astronomy’.”® In fact, not only did these traditions develop in
parallel, they also occasionally interacted. We shall present below a work by

95 This is entitled Kashf al-gina® fi rasm al-arba“.

9 Suter, MAA, no. 437; Brockelmann, GAL, II, pp. 159-160 and Suppl. II, pp. 160; King,
Survey, no. C61.

97 Suter, MAA, no. 445 (and “Nachtrige”); Brockelmann, GAL, I, pp. 216, 468 and Suppl. II,
pp. 215-217, 468; King, Survey, no. C97.

9 These traditions are now well documented: see the surveys of Islamic folk astronomy in
Varisco 2000 and King 1993d.
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Najm al-Din (Section 1.5) pertaining to a hybrid form of folk and mathemat-
ical astronomy. Also, the contents of Ch. 91 of his instrument treatise edited
in the present study can likewise be characterised as a hybrid product of both
traditions.

1.4.2 Exact versus approximate methods

Problems solved with the methods of folk astronomy are, from perspective of
mathematically-trained scholars, necessarily inaccurate, if not inexact. This
is why twentieth-century historians of the mathematical sciences have often
labelled their field of investigation the “history of exact sciences”. Yet, any
modern physicist is well aware that, in practice, exactness is an illusion. It
is most often only through approximations that a difficult problem can be
solved. Medieval astronomers too, especially those concerned with practical
applications, frequently approached difficult problems with a similar attitude.
Why should one suffer through a long and painful exact procedure when a
straightforward approximation would yield a satisfying result within the de-
sired range of accuracy? In the domain of timekeeping such a position is
particularly relevant.

The introduction of al-Marrakushi’s Jami“ contains an interesting discus-
sion on exactness and approximation.”® There exist, according to him, two
kinds of approximations (or inaccuracies). First are those that are impercept-
ible, being due to small variations in natural phenomenon that escape human
perception, to instrumental errors, or to parallax. The second kind concerns
perceptible quantities that are dependent upon the parameters involved. Such
approximations are related to the methods employed, and al-Marrakushi says
that he decided to include such approximate methods in his work, in parallel
to the rigorous ones. The main virtues of approximation are obviously simpli-
city and rapidity of application. But another side to approximation concerns
universality.

1.4.3  Universality

By definition, problems of positional astronomy depend upon the terrestrial
latitude of the observer. Procedures, be they computational and numerical or
graphical and instrumental, that are only valid for a particular latitude thus
present a handicap in the field of timekeeping, since travels were by no means
exceptional in medieval Islam. Already in the ninth century, the search for
methods and instruments that can be used for any latitude represented an im-
portant part of timekeeping and instrumentation, which culminated for a first
time in eleventh-century al-Andalus with the invention of successful univer-

99 al-Marrakushi, Jami, I, p. 3; Sédillot, Traité, pp. 59-60.
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sal instruments, and again in the fourteenth century, during which universal
instruments developed at an unparalleled pace. !

It is important to distinguish between two kinds of universal methods and
instruments. The first kind results from the application of an approximate
method, while the second kind is intrinsically universal in scope. All universal
approximate methods and instruments are related to a formula for timekeeping
of Indian origin, which expresses the time since sunrise or until sunset in
seasonal hours 7 in terms of the meridian altitude 4, and the instantaneous

altitude 410!
.
aIcSin{ Smh}. (1.1

) = 73 Sin
m

This formula provides, for intermediate latitudes, a fairly good approximation
of the exact solution. We shall encounter in Najm al-Din’s treatise numer-
ous instruments, notably sundials, based on the application of this formula.
In such cases, the scope of universality was limited to the inhabited world,
which, it was thought, did not go beyond the seven geographical climates of
Antiquity. Yet the main objective of Mamluk authors in migat was to develop
methods and to design instruments that are fully universal, without the cost
of approximation. Operative universality — whether a particular instrument
or method could be used to solve a wide range of problems (li-jami* al-a‘mal
al-falakiyya) — was seen as equally important as geographical universality
(li-jami* al-‘uriid). The introductions of Mamluk works on instrumentation
reflect the obsession of their authors for universal solutions. Universality was
a major virtue.

1.4.4 Auxiliary tables

Another major activity of muwaqgqits and migatis was to compile numerical
timekeeping tables. These, unless they were based on the universal approx-
imate formula previously mentioned, were necessarily intended for a single
terrestrial latitude. One could of course compile of set of tables for each de-
gree of latitude within a given range, and this solution was indeed adopted
by some muwagqgits.'%> An alternative approach, inaugurated in the ninth and
tenth centuries, consisted in the design and compilation of auxiliary tables
that could be used to solve problems of spherical astronomy for any latitude.
This tradition revived in the fourteenth century, notably with Najm al-Din al-
Misri.!%3 T have presented in a previous publication a detailed analysis of his

100 This topic is surveyed in King 1987b and idem 1988.

101 The history of this formula and its applications is the object of a full-length essay: see King,
SATMI, VII. Note that the formula is accurate at the equinoxes, and when 7 = 0 and & = hy,; it is
also accurate for localities at the equator.

102 See King, SATMI, 1, § 9.9.

103 See King 1987b, King, SATMI, 1, § 9, and Charette 1998.
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universal auxiliary tables, and these are again briefly described in Section 1.5,
item 3.

1.4.5 The use of lists of formula

In ancient and medieval astronomy, formulae were always communicated in a
rhetorical way, without symbols. Learning them was a frustrating task, much
different from reading modern mathematical formalism. No field features
more formula than that of spherical astronomy, so each didactical treatise on
migat was bound to include a large amount of more or less complex trigo-
nometric formule. The major Mamluk authorities on migat were perfectly
aware of the situation, and they introduced in their works a significant innova-
tion to facilitate the memorizing and archiving of those formula in a compact
manner. The innovation consists in noting down in each row of a table having
four columns four quantities a, b, c,d for which the relation a : b = ¢ : d holds.
al-Marrakushi is the first author to present such a table: his “Table of propor-
tions” contains 62 entries. The 55th entry, for example, is equivalent to:
Cosine altitude : Cosine declination = Sine hour-angle : Cosine azimuth,

which corresponds to the modern formula cosa cosh = cos§ sint. al-Marra-
kushi proudly claimed that his table could replace many books, and that it
eased memorization and allowed solving problems more quickly.!%4

Several successors of al-Marrakushi soon emulated his innovation. Najm
al-Din inserted a similar table with 30 entries in an ‘interlude’ between the
commentary on his universal auxiliary tables and his treatise on instruments,
which is partially based on al-Marrakushi: it is edited in Part V and repro-
duced with modern symbolism in Appendix B. Some decades later Ibn al-
Shatir continued the tradition by compiling such mnemotechnic tables for the
benefit of his students. An early version with 154 entries is found in an ap-
pendix to a treatise on a kind of sine quadrant called al-rub® al-kamil (MS
Princeton Yahuda 373, ff. 181r—193r, on ff. 188v—193r). In his Zjj there is a
similar table with 184 entries (MS Oxford Bodleian Selden A inf. 30, ff. 77—
82v). Other tables of this genre are also encountered in Mamluk and Ottoman
manuscripts of migat.'®> With such a formulary at hand, a student of migat
could use his sine quadrant without having to consult a very long treatise on
its use.

In the modern historiography of mathematics these achievements are un-
known. The importance of these early modern mathematical formularies
should not be underestimated, for they certainly represent an important step
away from the hold of the rhetorical and toward a greater symbolic abstrac-
tion.

104 al-Marrakushi, Jami*, 1, pp. 180-183; Sédillot, Traité, pp. 351-359.
105 E.g. in Ms Dublin CB 4091, f. 15v and in Ms Dublin CB 3651, f. 46r. On the former, see
King, SATMI, 11, § 10.3b.
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1.4.6 Didactical concerns

A proper understanding of the tradition of migat in particular and of Mam-
luk science in general is not possible without taking its educational context
into account. Most of the technical astronomical or mathematical literature
produced during this period was written with didactical purposes in mind,
for the benefit of students who mostly did not aim at becoming professional
astronomers. The fourth part (fann) of al-Marrakushi’s Jami is particularly
revealing of the didactical concerns that motivated a first-rate astronomer to
include materials of pedagogical relevance into his opus magnus. This fourth
part consists of a quiz, a series of questions and answers, whose purpose is to
promote skill and self-critique, in order to prepare the reader to work out the
problems by himself.!% This approach was also taken by Ibn Samiin'%7 and
Ibn al-Shatir; the latter concluded the longer version (in 200 chapters) of his
treatise on the use of the instrument called al-rub‘ al-tamm with a series of
100 questions and answers.'%8

1.5 Najm al-Din al-Misri

Three documents attest to the existence of a specialist of migar named Najm
al-Din Abi ‘Abd Allah Muhammad ibn Muhammad ibn Ibrahim al-Misri:'%°

1. A short treatise on spherical astronomy entitled al-Risala al-Hisabiyya
ft ’l-a'mal al-afaqiyya (Treatise on the universal operations [of time-
keeping] by calculation), in 30 babs, and preserved in a single manu-
script in Milan (Ambrosiana 227a, ff. 85v—97r).!19 Although the work
is simply divided into 30 chapters, it is stated in the introduction that it
comprises two parts (fann) devoted to migat, the first of them being ap-
propriate for beginners as well as for experts. Although this is nowhere
stated, the ‘second part’ for experts can only correspond to the 30th
chapter, which is a lengthy section with unnumbered divisions in which
various problems are solved by means of the auxiliary function asl.'!!

106 g]-Marrakushi, Jamic, 11, p- 341.

107 See King, Survey, no. C34.

108 Ms Cairo DM 138, ff. 34v—110v.

109" On Najm al-Din, see Suter, MAA, no. 460 (where two different individuals are confused),
King, Survey, no. C16, idem 1975a, pp. 4445 and idem 1983a, pp. 540-541.

110 Tt is attributed to “al-Shaykh al-Imam al-<alim farid dahrihi wa-wahid ‘asrihi Najm al-Din
AbT ‘Abd Allah Muhammad ibn Muhammad al-Misri”. The manuscript was copied in 1386 by
Ahmad ibn Ibrahim al-Sathi in the Mosque of Ibn Tildin in Cairo. It is catalogued in Lofgren &
Traini 1975, p. 72; see also Charette 1998, p. 25.

1 See Charette 1998, p. 28.
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2. A short treatise on approximate methods of migat, entitled Ikhtisar al-
magala ft ma‘rifat al-awqat bi-ghayr ala (Abridgement of the treat-
ise on finding the prayer times without an instrument), divided into 21
babs, and preserved in Ms Istanbul Hamidiye 1453, ff. 228v—230r.!12,

On ff. 219r-228v of the same manuscript is an anonymous treatise on
the same topic with a related title: Tahrir al-maqala ft ma‘rifat al-awqat
bi-ghayr ala, which appears, however, to be by a different author (but
also Egyptian, since he discusses the Coptic calendar). Despite their
titles, which seem to imply that they derive from a common source,
both texts are in fact independent.

In the Ikhtisar, Najm al-Din presents simple approximate arithmetical
procedures for solving timekeeping problems specifically for the latit-
ude of Cairo. This work is of particular interest because it belongs to
an intermediate level between primitive folk astronomy and advanced
mathematical astronomy (cf. Section 1.4.1).'3 The introduction reads
as follows:

el a2 il of SRR Joll G sl g6
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The excellent shaykh and Imam Najm al-Din Muhammad ibn Mu-
hammad ibn Ibrahim al-MistT (may God have mercy upon him)
said: When I saw that several people who want to determine the
beginning of the prayer times ma‘a wujid al-tamkin [meaning un-
clear] for Cairo only are not skillful in calculation and do not have
a place where they can carry it out, I decided to write this ‘intro-
duction’ for them. — Surely, knowledge of something by simple
(approximate) methods is better than ignorance (of its application)
by exact (and complicated) procedures.

3. A huge set of tables covering 419 folios (with some lacun®), extant in
two codices which form the first and second halves of a single copy that
was later split. The first half is MS Cairo, Egyptian National Library,
Mustafa Fadil migar 132 (234 ff.), and the second half is MS Oxford,
Bodleian Library, Marsh 672 (185 ff.).!* We shall refer to these manu-

112 This treatise is listed in Sesen 1975-1982, III, p. 16. The manuscript was copied in Istanbul
by ‘Umar ibn “‘Uthman al-Husayni al-Dimashqi, on 16 Rabi‘ II 759 [= Friday 4 April 1455]

113 Its contents is summarised in King, SATMI 11, § 2.5, together with the anonymous treatise.

114 These tables were first identified by David King in 1973: see King 1975a; they were men-
tioned several times in later publications of his, such as King 1983a; cf. also Berggren 1986,
pp. 181-182.
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scripts with the sigla A and B. On the title-page of B the last words of a
title can be read: ... min Glm al-falak ft s@’ir al-afaq (the beginning has
been erased),115 and these tables are attributed to

o J.‘sqﬂ\).,.:-jja,\l\ oF opas X gy 0 X (}L«J\ ru}f\ C.:...N

gﬁl'«\d

The contents of these two manuscripts have been analysed in a previ-
ous publication, which includes an edition of the introduction.!!6 In the
main table, the time since rising T is tabulated in terms of three argu-
ments, namely the half-arc of visibility D, the meridian altitude #,, and
the instantaneous altitude 2. With nearly 415 000 entries, this is the
single largest mathematical table compiled before the late nineteenth
century. There are also various other secondary tables accompanying
the mammoth Tables of Time-arc (jadawil al-da’ir). The corpus also
includes smaller tables covering the following topics: geography, chro-
nology, trigonometry and spherical astronomy, solar and lunar motions,
precession and fixed stars (see Appendix C).

David King has suggested that the Cairo-Oxford copy of the tables
might be an autograph: this hypothesis, which I had omitted from my
previous paper, is indeed not to be rejected, since one can hardly expect
copyists to have embarked on the task of transcribing over 420 folios of
densily written numerical entries; another argument speaking in favour
of an autograph is that the Cairo-Oxford manuscript was copied before
the year 736 H [= 1335/6], as attested by a gloss on f. 4v of the Cairo
manuscript, that is, very shortly after the presumed date of compilation
of the tables.!'!”

There are also two anonymous items which can be attributed to Najm
al-Din al-Misrt:

4. An (anonymous) commentary on the use of these tables in 130 chap-

115 The word ‘ilm might be spurious, since one would actually expect the following title: Jadawil
al-Da@’ir min al-falak ft s@’ir al-afaq.

116 Charette 1998, esp. pp. 19-23 (description of the manuscripts). In my description I have
omitted to notice two codicological details of MS A, namely, (1) that it is foliated with Coptic
numerals (certainly after the original manuscript was split), and (2) that on f. 15r there is a notice
of possession which reads fi nawbat al-faqir Hasan al-Jabarti al-Hanafi, ghafara lahu; on this
individual (d. 1774 AD) — the father of the Egyptian historian ‘Abd al-Rahman al-Jabarti — see
Thsanoglu, OALT, I, pp. 472-479 and King, Fihris, s.v. in the indexes of authors and owners.

17 In Charette 1998, p. 17, I made the remark that there must have existed multiple copies
of the tables, since in Ch. 72 of Najm al-Din’s commentary there is a note which warns against
possibly corrupted copies of the tables. I now consider this as a statement of a theoretical nature
by the author himself, rather than a later interpolation motivated by a copyist’s encounter with a
corrupt version of the tables.
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ters,'!8 extant in Ms Dublin, Chester Beatty, Persian 102, ff. 1r—24r —
which we designate as D. In this commentary the author explains how
to use Najm al-Din’s tables (3) as universal auxiliary tables for solving
all problems of spherical astronomy for all terrestrial latitudes. It has
been analysed in detail in a previous publication of mine.'!”

In the introduction of (3), Najm al-Din says that he has prepared addi-
tional problems or operations (a‘mal) useful to the experts and that he
placed them “at the end of the book”.!?’ The tables in MS B end ab-
ruptly within a sine table, but the instructions in the Dublin manuscript
correspond very well with Najm al-Din’s reference. A more decisive
argument in favour of Najm al-Din’s authorship of this commentary
is provided by the identity between a passage in it and his treatise on
spherical astronomy (1): Chapter 26 of (1) is indeed textually repro-
duced within Chapter 128 of (4) [D:23v:19-24r:7].1%!

118 Since Chapter 129 is omitted, there is in fact a total of 129 chapters, and although ‘Chapter
129’ is listed in the table of contents on f. 2v, no title is given.

119 See Charette 1998, esp. pp. 27-41. The relationship of (4) with Najm al-Din’s tables (3)
was first noted in King 1993, on p. 10 of the “Addenda and corrigenda”.

120 See Charette 1998, p- 50 and translation on p. 42, § [4].

121 Both texts are here reproduced for comparison. First treatise (1) (MS Milan ff. 92:11-93:5):
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Then the corresponding passage in (4) (D:23v:19-24r:7):
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It seems that the latter text is an adaptation of Chapter 26 in (1) for the purposes of (4).
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5. An extensive (anonymous) illustrated treatise on the construction of in-
struments which forms a continuation of (4) and is clearly by the same
author (see the next Section for a detailed discussion). This is the main
source for the present study.

Remarks on the dating of the above works. The composition of (3) can be
estimated to within the period ca. 700-730 H [= 1310-1330], and the com-
mentary (4) must have been composed shortly thereafter.!22 In (4) and (5),
Najm al-Din mentions the name of al-Marrakush1 with a eulogy (“may God
have mercy upon him”) used only for deceased Muslims. al-Marrakushi died
after 680 H [= 1281/2]. A terminus post quem for the instrument treatise (5) is
the year 723 H [= 1323], which is mentioned in (5), cf. p. 247. This treatise,
which is dependent upon (3) and (4) and forms the second part of (4), was
thus probably composed within the period ca. 725-740 H [= 1325-1340].!2

1.5.1 The authorship of the instrument treatise

When David King discovered the treatise on instruments in the Dublin manu-
scriptin 1982, he was immediately convinced that its author was Ibn al-Sarraj,
a Syrian astronomer and mathematician active in the first half of the fourteenth
century.!?* Since then and until 1999, this treatise as constantly been referred
to by the same author as a work by Ibn al-Sarraj.!?> There were two good
reasons for this attribution. First, the great majority of the instruments illus-
trated in the treatise are designed for a latitude of 36°, which, in a Mamluk
context, corresponds to Aleppo, where Ibn al-Sarraj spent most of his active
life.!?® Second, in the Dublin manuscript there is an illustration of a universal
astrolabe of a type similar to the one known to have been ‘invented’ by Ibn
al-Sarraj. At the beginning of the chapter corresponding to this illustration,
the author says that he invented the instrument in Mecca in the year of his stay
there, namely, 723 H. Since there is preserved a (more complex) universal as-
trolabe made by Ibn al-Sarr3j in the year 729 H, the attribution to him seemed
secure.

A closer look at the manuscript, however, reveals a marginal note by the
scribe of manuscript D next to the above-mentioned illustration, saying that

122 The terminus post quem is suggested by Najm al-Din’s mention of the timekeeping tables
of Shihab al-Din al-MagsT (see Section 1.3.1), a Cairene migati contemporary of al-Marrakushi,
in the introduction of (3). Furthermore, the work cannot have been composed after 736 H, since
MSS A+B have been copied before this date.

123 The (approximate) terminus ante quem for (5) is given on the basis of internal evidence:
several instruments which were well-known to Egyptian and Syrian specialists of migat by the
middle of the fourteenth century are not featured in it.

124 See King 1987c, p. 2.

125 In King 1999, p. xxix, Ibn al-Sarrdj’s proposed authorship is retracted.

126 See Section 1.3.4.
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the latter was drawn there by mistake, and that it actually belongs to the pre-
vious chapter. Hence the instrument which the author invented in Mecca is in
fact a universal plate which is unrelated to Ibn al-Sarraj’s astrolabe. In Ch. 9,
where the universal astrolabe related to Ibn al-Sarr3j is featured, the author de-
clares that the instrument, which he calls shajjariyya (see Section 2.6.4), is a
Byzantine invention! The only convincing evidence in favour of Ibn al-Sarraj
has thus vanished.

In the course of studying MS D, I soon realised that there was a close link
between the commentary on Najm al-Din’s tables and the instrument treatise
which follows it. I finally arrived at the conclusion that the whole must be
by one and the same author. Since I have already shown that the commentary
on the universal tables on ff. 1-24 is by Najm al-Din himself, the instrument
treatise must then be also attributed to him. In order to establish the evidence
for this attribution, it is necessary to present a detailed description of MS D
and of the relationship between ‘Part 1°, containing the commentary on Najm
al-Din’s universal tables, and ‘Part 2°, containing the instrument treatise.

The commentary on the use of Najm al-Din’s universal tables ends with
Chapter 130 on f. 24r. This is immediately followed by the words: “The
Shaykh — may God be pleased with him — said: The chapters on the operations
(with the tables) are finished, with the help of God full of Majesty.” The
eulogy employed indicates us that the copy was made during the author’s
lifetime. There follows a summary appreciation of the commentary. On f. 24v
we find a table “of declinations and equations” (also announced on the last
line of the recto); it is in fact an auxiliary function for timekeeping which has
nothing to do in this treatise.!?” On f. 251 begins a section which forms a kind
of ‘interlude’, again with a formula introducing the words of the author and
with the same eulogy. The text on this page explains the use of the ‘Table of
Proportions’ found on the next two pages (ff. 25v—26r), one half of which is
attributed to al-Marrakushi (who is mentioned as a deceased scholar).!28

Then, on ff. 26v-27r, the same unnamed author (here qualified as al-
shaykh al-imam al-‘alim al-‘allama, wahid dahrihi wa-farid ‘asrihi) continues
to discuss the use of his tables, adding that arithmetical operations and auxil-
iary quantities are not required. The author — who can only be Najm al-Din
— then introduces two kinds of tables he has compiled for the purpose of con-
structing instruments. The first category concerns the construction of altitude
and azimuth markings on astrolabes and related instruments. These are com-
piled according to the instructions in various chapters of the commentary on
the universal tables. The second category concerns various types of sundials,
and Najm al-Din again refers to the above commentary. On f. 27r we finally
find a table of the first kind described, which serves for constructing astrolabe

127 See Appendix 1.
128 These tables are further discussed in Appendix B.



30 CHAPTER ONE

markings for latitude 36°. Until this point the codex has been copied in the
same naskhi hand along red-ink rules. The next folio (27v) was originally
blank,'?® and on f. 97v (originally f. 28r: the manuscript was later bound in
disorder), there begins the second part of the codex copied by a different hand
(but on the same thick ivory-colored paper), containing a lengthy and richly-
illustrated treatise on the construction of various instruments. Already in the
first chapter of this second part we find indications that the instrument treatise
is in fact a continuation of the first part described above. There are two refer-
ences to “a procedure (fasl) in the last of the chapters”, that is, Ch. 130 of Part
1, which indeed deals with astrolabe construction. There is also a reference in
Ch. 1 to “the table on the back of this page”, which is on f. 27r. This table is
actually implicitly referred to in all of the chapters of the instrument treatise
which deal with the construction of astrolabe markings for a latitude of 36°.

In the introduction to his universal tables, Najm al-Din promises that he
will not burden the expert in the instructions on the use of the table with any
arithmetical operation like multiplication, division and root extraction.!3" In
the conclusion to the commentary (B:24r), Najm al-Din makes a summary
statement about whether he has succeeded in this respect, and says that in
127 out of 130 chapters he has not referred to these operations at all, and that
in the other three these were absolutely necessary. All this is also repeated
on D:26v, where the author recapitulates the material he presented and then
explains how he compiled the tables for instrument-making. Similar remarks
where the author expresses regret for having used arithmetical operations are
also expressed in the instrument treatise that follows (see Ch. 60, the end
of Ch. 115 and Ch. 102 on p. 329). There is also a reference in Ch. 60 of
the instrument treatise to the “Tables of proportions which are mentioned at
the beginning”, that is, the two tables on D:25v-26r. Other chapters in the
instrument treatise contain explicit references to the Jadawil al-Dda’ir, i.e., to
Najm al-Din’s universal tables, and also to other tables contained in MSS A
and B. Furthermore, upon investigation of the tables in the instrument treatise,
it turns out that all of them are indeed based on Najm al-Din’s tables. The
various sundial tables, which correspond very well with those announced in
the introduction (D:26v), turn out to make exclusive use of Najm al-Din’s
Cotangent table preserved in manuscript B.

Finally, it should be noted that whilst latitude 36° is predominant in the
treatise (most tables and most illustrations of instruments being for this lat-
itude), there are no specific references to Aleppo in the text. But one finds
direct references to Cairo on some occasions (Chs. 10, 84, 91 and 93). There
are also a few instruments illustrated which are designed for the latitude of
Cairo, namely, 30° (Chs. 65 and 66). In addition, Ch. 91 provides instruc-

129" See p. 32 below.
130 See Charette 1998, p- 50 and the translation on p. 42, § [4].
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tions for constructing the base of the ventilator (badahanj), a common feature
of Cairene architecture, and these instructions are only valid for the region
of Cairo. These indeed confirms the fact that the author was Egyptian. But
nothing precludes Najm al-Din, who is presumed to have spent most of his
active life in Cairo, from having sojourned for some time in Aleppo or to have
been commissioned to compose a treatise for someone in that city.!3! Another
possibility would be that he chose the latitude of 36° as a purely didactical ex-
ample for the fourth climate.!3?

One last point: the known treatises of Ibn al-Sarraj — mostly short works
on instruments — are written in a technical Arabic that is incisive and pre-
cise. The Arabic of this instrument treatise has neither of these features. The
text is occasionally a little confused and quite colloquial in style (see Section
1.5.3), and in this it is comparable to the introduction to Najm al-Din’s tables.
However, the other two treatises by Najm al-Din (1 and 2), even though they
present some features of Middle Arabic, are written in a more elaborate style.

In view of the above evidence, there should be no doubt that Najm al-
Din al-MisrT ought now be considered as the author of the whole of MS D.
I shall now present a codicological description of this manuscript as well as
of a second one which has become accessible to me during the course of my
investigation.

1.5.2 Description of the manuscripts

1. Dublin, Chester Beatty Library, Persian 102

This manuscript, after it was bought by Sir Alfred Chester Beatty, was in-
tegrated into the Persian collection on the basis of a spurious colophon, and
it was thus recorded under the Catalogue of Persian Manuscripts and Mini-
atures, where it was labelled, however, “An Arabic Treatise on the Astrolabe”,
and dated to ca. 680 H.

The leaves measure 28.0 x 20.2 cm. The paper is thick, non-polished and
of an ivory tone. The binding is of dark chestnut leather, with an almond-
shaped central motif and four blind-tooled corners with floral background of
Persian style. (For the rest of the description we shall consider the manuscript
in two separate parts, which are the works of distinct copyists.)

Part 1 (ff. 1-27). The written surface measures 24.7 x 18.2cm, with 25
lines per page. The writing is in a clear naskhi hand (I shall denote this copyist
by the label C1). The text is surrounded by a red frame and written along red-

131 No doubt there were scholars in Aleppo in that period who were interested in the topic,
especially in the entourage of Ibn al-Sarraj.

132 Interestingly, the examples in al-Birani’s Isti‘ab are also for a latitude of 36°, even though
he composed the work in Gurganj (latitude 42°17"). The value 36° corresponds to the middle of
the fourth climate (at least with Ptolemy’s value of the obliquity).
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ink rules (“a style found only in very old books”!3%), with chapter headings in
red ink, as well as the expressions .34 and LZ‘lJ within the chapters. The tables
on 25v-26r and 27r are likewise written in red (a few entries being in black).

Part 2 (ff. 28-99). In the second part the written surface has essentially
the same dimensions as in Part 1. The writing is a characteristic, very cursive
naskhi throughout, which can be seen e.g. on Plate 4. The text on ff. 98,
99 and 96 and the legends of several illustrations, however, are by a third
copyist, whose handwriting is a meticulous, small, ‘square’ naskhi, carefully
dotted and vocalised (the paleographic features are best illustrated on Plate 9;
the caption of the illustration displayed on Plate 10, showing an interesting
ornamental ‘kufic’ script, is also by this third copyist). I shall denote the main
copyist of Part 2 by the siglum C2 and the third one by C3. Chapter headings
are likewise in red ink. There are large illustrations or tables on each single
folio except 97r and 37v, for a total of 142 diagrams!3* in black and red ink
(the diagram on f. 45v also has strips of gold ink) and 16 tables (counting
that on f. 27v, which belongs to Ch. 1). Many of the diagrams in the first 55
chapters are left partially unfinished, and in some cases only the most basic
markings are drawn. This is the case for the following chapters (whereby
the superscript ‘1’ following the chapter number refers to the first half of the
chapter, and ‘2’ to its second half, in those cases where a chapter has two
illustrations on two consecutive pages):'3

5-8,10, 12, 132,152, 181, 191, 20!, 21!, 221, 231 24! 27! 28!
29,31, 32,331, 341 351 361 37! 38-42,44-50, 53-55.

For the rest of the treatise, which is only extant in D, the diagrams of Chapters
84 and 95 also seem to be incomplete.

The folios of Part 2 are in severe disorder. The correct, original foliation
corresponds to ff. 97-99, 96, 78-85, 38-46, 57-77, 86-95, 47-56, 37, 31, 28-30,
32-33, 36, 34-35. Folios 37 and 58 have been bound in reverse (verso before
recto).

On ff. 27v and 28, that is, between the first and second parts, there is a
splendid illumination richly decorated in gold and blue which fills the double
page. It surrounds a text which purports to serve as a colophon:

Bogkyy /O Nl e g (O T O/ g3 sl () e

133 E. B[lochet] and M. M[inovi] in Arberry, Catalogue, 1, p. 3. One should note, however, that
the text on f. Ir of MS A is also written on rules. See also p. 34, n. 1.5.2 below.

134 Each drawing of an independent component of a given instrument, such as its plate or rete,
counts as a diagram. Also counted are the incomplete drawings on ff. 97v and 99v, which are
repeated elsewhere.

135 In general, the illustration in the first half is that of an astrolabic plate, and that in the second
half shows the corresponding rete.

136 s at the end of the preceding line.



INTRODUCTION 33
ol Sl (¥l 3 pll 28] / ikl oo (W1 A1 oT3) 0 e
() Os ey F & ) /it o Al o) gomlad /] ()
/ b J..P.j
(g L3 il 2]

The first part of the book on the astrolabe ends. It is followed by the
second part, composed by the learned Imam Abu ’1-Hasan Nishapurt
(may God have mercy upon him) in the month Rajab of the year 522 [=
July 1128 AD]. Ahmad al-Bayhaqf.

This is obviously a fabrication by an Iranian who had a limited command of
Arabic: the few lines above reveal at least eight grammatical mistakes. The
forger used two folios that were originally empty, and since those two folios
came to face each other only after the book had been rebound in disorder,
this suggests that either his forgery occurred thereafter, or that he himself
is responsible for the chaotic rebinding. The names of the purported author
and copyist mentioned on this colophon were probably inspired by famous
Persian figures like the Qur’anic scholar al-Hasan al-Nishapiri (d. 1016) and
the shi7 author Abu Bakr Ahmad al-Bayhagqi (d. 1066), even though they died
several decades before the purported date of copying. In the Dublin catalogue,
Blochet and Minovi signal a very similar deception by the same Iranian forger
in a manuscript in the British Library (Or. 7942).!37 The same forger also
pasted on the upper margin of ff. Ir and 25t two strips of olive-colored paper
(originally gold) bearing a decorative basmala written in light green ink.

Owners’ stamps Two seals are stamped in the left margin of f. 1r. One of
them is a stamp of ownership, accompanied by a smaller one on which we
read the following atypical combination of two common religious pronounce-
ments:

DL Y] 53 Y D els L

What God wills (is what will be). No strength (is gained) but through
God!

The stamp of ownership reads as follows:

WA 4 ik e il FU il oKl e

From the possessions of the wretched (slave of God) Hajj Mustafa
Sidqt (may [God] forgive him) — [1]179 [= 1765/66 AD].

137 Arberry, Catalogue, p. 2, note.
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This individual is the Ottoman scholar Mustafa Sidqt ibn Salih (d. 1183 H [=
1769]), who is well known as a copyist of precious mathematical texts and
an able mathematician himself;!3® he owned an impressive scientific library,
a reconstruction of which is underway by the present author which will be
included in a future publication.'?* Another Ottoman seal, oval in shape and
smaller in size, with floral background, is found on f. 2v. Two circular seals
— illegible, but different from the above ones and probably identical to each
other — have also been stamped in the lower margin of f. 89r.

2. Private collection

A second, incomplete copy of the same treatise became known to the present
author in the late 1990s. It was auctioned at Christie’s (London) on April
11, 2000. Its present location is unknown, but rumour has it that it could
be in Qatar. This manuscript, which I shall henceforth designate with the
siglum P, contains slightly more than one half of the contents extant in D.
It has been recently (ca. 1998) rebound and paginated with modern Arabic
numerals. Until then it was bound together with an Ottoman Egyptian tagwim
(ephemeris). The 38 folios of the instrument treatise were previously bound in
considerable disorder. The recent rebinding has restored the correct ordering,
but it has also destroyed its codicological history.

The following physical description of the manuscript is based on the entry
in the Christie’s sales catalogue.!#® The leaves measure 25.7 x 19.5cm. The
paper is of buff colour with light staining and smudging. The handwriting is
a clear but not so elegant naskh in sepia ink. The text is written on red rules
and the pages are surrounded by a red frame.'*! The binding is a “contempor-
ary brown morocco with geometrical tooled decoration, restoration at spine,
rather scuffed”.'#? The illustrations, drawn in red and sepia inks, are all com-
plete. They have exactly the same format as in D, and are generally even more
accurately executed. Recent pagination (1-76) in pencil in a modern Arabic
hand was made after rebinding. The 38 folios of this manuscript span the first
76 chapters of the treatise, with numerous lacuna (the beginning is lacking
and then 11 folios appear to be missing; see the table of concordance below).

138 See Thsanoglu, OALT, 11, pp. 466-467, and King, Survey, no. D81.

139 A report on my work-in-progress on Mustafa Sidqi’s library was presented at the annual
congress of the German Middle East Studies Association for Contemporary Research and Docu-
mentation in Hamburg in December 1999 (listed as Charette 1999 in the bibliography).

140 Christie’s, London, Islamic Art and Manuscripts, 11 April 2000, lot 22, pp. 14-17.

141 This feature is comparable in style to the first part of D and to the first page of A. It is prob-
ably an indication that those manuscripts originate from similar milieus, that is, mid fourteenth-
century Cairo.

142" Christie’s Catalogue, p. 14.
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Relationship between the manuscripts

During completion of my critical edition of Najm al-Din’s treatise on the basis
of the above two manuscripts, it became progressively obvious that D was a
direct copy of P. My suspicion was aroused by noticing that D featured many
more omissions than P, including whole lines of text. Such lacuna are also
noted in the parts of the treatise where D is the unique source. More spe-
cifically, there are 42 occurrences of omissions in D, and only 6 in P. The
latter are short words which the copyist of D may have interpolated as natural
emendations. The fact that all illustrations in P are complete, whereas many
of them have been left unfinished in D, also strengthened my suspicion. A
decisive proof of the direct dependence of D upon P is found in Ch. 43, where
the copyist of P omitted two series of words at two places on a single line of
text and then wrote the missing words sideways in the margin, one above the
other, after having marked the respective positions of the two lacuna in the
line where the marginal corrections have to be inserted. But there is neverthe-
less an ambiguity, since it is not obvious to any reader of P which marginal
correction corresponds to which lacuna on this line of text. One would natur-
ally be tempted to associate the upper marginal correction to the first lacuna,
and the lower correction to the second lacuna, but in fact the correct corres-
pondence is rather the reverse! This indeed induced the copyist of D to insert
each marginal correction at the wrong place in the text, so that the correspond-
ing passage in this copy does not make any sense. Other examples illustrating
the direct dependence of D upon P can be given: On the illustration of an
astrolabe rete in P:31r, the star names accompanying two star-pointers have
been smudged, so the copyist decided to write them a second time below the
circumference of the rete, vis-a-vis their respective pointers. On D:40v the
same two star-pointers are unlabelled, but the star names appear below the
circumference exactly in the same position as in P!143

Also very eloquent for the dependence of D upon P are the scribal errors in
the tables of Chs. 61 and 76 (see the apparatus to these tables in the edition).
One typical error of transcription of the copyist of D was to read _J as J,
which given the paleographical characteristics of P is a very easy mistake to
make. At another place the number _s” in P looks like a s and was interpreted
as such by the copyist of D.

Table of concordance

In Table 1.1 (p. 37), a general concordance between manuscripts D and P
is given, following the logical order of the work. Since each chapter fills
either one or two pages, I use for each page containing one half of a chapter
a superscript after the chapter number to indicate its first or second half. For

143 See the apparatus of the edition of the text in the second illustration in Ch. 19, under the star
names sl3=f! .l and Clas.
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manuscript P I give the former foliation as well as its recent pagination in
brackets.

1.5.3 A general appreciation of Najm al-Din’s instrument treatise

The treatise on instruments preserved in manuscripts P and D is unique of
its genre. First, it is exceptional in virtue of the number, size and quality of
the illustrations it features. Of the 140 pages'* of manuscript D'43 which
are effectively used to display the contents of the 120 extant chapters, only 8
pages are devoid of any illustration. We find in fact no less than 139 different
diagrams, most of them occupying ca. two thirds of a page. In manuscript
D I count a total of approximately 1250 lines of text distributed among 140
pages. Since text only would fill 30 lines per page (as on f. 97r), this means
that we have in this manuscript the equivalent of 42 pages of text out of 140.
In other words, the text of Najm al-Din’s treatise accounts for around 30%
of the whole manuscript, the rest being made up of plentiful illustrations and
some tables.

For historians of scientific instruments it is also a work of great interest
since it includes descriptions of instruments which are otherwise absent from
the Arabic technical literature, or hitherto insufficiently documented.

The text presents plainly technical instructions on how to construct a large
variety of instruments by ruler and compass, many of them according to un-
usual methods that are unique to the author. These instructions concentrate
exclusively on the mathematical aspects of the construction, and in general
ignore its more practical details, the knowledge of which being implicitly as-
sumed from the reader. For example, not a single word is devoted to the
construction of accessory elements of instruments, like alidades and sights.
Also, there are no explanations of the technical terminology.

In most cases the text hardly makes sense alone, and the accurate illustra-
tions of the instruments are indispensable to its understanding. In general it
can be said that the author consciously reduced the textual information to a
minimum in order to convey as much as possible through visualization. Yet
many of the instructions are obscure or elliptical, and one can hardly assume
that a beginner would have been able to use this illustrated treatise as a manual
for independent study.

The text does not contain any discussion of a theoretical nature,'4®

and

144 Excluding 4 pages (ff. 98v, 99v, 27v and 28r) featuring either repeated illustrations or the
spurious colophon.

145 For the first half, the portions extant in P have the same layout as D and the page corres-
pondence is the same.

146 In principle, the only theory needed would concern stereographic projection and gnomonics,
two subjects dealt with in detail by al-Marrakushi. The absence of theoretical material in Najm
al-Din’s treatise should thus be seen as perfectly normal and fully in accordance with the nature
and purpose of the work.
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Ch. D P Ch. D P Ch. D P
1! 97r - 341 62r  4v(36) 77 94v -
12 97v-98r  26r (1) 342 62y 19r(37) | 78!  95r -
2 98v 26v (2) 351 63r  19v(38) | 78%  95v -
3 99r-v 16r (3) 352 63v 36r(39) | 79!  47r -
41 96r 16v (4) 36! 64r  36v(40) | 792  47v -
42 96v 14r (5) 362 64y 2Ir(41) | 80  47v -
5 78r 14v (6) 37" 65r  21v(42) | 81 48r -
6 78v - 372 65v - 82  48r -
7 79r - 38 66r - 83  48v -
8 79v - 39 66v 51 (43) 84  49r -
9! 80r - 40  67r  5v(44) 85  49v -
92 80v 151 (7) 41 67r  5v (45) 86  50r -
10 S8Ir 15v(8) | 42 67v 29r(46) | 87  50v -
11 8lv 17r (9) 43 68r  29v (47) | 88 Sir -
12 82r 17v(10) | 44  68v  33r48) | 89  S5lv -
122 82v 25r(11) | 45  69r  33v(49) | 90  52r -
13" 83r 25v(12) | 46 69v  27r(50) | 91 52v -
132 83v - 47 70 27v(51) | 92 S3r -
141 84r - 48  T0v - 93 53v -
142 84v 22r(13) | 49  TIr - 94  S4r -
15! 85r 2v(14) | 50  Tlv - 95  54r -
152 85v 24r(15) | 51 72 - 9  54v -
16 38r 24v(16) | 52 72v  28r(52) | 97  55r -
17 38y - 53 73r  28v(53) | 98  55r -
181 39r - 54 73v 34r(54) | 99  55v -
182 39y - 55  74r  34v(55) | 100 55v -
19! 4or - 56  74v  30r(56) | 101  56r -
192 40v 3Ir(17) | 57 75r  30v(57) | 102  56v -
201 41r 31v (18) | 58 75v  6r(58) 103 37v(sic) —
202 4lv 32r(19) | 59  76r  6v(59) 104 37v(sic) -
211 4or 32v (20) | 60 76v  Tr (60) 105  37r(sic) -
212 42v - 61' 71 v (6]) 106  31r -
21 43r - 612 7Iv - 107 3lv -
222 43y - 62  86r - 108 28v-29r  —
231 44r - 63 86v  8r(62) 109  29v -
232 44y 23r(21) | 64  87r  8v(63) 110 30r -
241 45r 23v(22) | 65' 87v  9r(64) 111 30v -
242 45v 1r (23) 652 88r  9v(65) 112 32r -
25 46r Iv24) | 66  88v 10r(66) | 113  32v-33r -
26 46v 2r (25) 67 89r 10v(67) | 114 33v -
27" 57 2v(26) | 68 89y  1Ir(68) | 115 36r -
272 5v 20r(27) | 69 90r 11v(69) | 116  36v -
28" 58v(sic) 20v(28) | 70  90v  12r(70) | 117 - -
282 58r(sic) 35r (29) 71 91r 12v (71) 118 - -
29 59r 35v(30) | 72 9lv 13r(72) | 119 34r -
30 59v 18r(31) | 73 92r 13v(73) | 120 34v -
31 60r 18v(32) | 74  92v  37r(74) | 121 35r -
32 60v 3r (33) 75 93r  37v(75) | 122 35v -
331 6lIr 3v (34) 76! 93v  38r(76)

332 6l 41 (35) 762 94r  38v (77)
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historical information is provided only sparely. Only two of Najm al-Din’s
predecessors are occasionally mentioned, namely al-Birtunt (in Chs. 12, 24,
37, 38) and al-Marrakushi (in the introduction and in Chs. 101, 102). It is also
very important to note that Najm al-Din’s generally comprehensive illustrated
survey omits most of the instruments that were invented by his contemporaries
Ibn al-Sarraj, Ibn al-Ghuzili and Ibn al-Shatir.!#” Also, the way to use the
instruments featured is never discussed.'*®

Najm al-Din’s style is rather poor and his Arabic quite colloquial: this
characteristic is examined in Section 1.5.3.

The structure of the treatise, in its successive discussion of different cat-
egories of instruments, roughly correspond to the following scheme:

— the planispheric astrolabe and variations thereof (38 chapters);
— the spherical and linear astrolabes (2 chapters, dispersed);

— astrolabic quadrants (15 chapters);

— horary quadrants and dials (15 chapters);

— trigonometric instruments (3 chapters);

— observational instruments (3 chapters, dispersed);

— portable and azimuthal sundials (17 chapters);

— fixed sundials (24 chapters);

— miscellaneous (3 chapters, dispersed).

Although the general ordering of the chapters agrees with the above, many of
them are illogically placed and do not respect the general scheme.

A judgement of its merits

In general, the text leaves the impression of having been composed rather
spontaneously, or even hastily, and for the sole use of a limited circle of stu-
dents or colleagues. It is highly repetitive in places, especially the chapters
on astrolabes and astrolabic quadrants, which account for nearly one third of
the whole. Some passages burst of enthusiasm, others are astonishingly na-
ive. In some cases Najm al-Din’s occasional enthusiasm and ingenuity turns
into something which could be better characterised as imbecility. Yet this
judgement of mine should not be taken a la lettre, for this unique historical
document gives us fascinating insights into the scientific practice of an ac-
complished yet rather eccentric specialist of migat.

147 T have mentioned the inventions of these personalities only in passing whenever it seemed
relevant to the present study. For general references see Section 1.3 above. See also the remarks
on p. 209.

148 There is one minor exception to this rule: at the end of Ch. 49 there is a discussion of a
special aspect of the use of the astrolabic quadrant, which, unfortunately, makes very little sense.
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For whom was it written?

This treatise of Najm al-Din belongs to a completely different category of
technical literature than the works of his better-known contemporaries al-
Mizzi, Ibn al-Sarraj or Ibn al-Shatir, which were specifically written for di-
dactical purposes. These are treatises on the use of instruments. Yet it is dif-
ficult to exactly identify Najm al-Din’s intended audience, which is certainly
not made up of mathematically well-versed readers, since the author explicitly
sets himself the goal of avoiding having recourse to arithmetical operations,
which he achieves by presenting tailor-made numerical tables (or explaining
how similar tables can be compiled without computation with the help of the
author’s universal auxiliary tables).

I have noted above that the treatise could have hardly been intelligible
to beginners, since it assumes a considerable amount of technical knowledge
on instruments. It could possibly have been used as a reference manual for
teaching intermediate students. In this sense, Najm al-Din’s illustrated hand-
book could have been very useful, as it provided within one book canonical
representations of a vast array of instruments.

The illustrations in both manuscripts

Manuscript P contains 73 large-format illustrations in black and red, occupy-
ing two-thirds to three-quarters of the lower portion of almost each page. All
illustrations are complete. The second part of D (ff. 28-99 = 144 pages) fea-
tures 139 diagrams in the same format, out of which at least 41 were left
unfinished.

In general the copyists have carefully executed the diagrams, manifestly
constructing the instruments according to the mathematical rules explicated in
the text, a very uncommon feature of Mamluk scientific manuscripts and a rare
characteristic of Islamic scientific manuscripts in general (see below).!*° This
indicates that both copies were probably executed by individuals temporally
and spatially close to the author. Perhaps they were students of his, or copyists
working in close proximity to him. It is difficult to make a general statement
about the illustrations in Najm al-Din’s original treatise, but they can hardly
have been superior to those found in P. Some particularly fine illustrations
selected from both manuscripts are reproduced on Plates 1-18. A facsimile
edition of both manuscripts is in preparation at the Institut fiir Geschichte der
Arabisch-Islamischen Wissenschaften, Frankfurt am Main.

Taken together, these two manuscripts represent the finest corpus of illus-
trations of instruments within a single treatise that is known from the Islamic
scientific tradition. Their illustrations are comparable in quality and rich-
ness to the major illustrated treatises on mechanics such as those of the Banu

149 Of course many specific markings are not necessarily accurate, but in general the intention
to produce metrical illustrations is clearly felt.
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Misa, al-Jazarf and Ibn Khalaf al-Muradi.'>® In the field of instrumentation
the work surpasses in richness the illustrations in the treatises of al-Biriini and
al-Marrakushi, and the execution of the diagrams is certainly comparable in
quality to the best manuscripts of, say, al-BirQnt’s Isti’ab.

Linguistic aspects of the text

Najm al-Din’s treatise on instruments shares in general the linguistic peculiar-
ities of the large majority of medieval scientific treatises written in Arabic in
the Mamluk and Ottoman periods. Primarily it is written in Classical Arabic,
but it shows substantial contaminations from Neo-Arabic (vernacular): this
mixed language is commonly referred to as Middle Arabic.!>! The purpose
of the present Section is to present an overview of the most unusual features.

A striking characteristic of the text is the systematic use of the dual form
for a small plurality of objects or concepts (e.g., three). This, as far as I know,
is not attested anywhere else and seems to be a fully idiosyncratic feature. In
the edition I have corrected all occurrences of this ‘pseudo-dual’, noting the
incorrect forms in the apparatus. Parallel to this phenomenon is the absence
(with a few very rare exceptions) of authentic duals.

We also frequently encounter the use of the masculine plural pronoun Aum
and of the pronominal suffix (-hum) for inanimate objects, a standard Neo-
Arabic feature. The Classical rules of grammatical accord are also constantly
disregarded: we thus often find after a plural or feminine substantive the mas-
culine singular relative pronoun alladhi or the personal pronoun wa-huwa.
Likewise instead of the dual the feminine plural is often used: li-I-burjayn al-
madhkiira; or the masculine singular: hadha al-rub‘ayn (both in Ch. 4). Also
typical is the occurrence of min ma instead of its usual contraction mimma
(Ch. 33).

In one instance a curious construction is seen: Najm al-Din constantly
calls the sundial whose standard name is saq al-jarada, “locust’s leg” (see
p. 3.2.1), al-saq jarada. This may be a case where the status constructus and
the (indeterminate) nomen rectum have coalesced into a compound word (sdg
jarada), which can be rendered definite by the definite article.!>

The particle of negation ma is occasionally employed before verbs in the
imperfect, whereas in Classical Arabic it should only be followed by verbs in
the perfect tense.

Several cases of emphatic assimilation occur (e.g. s+7—sf): so the text
has consistently mistara, asturlab, ustuwana, etc.). Such forms are very often

150 See Hill 1979, Hill 1974 and Hill’s chapter “Tecnologfa andalusi” in Samsé 1992, pp. 157—
172 (English translation without illustrations in Hill 1998, item XVII), and the catalogue descrip-
tions in ibid. pp. 298-308.

151 Various essays dealing with Middle Arabic by the leading expert are collected in Blau 1988.
A useful up-to-date introduction is Versteegh 1997, pp. 114-129.

152 See Blau 1966, p- 350 (I owe this reference to Prof. Hans Daiber).
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found in scientific manuscripts and have been left untouched in the edition.
But we should note that copyist C3 of MS D wrote asturlab always with a
sin.133 There is one occurrence (in the caption of the illustration on D:23v)
where copyist C2 also spelled this word in the same way.

The syntactical realisation of determinate ordinals occurs in four different
forms, none of which corresponds to the classical rules. Thus, we have &M
ohlae (9 times), &3 ol (8 times), o)l &3t (once), and SXI ol )
(twice), whereas in Classical Arabic we would expect L3ldl ol ludl or &
Sl

The use of khassatan, “especially”, in the sense of “only” is attested in
several Middle Arabic texts.>* Najm al-Din uses it frequently in this sense,
e.g. in the expression li-I-shams khassatan, meaning “only for (timekeeping
with) the sun”.

More puzzling is the occurrence of skl instead of L:Uaw “their land-
ings [of stairs]” (Ch. 99): here we have three incorrect forms condensed in
one word. First, the use of the pronominal suffix -hum for inanimate objects
(here daraj, stairs); second, a feminine plural in -ar instead of the irregular
plural bisat; and third, the assimilation of the final ¢ of the feminine plural
suffix by the preceding t. The copyist must have unconsciously written down
this word as he pronounced it.

The use of the adjective _slas (always written ks in D!) instead of

ke “flat” is difficult to explain: it seems that the author invented a new
morphological form of the model _uis.'>

Najm al-Din’s treatise contains three words that specifically belong to the
Mamluk vocabulary, namely, jitkan (Ch. 77), hanab (Ch. 23), and badahanj
(Ch. 91).1%¢

A very interesting Middle Arabic variant of a classical word is suhlafa or
zuhlafa, “tortoise”, whereas the classical word for tortoise or turtle is sulhafa
(spelled aml., slaml. o1 5la=l. ), but the “tortoise” astrolabe and quadrant fea-
tured in Chs. 21 and 47 are characterised either as shlfi (2 occurrences in D,
3 in P) or zhlfi (!) (3 occurrences in D, 1 in P); at the end of Ch. 21 the rete
(e.g. its zodiacal belt) is said to resemble a zhlfa (5l ;); both spellings have

thus an equal number of occurrences in the manuscripts (namely, 6).%7

153 Since this is a foreign word both forms can be considered correct.

154 See Blau 1988, pp. 339-343 (with references to Coptic-Arabic, Judzo-Arabic and Modern
Arabic).

155 This occurs in Chs. 59, 64, 76, 78, 87, 92, 94, 97, 98, 99, 106 and 109.

156 On the first two words, see p- 256, n. 1, and p. 304, n. 1. On the latter, see King 1984.

157 Suhlafa seems to be a well-attested (semi-)vernacular form of sulhafa: see Dozy, Supplément
[quoting Bouctior, Dictionnaire arabe-frangais]. (It is semi-vernacular insofar as it does not
pertain to the active spoken lexica: in Levantine Arabic the name for a tortoise is consistently
gurga‘a.) Apparently, the metathesis consisting in the permutation of an unvoweled liquid (such
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1.5.4 Editorial remarks

Since the edition is based, for one half of the text, on two manuscripts, and for
the other half on a single one, [ have used the sigla D and P in the apparatus to
identify the sources only for those parts which are based on two manuscripts.
When the only source available is D, I have used the siglum MS, to make it
clear that the edition relies on a single copy.

Square brackets are used for restorations of illegible portions of the text
due to physical damage of the manuscript(s). Acute brackets indicate restor-
ations of lacuna in the text itself. Uncertain readings are indicated by (%),

unknown words or very uncertain readings by (¢9) , and completely illegible

words or passages by (999) .

Legends of diagrams and text in diagrams are also edited and translated.
The names of stars featured on retes are included in the edition but have been
omitted in the translation. Instead, they are conveniently presented in a list in
the second section of Appendix C.

Most ‘incorrect’ or colloquial forms have been left untouched, except the
cases described in the previous Section; sometimes the form that would be
expected in classical Arabic has been noted in a footnote. In a few cases,
incorrect readings are marked by (1). On the other hand, hamzas have been
fully restored according to Classical usage; they are almost never noted in the

manuscripts (hence ;1> is written 3 ,1).

The copyist of P employed a scriptio plena for some words such as 5
and «U!3 . He also prefixed an alif to imperative forms in the second person
singular of verbs having 4 as first root consonant (model w), thus writing C.;\

instead of &

In the translation I have attempted to render the elliptic and frequently
confused original text into comprehensible modern English. It was necessary
to insert a fairly large amount of explanatory additions between brackets: in all
cases these have no counterpart in the Arabic text. Reconstructions of lacuna

as 1) and a following consonant is not uncommon in Neo-Arabic (or even in classical Arabic: cf.
ma’luka < root I’k; see EI%, VIII, p- 532a). The further variant zuhlafa, which is clearly attested
in our manuscripts, might have arisen as a hypo-correction (or semi-correction; see Blau 1988,
pp. 306-310) of suhlafa by analogy with the authentically Arabic quadriliteral root zhlf (“to
roll along”), itself constructed from the triliteral root zif (“to advance slowly, to creep”), which
is semantically appropriate for a tortoise. The word zahalif indeed means “reptiles, crawling
insects with small feet like ants™ (cf. the triliteral pendant zawahif: “creeping like reptiles”).

My conjecture is that the classical quadriliteral word sulhafa (of unknown foreign origin —
see EI2, IX, p. 811) would have undergone two transformations: (1) In post-classical Arabic it
shifted to suhlafa by metathesis; (2) through semantic analogy with the existing root zAlf this then
became zuhlafa by sonorisation of the s. It seems probable that the original text had consistently
the root zhlf, and that the copyists, aware of its non-classical status, (unsystematically) made
the semi-correction to shlf, hence unknowingly restoring the authentic postclassical version of a
classical word.
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and restorations of damaged text are noted with the same conventions as in the
edition. Explanatory captions (such as ‘remark’, and ‘text on the illustration’),
which have no counterpart in the text, are included between acute brackets.

At the beginning of each chapter in the translation, a cross-reference to
the corresponding pages of the commentary is given in the margin.

1.6 Conventions used in the commentary

The standard convention for denoting medieval trigonometric functions is to
use upper case, which means their base is different than unity: sines and co-
sines are always to base 60, thus Sin6 = 60sin 0 and Cos 0 = 60cos 8. The
Cotangent and Tangent are always referred to as the horizontal and vertical
shadow, and they assume that the shadow is cast by a gnomon of twelve digits
in length; thus in this study the functions Cot and Tan will always be to base
12 (hence Cot8 = 12cot ). The functions Vers and vers denote the versed
sine, defined by Vers 8 = 60 — Cos 6 (and vers8 = 1 — cos0).

Sexagesimal numbers are denoted in the form a;b, ¢ introduced by Otto
Neugebauer: the semicolon separates the decimal integer part from the sexa-
gesimal fractions, which are separated by commas. In Najm al-Din’s treatise,
as in most Islamic astronomical works, numbers are either written in words or
with alphabetical notation.

The mathematical symbols used in the commentary are collected in the
following list.

a azimuth (al-samt), counted clockwise from the east

B ‘base’ (al-asl), a very frequent auxiliary function used in Islamic
spherical astronomy from ca. 1200 onward

d  equation of daylight (nisf fadl al-nahar):
d(¢,0) = arcsin(tan ¢ tand).
(In the context of gnomonics d denotes the declination (inhiraf)
of a sundial, defined by Najm al-Din as the angle made between
its southernmost extremity and the meridian line.)

D half arc of visibility (nisf al-gaws); the duration of half daylight
(nisf gaws al-nahar) is the half arc of visibility of the sun:
D =90°+d.
(In the context of gnomonics D denotes the declination of a sun-
dial according to the modern definition: see p. 184.)
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length of a gnomon (usually measuring 12 digits)

On inclined sundials g’ is the length of a horizontal gnomon
instantaneous altitude (al-irtifa©)

solar altitude at the i seasonal hour

solar altitude at the i™ equal hour

altitude in the prime vertical (al-irtifa“ alladht la samt lahu)
solar altitude at the time of the beginning of the afternoon prayer
(irtifa“ awwal al-‘asr). The afternoon prayer begins when the
shadow of a vertical gnomon has increased over its length at
midday by an amount equal to the length of the gnomon.

solar altitude at the time of the end of the afternoon prayer (irtifa“
akhar al-‘asr). The afternoon prayer ends when the shadow of
a vertical gnomon has increased over its its length at midday by
an amount equal to twice the length of the gnomon.

solar altitude when its azimuth coincides with the azimuth of
Mecca

meridian altitude (al-ghaya):

hm =90°— ¢+ 6 (or 90° + ¢ — 6 when ¢ < §)

inclination of a sundial with respect to a vertical surface
inclination of a sundial according to the modern definition, with
I =90°—i(seep. 184).

the trigonometric base: R = 60 (unless otherwise stated)

The radius of the equatorial circle on astrolabic plates
hour-angle (fadl al-da’ir): t =D —T

time-arc (da’ir), i.e., the time in equatorial degrees elapsed since
rising or remaining until setting (the accurate formula is given
on p. 216)

horizontal shadow: u = Coth = gcoth

vertical shadow u = Tanh = gtanh

horizontal shadow at midday: u,, = Coth,,, = gcoth,,

vertical shadow at midday: v,, = Tanh,, = gtanh,,

Cartesian coordinates on quadrants and portable dials

normed right ascension, measured clockwise from the first point
of Capricorn (for the sun we have coso = tand/tane.)

distance in right ascension from the nearest equinox, measured
clockwise

latitude of a star (‘ard al-kawkab)

declination of the sun (mayl al-shams):
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0(A) = arcsin(sinesin A )

declination of a star (bu‘d al-kawkab)

obliquity of the ecliptic (al-mayl al-azam), which Najm al-Din
assumes to be 23;35°, a value attested from the ninth century
onward

longitude of the sun (darajat al-shams) or of a star (til al-
kawkab)

distance in longitude from the nearest equinox, measured clock-
wise

the distance from the origin in a polar coordinate system

the angle in a polar coordinate system

latitude of a locality (‘ard al-balad)

rising or setting amplitude (sa‘at al-mashrig or sa‘at al-
maghrib): y = arcsin(sind/cos ¢)

Cartesian coordinates on fixed sundials

The asterisk refers to the opposite point of the ecliptic, thus:
A*=A+180°and f*(1) = f(A + 180°).

45
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CHAPTER TWO
ASTROLABES AND RELATED INSTRUMENTS

It is only natural that an exhaustive survey of medieval instruments would be-
gin with the astrolabe, which, on account of its antiquity, ingenuity and beauty
was justifiably considered the noblest of all mathematical instruments. This
chapter deals more generally with all instruments that depend upon stereo-
graphic projection.! The different categories of astrolabes treated by Najm al-
Din are here presented according to my own classification based on morpho-
logical and historical criteria. I shall thus begin with the standard planispheric
astrolabe, and then deal with the spherical and linear ones, all possible vari-
ants of the planispheric astrolabe for a single latitude, astrolabic quadrants,
instruments based on stereographic projections on the horizon and finally as-
trolabes based on universal projections.

2.1 The standard planispheric astrolabe

The general history of the standard astrolabe is well documented, so attention
is restricted here to unusual features of Najm al-Din’s presentation.?

A note on Najm al-Din’s astrolabe terminology. Najm al-Din’s terminology
for designating the different parts of the astrolabe is standard.> Worthy of
notice are the terms employed for the diameters and radii on each astrolabic

! The spherical astrolabe is also included because historically it was derived from the plani-
spheric astrolabe.

2 On the history of the astrolabe, see Neugebauer 1949; Neugebauer 1975, pp. 868-879;
Drachmann 1954; Frank 1920; Kunitzsch 1981; Kunitzsch 1982, pp. 7-11. On its construction
and use, see Hartner 1938-39; Michel 1976; North 1974. The tradition of Ptolemy’s Plani-
spheerium and related theoretical discussions of stereographic projection are presented in Neuge-
bauer 1975, pp. 857-868; Anagnostakis 1984; Kunitzsch & Lorch 1994; Sergeyeva & Karpova
1978; Lorch 1996; Lorch 2000b. Geometrical methods for constructing astrolabes are analysed
in Berggren 1991; Anagnostakis 1987; Michel 1941. Numerical methods are investigated in King
1983b, pp. 23-27; King & Charette, “Astrolabe Tables”. The Arabic terminology of the medieval
European astrolabe literature is surveyed in Kunitzsch 1982 and idem 1984. On Muslim additions
to the standard astrolabe, see King 1996¢. Contextual studies on the astrolabe and its multiple
functions as a didactical tool or as a prestige object, or about its symbolism or iconography, are
non-existent.

3 There exists no study of the Arabic astrolabe terminology comparable to Kunitzsch 1982
(dealing with the European tradition, which is derived from the Arabic one).
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plate: The vertical diameter is called khatt nisf al-nahar, “meridian line” or
alternatively khatt al-zawal, “midday line”.* Its upper half is designated khatt
al-laqa, ‘line of the suspensory apparatus’ (this line indeed extends from the
ilaga to the centre of the plate).”> The lower half of the vertical diameter is
called khatt watad al-ard, “line of the pivot of the earth”, which occurs in this
form only once (Ch. 7): everywhere else the abbreviation khatt al-watad, “line
of the pivot”, is preferred.® The origin of this denomination — which goes back
to the eighth century — is astrological, the “pivot of the earth” being the inter-
section of the ecliptic with the invisible half of the meridian, which defines the
limit between the third and fourth astrological houses.’” Since this line goes
from the central hole, in which the peg (watad, also called mihwar, “axis”) is
inserted, to the lowest extremity of the plate, Najm al-Din or some of his pre-
decessors probably interpreted the term watad in a concrete sense, and coined
the corresponding designation khatt al-ilaga in analogy to it. The horizontal
diameter is called khatt al-mashrig wa-I-maghrib, “east-west line”; its left-
and right-hand halves are called khatt al-mashriq and khatt al-maghrib.®

The east and west points (i.e., the intersections of the east-west line with
the equator) are sometimes referred to as qutbay al-tastih, “the two poles of
projection”: this terminology results from imagining the meridian circle on
the sphere to be folded on the plane about its north-south axis, so that the
northern or southern pole coincides with the east or west point of the plate;
from these ‘poles’ it is possible to geometrically construct quantities related

4 The Latin texts on the astrolabe use a Latinised form of the term khatt al-zawal to designate
the lower half of the vertical diameter (no doubt because the sixth hour-line coincides with it —
see Section 2.1.3); see Kunitzsch 1982, no. 14. This simply reflects the terminology used by the
Western Islamic texts on which the Latin tradition is based; Ibn al-Samh, for example, gives this
term as as an alternative designation, next to the more usual expressions listed below: see Vilad-
rich 1986, p. 105. This, however, was not the standard definition encountered in Arabic astrolabe
texts: as far as I can attest, this term is used in Eastern Islamic sources for designating either the
whole meridian line (as for example al-Khwarizmi: see Charette & Schmidl, “Khwarizm1”.) or,
in the context of quadrants, its upper half.

5 This idiosyncratic term is used on nine occasions in the treatise.

6 This term also occurs frequently in the context of vertical or inclined sundials. See the
remarks on p. 4.3.

7 The counterpart of this term is khart wasat al-sama’ “line of mid-heaven”, the ‘midheaven’
being the intersection of the ecliptic with the meridian, the limit between the ninth and tenth
houses. Both terms occur in the astrolabe treatises of “Alf ibn “Isa and al-Khwarizmi (on the
former see p. 60, n. 33 below, and on the latter see Cheikho 1913, p. 35 and Charette & Schmidl,
“Khwarizmi”).

8 The above terminology is found in most of the astrolabe literature, with the exception of the
term khatt al-‘ildaqa, as this line is in general called khatt wasat al-sama’: see for example al-Bira-
ni, Tafhim, illustration facing p. 195b and § 326 of the translation (note that the corresponding
passage of the manuscript reproduced in facsimile in that book is defective), and again al-Biriini,
Isti'ab, MS Leiden UB Or. 591, p. 57:9-12. In the Tafhim we also find khatt nisf al-layl, “line of
midnight” as an alternative for khatt watad al-ard. Abu al-Salt (MS London BL Or. 5479, Ch. 1
— cf. al-Marrakushi, Jami, 11, p. 41:1-2) calls the horizontal diameter khatt al-istiwa’, “equatorial
line”, and khatt ufuq al-istiwa’, “line of the equatorial horizon”.
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to stereographic projection.
The rete is designated throughout as al-shabaka, “the net”, and the syn-
onymous al-‘ankabiit, “the spider”, is never used.

2.1.1 Najm al-Din’s numerical method for constructing astrolabe markings

The last chapter of Part 1, containing Najm al-Din’s exhaustive set of instruc-
tions on the use of his universal auxiliary tables, should logically belong to
Part 2. Its purpose is to present a method for finding by calculation the radii
of the various circles that are represented on a standard astrolabic plate, which
is of fundamental importance for constructing astrolabic instruments. Najm
al-Din’s method, which is referred to twice in the first chapter of Part 2 as “the
procedure presented in the last of the chapters [of Part 1], is equivalent to the
standard trigonometric formule of stereographic projection, but it involves
some arithmetical tricks to make the computation easier. The procedure is
indeed applied numerically in Ch. 5, but only for constructing the horizon.’

The procedure can be summarised as follows. We assume a diameter of
60 units for the plate, whose circumference coincides on a northern astrolabe
with the projection of the tropic of Capricorn. The nearest and farthest dis-
tances from the centre of the plate of an altitude circle for argument 4 will be
given by

dmax(¢,h) = Rg cot (d)TM) and  dpyin(¢,h) = Rptan (¢T_h) ,

respectively, where Rg is the radius of the equator. If ¢ + /4 > 90°, then take
180° — (¢ + ) instead. To find the radius r(¢, &) of an altitude circle, add the
above quantities, add to their sum two thirds of it (i.e., take five thirds of the
sum), and finally “subtract one minute from each degree of the result” (i.e.,
take % thereof). In modern symbolism,

let x= dmax((b,h) ermin(q)vh)
and y:x+%XZ%X,
then r=y—y/60= % %x

The radius is thus expressed as:

022 oo (£ (452}

2
90 [ o (9 ¢—h
=3 {cot( > )—Han( > )}

° A similar procedure is also mentioned in Ch. 39 for finding the radii of the declination circles
on a universal astrolabe. See Section 2.6 below.
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We recognise in the last equation the expression for radius of an altitude circle
in stereographic projection, with the radius of the equator Rg taken as % =
19;40. The exact value of that parameter, assuming a radius of the plate R =
30 and an obliquity € = 23;35°, should be 60 cot(45°+&/2) = 19;38. The
value 19;40, however, corresponds exactly to a calculation based on Najm
al-Din’s Cotangent table with values given to the minutes for each minute of
argument, thus: 10

39 Cot 42335 — 30 Cot56;47,30° = 39 7;52 = 19;40,

where 7;52 is the entry for Cot56;47° and for Cot56;48° in Najm al-Din’s
Cotangent table (B:171r). Curiously, elsewhere in Part 2 (see Chs. 1, 15, 40,
42 and 43) the radius of the equator is given as 19;39”, which is the parameter
found in al-Farghani’s treatise on the construction of the astrolabe,'! and re-
produced by al-Marrakushi.'?> But the numerical values he gives for radii of
projection agree better with his approximation of 19;39 through the fraction

% (see the excursus below).

) Najm al-Din adds that it is possible to tabulate r(¢, &) for the desired range
of the argument % in order to construct the altitude circles. In practice he used
another method, which I shall explain in Section 2.1.2 below. The procedure
for finding the projection of the prime vertical is similar, and its radius ry is
given by:

ro(9) = %{dmaX(Q)) +dmin(9)}

. 90 +
With  dmax(9) = 3 2 Tan (T¢>

90 —
and dmm(¢) = % % Tan (T¢> .]3

Najm al-Din finally presents the following equivalent formula:

ro(¢) =3 2 {Tan$/2+ Cot/2},

where the argument ¢ is called the “meridian altitude of Aries”. The above ex-
pressions are both equivalent to the simpler modern formula ro(¢) = Rg sec ¢.

Excursus: Analysis of the numerical parameters associated with
stereographic projection

In Ch. 1, as well as in Chs. 5, 6, 7 and 15, Najm al-Din provides the reader
with the numerical parameters for the radii of projection of basic circles. The

10 The Cotangent table is found in B:167r-173v; see Charette 1998, p. 21.

11 See King & Charette, “Astrolabe Tables”.

12 al-Marrakushi, Jami, I, p. 178; Sédillot, Traité, p. 348.

13 The text gives erroneously w as the argument of the Tan function in the expression for

dmax .
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diameter of the outer tropic (Capricorn on northern astrolabes) is assumed to
measure 60 units. The radii of the following declination circles are given in
Ch. 1: equator: 19;39, Cancer: 12;54, Taurus: 15;30, Gemini: 13;42. The
distance of the zenith from the centre (for latitude 36°) is also given as 10;2.
The passage concerning a star with declination 30° gives the quantities 8;46
and 11;46 as farthest and nearest distances from the ‘pole’, which makes no
sense. Both quantities are obviously corrupt. In Chs. 5, 6, 7 and 15 the nearest
and farthest distances from the centre of the intersections of the horizon circle
(of latitude 36°) with the meridian are given as 6;24 and 60;32.

Let us now recompute these values using Najm al-Din’s Cotangent table
and assuming the approximation 59/3 for the radius of the equator:

For Cancer we find 59/3tan(2=333) = 3 Cot56;47,30° = 32 7,52 =
12;54.1 For Taurus we have §(30°) = 11;32, so that 59/3 tan(2=}152) =
% Cot50;46° = % 9;47 = 16;2, which means that the value given by Najm
al-Din, 15;30, is incorrect. This error can be explained by assuming that the
adjacent entry for Cot51;46 = 9;27 has been taken instead, since this yields
15;29. For Gemini we have §(60°) = 20;16, so that 59/3 tan(23%1) =
2 Cot55;8° = 22 8;22 =13;43.15

The distance zenith—centre is given by 59/3tan(2520) = 22 Cot63° =
% 6;7 = 10;01,29. The nearest distance of the horizon is 59/3 tan(2%52%) =
2 Cot72° = 2 3;54 = 6;23,30. The farthest distance of the horizon is
59/3tan(2524) = 2 Cot 18° = 32 36;56 = 60;32.

Thus, the way in which the above parameters were computed can be con-
firmed.

2.1.2 A practical method for constructing astrolabic plates by means of
timekeeping tables

The general method proposed by Najm al-Din for constructing the markings
on astrolabe plates is unique in the medieval literature. Yet the idea is in-
genious and quite simple. Instead of considering the centres and radii of the
altitude or azimuth circles, one can also construct each of these circles by
knowing three points of its circumference, or two points as well as a line
passing through its centre.'¢ The positions of such points can be easily found
from the data contained in a timekeeping table compiled for a specific latit-
ude. For altitude circles, the hour-angle #(h,d) is tabulated for up to three
appropriate values of the declination §, and for a range of altitudes & (here
for each 6°). The declination arguments are chosen so that the corresponding

14 With Rg = 19;39 the result would be 12;53.

15 With Rg = 19;39 the result would be 13;42.

16 The equivalent problem of finding a circle circumscribing a given triangle is explained in
Euclid’s Elements, IV.5. See Heath 1956, II, pp. 88-90.
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declination circles intersect the altitude circles on the astrolabic plate. The
hour-angle ¢(h, 0) can be obtained from Najm al-Din’s Tables of Time-arc ac-
cording to the instructions in Ch. 21.!7 One puts the ruler at the centre of the
plate and, on the outer scale on each side of the meridian, upon the value of
the hour-angle tabulated for different declination circles. Marking the inter-
sections of the ruler with the appropriate declination circle will yield two or
three points of the circumference of the altitude circle % (see Fig. 2.1). Putting
one leg of the compass on the meridian line, successive approximations give
a centre and an opening with which it is possible to join those points with
a circular arc. An exact geometrical construction of the centre is of course
possible, but in practice the not-so-elegant procedure just described is quicker
and provides satisfying results.

For the azimuth circles, the hour-angle #(a) at the equinox is tabulated
for a range of azimuths (here for each 10° — see the bottom right section of
Table T.1). These angular values should first be marked on the circumference
of the equatorial circle, as shown in Figure 2.2. Then the prime vertical is
drawn as the circle passing through the zenith and the east and west points.
The nadir will be its lower intersection with the meridian. The horizontal dia-
meter of this circle is then traced and extended “indefinitely” (!) on both sides,
as in the geometrical procedure which al-Birtni calls the “procedure which is
widely known among the practitioners” (al-‘amal al-mashhiir ... bayna ahl
al-sina‘a).'® Tt is an established property of stereographic projection that the
centres of the azimuth circles are located on that line.!® This makes it pos-
sible to determine the azimuth circles, since for each of them two points of
its circumference (namely, the zenith and one of the azimuth circle’s inter-
sections with the equatorial circle), as well as the line on which its centre is
located, are known. It is then a simple matter to find this centre by successive
approximations with the compass.

Najm al-Din repeats the same explanations of the construction of azimuth
circles in Chs. 31 and 50; the former is devoted to a plate bearing only azi-
muth circles, which should be included among the plates of astrolabes featur-
ing mixed projections (see Section 2.3.3), since the markings on the plates of
such astrolabes would become too intricate if they were to include azimuths.
Ch. 50 features the “azimuthal quadrant”, which consists in the same mark-

17 The hour-angle ¢ being found from #(H,h,D) = D(¢,1) — T (H,h,D).

18 al-Birani, Isfi'ab, MS Leiden UB Or. 591, p- 90. This method of drawing azimuth circles
and variants thereof is presented by al-Sijzi, al-Birtini, al-Marrakushi and others. See Berggren
1991, pp. 330-336.

19° A proof of this property is presented by al-Kaihi; see Berggren 1991, pp. 324327, and idem
1994, pp. 156-160 (translation) and pp. 239-244 [= A9-A14] (text). Berggren (p. 331), states
that al-Sijz1 uses this result of Kuht’s without quoting or proving it. In fact, al-Sijz1 did present
his own proof of this in the tenth proposition of the first part of his astrolabe treatise (MS Istanbul
Topkap1 Ahmet III 3342, ff. 128v—129v).
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FI1G. 2.1. Representation of the entries of Table T.1 for constructing the
altitude circles (note that the three entries for Taurus and Gemini are clearly

in error)
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FIG. 2.2. Representation of the entries of Table T.1 for constructing the
azimuth circles

ings on the back of non-standard astrolabic quadrants (see Section 2.4.1). But
the procedure described in these two chapters is erroneous, as Najm al-Din
suggests putting the marks corresponding to the time-arc of the azimuth argu-
ments on the outer circle of the plate (or on the arc of the quadrant) instead of
the equatorial circle.

With Najm al-Din, the construction of astrolabic plates has left the domain
of applied geometry and has attained the level of ‘tricks’ for practitioners of
ilm al-migat and instrument-making. His method might seem cumbersome at
the first sight, but in fact it does work quite well in practice. Yet the standard
numerical and geometrical procedures remain superior to his and are more
reliable.

An illustration of the plate and rete of a standard northern astrolabe in
Ch. 1 of Najm al-Din’s treatise is provided in Plate 1.
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The southern astrolabe

The southern astrolabe — which results from a stereographic projection with
respect to the northern celestial pole — is briefly treated in Ch. 2. Its construc-
tion does not present any difficulty, as Najm al-Din himself tells his reader,
and the table included in Ch. 1 provides all the necessary data for tracing its
altitude and azimuth circles.”’ One detail worthy of mention concerning the
construction of azimuth circles is omitted by Najm al-Din, namely, that the
line parallel to the east-west line on which the centres of all azimuth circles
are located will now be in the upper half of the plate, and that it is necessary to
mark the nadir on the plate (below the horizon) in order to trace the azimuth
circles properly.

The construction of retes

The geometric construction of the ecliptic ring on the rete is trivial. The di-
vision of the scale involves a table of right ascensions. The position of a
star-pointer is determined by means of the right ascension of the associated
star and its radius, which is found by placing one leg of the compass at the
centre of the plate and the other one upon the altitude circle on the meridian
corresponding to the meridian altitude of this star. The equatorial coordinates
of 349 different stars are given in a table which Najm al-Din included in the
corpus of tables accompanying his universal auxiliary tables.?! This table, on
which the names and positions of the star-pointers of all illustrations of retes
in manuscripts P and D are based, is edited in Appendix C, together with a
detailed analysis of those illustrations.

2.1.3  Special plates and optional markings

Azimuthal plate

A special plate provided exclusively with azimuth markings is presented in
Ch. 31, in order to compensate for the absence of such markings on most
astrolabic plates involving mixed projections (see Section 2.3.3). Curiously,
this plate is called the “azimuthal circle” (al-da@’ira al-samtiyya). There is also
a corresponding quadrant, described in Ch. 50 (al-rub“ al-samt).

Hour curves on astrolabe plates

Already on the anaphoric clock — one of the earliest instruments to apply the
principle of stereographic projection — we find a representation of the lines
delimiting the 24 seasonal hours of day and night.?? In its earliest form, the

20 The entries for declinations 30° and 36° are, however, of no use here, since they are outside
the range of a southern plate.

21 See Charette 1998, p. 21 and above p. 25 (item 3).

22 On this instrument, see Drachmann 1954 and A. Turner 2000.
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astrolabe also featured markings for the seasonal hours on each plate, but in-
stead of including all 24 hour-lines as on the anaphoric clock, it only displayed
the twelve hours of night under the horizon, beginning from the western ho-
rizon.”? The reason for this restriction is simply that if the diurnal hour-lines
were represented, they would intermingle with the altitude circles,?* with un-
fortunate practical and @sthetical consequences.”> When using the astrolabe
at night, the position of the degree of the ecliptic below the horizon — res-
ulting from setting a star-pointer over the altitude circle corresponding to the
measured altitude of the corresponding star — will readily indicate the time of
night in seasonal hours. In order to use the astrolabe during the day, one has
to be aware of the following symmetry property of the celestial sphere: if a
point of the ecliptic with longitude A intersects the circle of altitude &, then
its opposite point A* = A + 180° will intersect the circle of altitude —k below
the horizon. This has the consequence that the time of night in seasonal hours
corresponding to the position of the ‘anti-sun’ under the horizon will be the
same as the time of day indicated by the sun over the horizon. The time of
day can thus be determined by considering the position of the opposite degree
of the ecliptic with respect to the nocturnal hour-lines.

Constructing these hour-lines is a simple task: the portion below the ho-
rizon of each three day-circles should be divided into twelve equal parts, and
each three division should be connected by a circular arc. Najm al-Din’s in-
structions are either incomplete (Ch. 1) or too complicated (Chs. 51 and 52).
The method presented in Chs. 51 and 52 implies using a table of A} or h{; this
is an absurd idea, but it follows the ‘logic’ adopted by our author elsewhere
(cf. Ch. 103). Although the procedure underlying these two chapters is not
fundamentally wrong, the precise instructions given in the text are so garbled
as to make little sense.

Prayer curves

Curves indicating the times of prayers were probably introduced on astrolabe
plates in the tenth century. They do not occur in any astrolabe treatise from
the ninth or early tenth centuries, but are mentioned (for the first time, as far
as [ know) in al-Birin1’s Istiab (ca. 1000 AD). The latter describes markings
for the evening and morning twilights, represented as altitude circles below
the horizon by —17° or —18°, depending on the authors.?® He then describes

23 See Neugebauer 1949, p. 243 and Stautz 1993.

24 The earliest astrolabes did not yet feature azimuth circles, which were an innovation of
Muslim instrument-makers ca. 200 H [= 815/6].

25 al-Biriini, however, mentions that some people made the equal hours since sunrise either
above the horizon or below it, but that they were drawn as dashed curves in order not to confuse
them with either the altitude circles or the seasonal hour-lines: see al-Biruni, Isti‘ab, MS Leiden
UB Or. 591, p. 79:16-20. Several Iranian astrolabes with dashed curves for the equal hours are
known, but on all of them the hour-lines are below the horizon.

26 a1-Biriini, Isti‘ab, Ms Leiden UB Or. 591, p. 87:1-10.
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the construction of curves for the beginning and end of the afternoon prayer
(‘asr).?” Such curves are found on virtually all Maghribi astrolabes from the
eleventh to the eighteenth century, but they were very rare in the East.

These curves are constructed as follows, assuming a table of h,(A’) and
hy(A"): for each argument A’ of the table one lays the corresponding ecliptic
degree on the altitude circle corresponding to h, or hy, in the western side,
and makes a mark in the lower left quadrant of the plate vis-a-vis the opposite
degree A’ 4 180° of the ecliptic belt. The curve can be traced by joining the
construction marks as a regular curve.?® al-Biriini also mentions the possibil-
ity of shortening the operation by approximating the curves through circular
arcs connecting three points marked on the basic day-circles.?” This approx-
imation is valid only for latitudes greater than the obliquity. Although Najm
al-Din never mentions prayer curves in his general discussion of astrolabe
plates, he does devote a complete chapter to the drawing of ‘asr curves on
astrolabe plates and horizontal sundials when ¢ < &, a special case which his
predecessors al-Birtni and al-Marrakushi had omitted to discuss. I consider
this in the context of plane sundials (see Section 3.5.2). Moreover, the topic
of representing the ‘asr on quadrants and dials will be dealt with in Section
3.5.

Plate of horizons

The plate of horizons (al-saftha al-afaqiyya) consists of four families of half-
horizons for a extensive range of latitudes, evenly distributed over the four
quadrants of a circular plate; it is completed by declination scales along the
radii. Its invention goes back to ninth-century Baghdad, but the precise cir-
cumstances are not known. The Andalust author Abu ’1-Qasim al-Zubayr ibn
Ahmad ibn Ibrahim ibn al-Zubayr? reports the following:

Among the different kinds of planispheric astrolabes, one is called the
afagqr. 1 think that it is the one which is attributed to Habash — may God
have Mercy upon him. It is called thus because it comprises the straight
and oblique horizons.3!

This description seems indeed to refer to the plate of horizons, which is not
an astrolabe on its own, as al-Zubayr implies, but was commonly engraved
on one side of the plates of Eastern Islamic astrolabes made from ca. 900 AD

27 Ibid., pp. 87:10-88:3. For the definition of the ‘sr prayer see p. 44.
This procedure is also explained in al-Birtini, Shadows, pp. 233-234.

2 Ibid., p. 234.

39 Son of the traditionist Ibn al-Zubayr (627-708 H/1230-1308); see EI2, 111, p. 976.

31 Quoted in Morley 1856, p. 7, n. 12 [where “Hanash” should read “Habash”], from Ibn al-
Zubayr’s work on the astrolabe entitled Tadhkirat dhawt ’l-albab fi stifa’ al-‘amal bi-1-asturlab:
see Suter, MAA, no. 513, Brockelmann, GAL, SII, p. 1025, King, Fihris, 11, pp. 403—404, and
King, Survey, no. F21.
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onward.>? In a treatise on its use by “AlTibn Isa (. 217-231 H [= 832-846]33
it is described, however, as an independent instrument, with the horizons on
one side of a plate and trigonometric markings on the other side.

This plate is a useful but restricted universal device, which was conceived
to solve astronomical problems related to the horizon. The early treatises on
its use are, however, unpublished and have never been studied.>* In passing
we note that the representation of a whole set of horizons inside the equat-
orial circle is identical to the representation of the meridians on the univer-
sal projection; yet nothing suggests that anyone in the Eastern Islamic world
would have anticipated the invention of the eleventh-century astronomers of
al-Andalus, ‘Al ibn Khalaf and Ibn al-Zarqalluh (see Section 2.6).

Construction. The method proposed by Najm al-Din for constructing the
arcs of horizons (Ch. 26) makes use of tabulated values of the half-excess of
daylight at each 10° of latitude. Underlying this is undoubtedly the obser-
vation that the arc defined by the distance from the east or west point to the
intersection of the horizon circle with the circle of Capricorn corresponds to
the maximum half-excess of daylight. A very simple and expeditive way to
trace any horizon would be to mark that quantity on the circle of Capricorn
on the eastern and western sides, and to draw — by successive approxima-
tions — a circular arc centred on the meridian line which passes through these
markings and through the east and west points of the equator. This method
corresponds to the ‘easier’ alternative proposed by Najm al-Din at the end of
Ch. 26. However, the main method outlined in this chapter is erroneous.
Najm al-Din tells his reader to put a ruler at the centre and on the circle
of Capricorn upon the values of the maximal half-excess of daylight, and to
put marks at the intersection of the ruler with the equatorial circle. (These
marks should be put successively in each quadrant in a clockwise order, in

32 The earliest extant astrolabe featuring a plate of horizons was made by Hamid ibn ‘Alf in
343 H [= 954/5] (formerly in Palermo, now lost: described and illustrated in Mortillaro 1848),
where he horizons are engraved on the mater, albeit in a problematic manner. The second one is
featured on one of the plates of the celebrated astrolabe of al-Khujandi, dated 374 H [= 984/5]:
see King 1995, p. 87.

33 According to al-Mas‘adi (Murij, VIII, p. 291), ‘Ali would have been active at the times of
al-Mansir (d. 158 H [= 775]), but this seems hardly reconcilable with his conducting observations
as late as 231 H [= 845/6]. Ibn al-Nadim’s (Fihrist, p. 342) mention that he was a pupil of al-
Marwarrtidhi also seems to contradict the latter statement.

3+ If he really is the inventor of the safiha dafagiyya then Habash should have composed a
treatise on its use, which is lost. The earliest extant sources on the plate of horizons include: (1)
“Altibn Isa, fragments on al-Safiha al-afagiyya in MS London BL Or. 5479/4 (other copies might
be available: see Sezgin, GAS, VI, p. 144, note); (2) Anon. (probably datable ca. 900 AD), Risalat
al-‘Amal bi-l-saftha al-afagiyya, in 64 chapters, MS Oxford Bodleian Marsh 663, pp. 115-126 —
(fasl 1, fi ’l-A'mal al-nahariyya, in 46 babs and fasl 2, fi ’I-A‘mal al-layliyya, in 18 babs); (3)
al-Sijz1, Kitab al-‘Amal bi-l-safiha al-afagiyya, in 120 chapters, MS Damascus Zahiriyya 9255;
(4) A section of al-BirGini’s Isti‘ab: see al-Biruni, Isti‘ab, MS Leiden UB Or. 591, pp. 82-84.
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such a way that the half-horizons be evenly distributed around the plate, but
Najm al-Din does not explain this.) Next, one places the ruler upon the east or
west point of the horizon (called “poles of projection”) and upon each mark
made on the equator, and one makes a new mark at the intersection of the
ruler with the meridian or east-west line. Najm al-Din claims that the points
thus made will correspond to intersection of each horizon with the meridian or
east-west line. It is not difficult to realise how egregious his mistake is, since
his procedure is equivalent to a stereographic projection of an arc of length
d(¢,€), whilst the correct procedure should rather involve projecting an arc
of length ¢. Najm al-Din’s error is difficult to explain, but may have arisen
from his confusing a standard geometrical construction (which Najm al-Din
correctly uses for constructing the meridians of his shakkaziyya plate — see
below) with his ‘easier’ alternative method presented afterwards. The latter
involves, appropriately this time, the half-excess of daylight.

2.2 Astrolabes in three and one dimensions

2.2.1 The spherical astrolabe

The spherical astrolabe is a globe on which the terrestrial markings (horizon,
altitude and azimuth circles) are engraved, and on which a hemispherical rete
can be adjusted for any (northern) latitude and can rotate freely. Historically it
was derived from the planispheric astrolabe, probably for didactical reasons,
since on this spherical instrument the visualisation of spherical astronomical
phenomena occurs in a most ‘natural’ way.

It is not clear when or by whom the instrument was invented, but the avail-
able sources seem to suggest that its appearance in Islam occurred during the
first half of the ninth century, but it is not excluded that it might have been
known earlier in Hellenised Near Eastern communities. The earliest recor-
ded text on its use is by Habash al-Hasib (fl. ca. 825—ca. 870), extant in three
manuscript copies.>> A more comprehensive treatise was composed by al-
Nayrizi (fl. 868—ca. 900),%® who informs us that the only predecessor he knew
to have written on it was al-Marwazi, who is none other than Habash.37 The
text “On the Use of the Spherical Astrolabe” (Kitab al-‘Amal bil-asturlab al-

35 The treatise is entitled al-‘Amal bi-l-asturlab al-kurt wa-‘aj@’ibuhu. See Krause 1936, p. 447
and Sezgin, GAS, VI, p. 175. It is currently being investigated by Hussam Elkhadem (Brussels).

36 Analysed in Seemann 1925, pp. 32-40 (with German translation of the introduction). The
information in Maddison 1962, p. 102 (repeated in Lorch 1980, p. 154), according to whom
the early ninth-century scientist al-Khwarizmi had already mentioned the spherical astrolabe,
results from his confusing with the latter the late tenth-century encyclopaedist Aba ‘Abdallah al-
Khwarizmi, who indeed mentions this instrument in his Keys of the Sciences: see al-Khwarizmi,
Mafatih, p. 234.

37 Seemann 1925, p- 33 and p. 62, n. 32.
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kuri),*® attributed to Qusta ibn Liiga on the frontispiece of MS Leiden UB
Or. 591, is in fact anonymous and perhaps posterior to al-Nayrizi.*® The
title given on the frontispiece of the Leiden manuscript is “On the use of the
sphere”, which is the well-known treatise by Qusta extant in many copies, SO
there is no doubt that the attribution results from a confusion. This confusion
between the globe (dhat al-kurst) and the spherical astrolabe is also occasion-
ally found in the modern literature.** The Libros del saber de astronomia
composed for the King Alfonso X of Castilla in the thirteenth century also in-
clude a Libro del astrolabio redondo based on Arabic material.*! The Arabic
literature on the spherical astrolabe still merits detailed investigation.*?> Only
two actual examples of spherical astrolabes survive.*> al-Biriini describes a
spherical astrolabe constructed by Jabir ibn Sinan al-Harrani1 (fl. second half
of the ninth century), who is probably al-Battani’s father.**

Najm al-Din’s description of the instrument (Ch. 25) is more or less clear,
but limited to the construction of basic markings. We note his remark that the
rete cannot be depicted on the page because it is spherical; such warnings are
frequent in his treatise.

2.2.2 The linear astrolabe

The linear astrolabe was invented by the twelfth-century mathematician Sharaf
al-Din al-Tiis1.* Najm al-Din’s description of this one-dimensional instru-
ment (Ch. 78) is extremely confused and almost completely unintelligible.
His account show some traces of contamination from his descriptions of two
other linear instruments, namely, the observational ‘ruler’ of Ch. 105 and the
Fazari balance featured in Ch. 95), on which see Section 6.1 on observational

38 Seemann 1925, pp. 46-49.

3 Already Suter (1900, p. 41) and then Seemann (1925, p. 6.) had expressed their doubts
about the authenticity of the attribution, but Seemann (p. 49) nevertheless thought that (pseudo-
)Qusta’s treatise had been the model for al-Nayrizi. The same treatise is also preserved in MS
Istanbul Topkapt Ahmet III 3505, also anonymous: see Krause 1936, p. 460 and Karatay 1966,
no. 7046.

40 E.g. in Sezgin, GAS, VI, p. 181.

41 Seeman 1925; Viladrich 1987.

42 In MS Mumbai Mulla Firuz 86, f. 50r-50v, for example, there is an anonymous fragment
on the spherical astrolabe which should be compared with the other extant treatises mentioned
above.

43 See Maddison 1962 on a spherical astrolabe in the Museum of History of Science, Oxford,
signed Miuisa and dated 885 H [= 1480/1], and Cannobio 1976, on an undated second specimen,
with rete missing, constructed in Tunis, preserved in a private collection.

44 See Seemann 1925, pp. 43—44, and Sezgin, GAS, VI, p. 162.

45 On this author, see Anbouba’s article in DSB, XIII, pp- 514-517 and Rashed 1986, I,
pp. xxxiii—xxxvi. The principle of his linear astrolabe is described in Michel 1943 after al-Marra-
kusht’s account, which has been published in Carra de Vaux 1895. Cf. Sédillot, Mémoire, p. 191.
al-Tust’s original treatise is preserved in several manuscripts (see Brockelmann, GAL, I, p. 622,
SI, pp. 858-859) but remains unpublished.
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instruments. Najm al-Din’s incomplete and corrupt ‘linear astrolabe’ bears the
following scales: (1) a non-uniform ‘arc’ scale, from 0 to 90, with divisions
corresponding to the Sine; (2) a uniform ‘Sine’ scale, from 0 to 60; (3) an-
other uniform scale, divided into 144;50 units (note that 144;50 — 60 = 84,50,
which is the Chord of 90° — cf. Ch. 59); and (4) a scale which is not explained,
marked according to some tables (jadawil). Najm al-Din makes also the re-
mark that this instrument does not belong to the category ‘astrolabes’, but
rather to the category ‘rulers’, and he notes that it was no longer found in his
time.

2.3 Non-standard planispheric astrolabes

2.3.1 Extended area of projection: the kamil astrolabe

On the “complete” (kamil) astrolabe, the area of projection is extended so that
the horizon circle can be completely represented on the plate. In such a case
the radius of the extended plate will be given by the following expression:
rmax = Rg tan (9()—+¢> ,
2
so that the outermost day-circle on this plate will correspond to a declination
of § = —¢. For latitudes below 30° this radius becomes too large in pro-
portion to the ecliptic, but at a latitude of 36° the design is functional and
also @sthetically quite appealing (see Figure 2.3). Najm al-Din devotes four
chapters to the northern and southern varieties of the kamil astrolabe, and to
their quadrant versions. Ch. 5 is devoted to the northern kamil astrolabe (plate
illustrated in P:14v), Ch. 6 to the southern one and Ch. 7 to the northern (and
southern) kamil astrolabic quadrants.*® On the illustrations in Chs. 5 and 6
the hour-lines are represented. On the kamil astrolabe (especially the northern
one) the approximation of these curves as circular arcs going through three
points (see Section 2.1.3) is far less accurate than on the standard astrolabe.
But the author is silent about this. Ch. 15 is, like Ch. 6, also devoted to the
southern kamil astrolabe, but the instructions are now more complete and also
discuss the construction of the rete (which was omitted from Chs. 5-7). Ch. 15
purports to present an invention of the author (see the caption in P:22v), and
the title promises an alternative construction method. Yet the texts of both
chapters display no difference at all; the only element which in the illustration
of the plate in Ch. 15 (P:22v) differs from that in Ch. 6 (D:78v) is that the
hour-lines below the horizon have been left out and negative altitude circles
are added in the region within the tropic of Cancer (which is the outermost

46 The astrolabic quadrant is discussed in Section 2.4 below.
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FIG. 2.3. The kamil astrolabe (with accurate seasonal hour-lines)

tropic); the crescent-like region outside of this tropic and below the horizon
is left empty. Ch. 15 includes a fine illustration (P:24r) of a rete with no less
than 46 star-pointers (see Plate 17 and the list in Appendix C.2). In all four
chapters the numerical value of the radius of the extended plate is given as
60;32, which is the result of the above expression, assuming Rr = % and
using Najm al-Din’s Cotangent table (see above p. 53).

Astrolabes with extended radius of projection were not new in the four-
teenth century. A solitary astrolabe plate preserved in the Davids Samling,
Copenhagen (inv. no. 7/1983, diam. 137 mm), and featuring mixed projec-
tions of altitude circles, has a maximal effective diameter corresponding to a
declination of ca. +36°.47 Also, a rete and a plate from a thirteenth-century
Iranian astrolabe by Muhammad ibn Ab1 Bakr al-Rashid1 (David Khalili col-

47 The plate can be dated between the tenth and thirteenth centuries, and is clearly from al-Iraq
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lection, London, accession no. SC11, diam. 126 mm) have a maximal radius
of projection corresponding to a declination of ca. —35°. On this plate (for
latitudes 32°/34°) this is roughly midway between the tropic of Capricorn and
the declination circle that would encompass the horizon.*®

There are other astrolabic instruments mentioned in Mamluk sources with
extended areas of projection. In his work on quadrants, the fifteenth-century
author Ibn al-“Attar mentions in passing a ‘semicircle’ whose circumference
corresponds to one half of the horizon.*> This instrument must be identical
to one half of Najm al-Din’s kamil astrolabe, with the markings limited to
the area above the horizon. On this semicircle, however, the ecliptic can no
more be represented as a full circle and has to be folded in the same manner
as on the astrolabic quadrant (see Section 2.4). Finally, one should bear in
mind that Najm al-Din’s kamil astrolabe is not to be confused with some other
instruments bearing the same epithet, of which I have recorded the following
four examples:

1. al-Biraini’s astrolabe with orthogonal projection is called kamil.>°

2. al-Marrakush1’s kamil astrolabe refers to the melon astrolabe (whereas
his astrolabe with orthogonal projection is called ustuwani).>' al-Marra-
kushi’s account of the melon astrolabe is omitted from the otherwise
exhaustive study by Kennedy, Kunitzsch & Lorch 1999.32

3. al-Mizz1’s treatise on the kamil astrolabic quadrant concerns a standard
astrolabic quadrant which, in addition, is fitted with some kinds of sine
markings.>?

4. Tbn al-Shatir’s kamil quadrant is a special form of sine quadrant.>*

or Iran. On mixed projections, see Section 2.3.3. The maximal radius of projection was determ-
ined from measurements on photos kept in the Institut fiir Geschichte der Naturwissenschaften in
Frankfurt.

48 See Maddison & Savage-Smith 1997, I, pp. 210-211, no. 122. The declination of the outer-
most circle was determined from measurements on the published photograph of one side of the
plate, serving a latitude of 34° (ibid., p. 211). The Copenhagen plate is not dissimilar to the plate
by al-Rashidi, but I nevertheless think that it is by a different, and probably earlier, maker.

49 Ms Vatican Borg. 105, f. 4v:21-26 [gism 1, fasl 8].

30 See Puig 1996, p. 738.

31 al-Marrakushi, Jami, 11, pp. 78-82 [fann 2, gism 6, bab 3, fasl 71; the cylindrical projection
is handled on pp. 83-85 [fasl 9]. Sédillot, Mémoire, p. 183, simply listed the names of the
instruments treated in fasls 6-10.

52 Cf. p. 258, n. 2.

33 Risala ‘ala Rub* al-mugantarat al-kamil, Ms Oxford Bodleian Huntington 193 (ff. 125r—
136v).

54 Ibn al-Shatir’s treatise on its use is extant in the unique copy MS Princeton Yahuda 373,
ff. 181v-188v.
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2.3.2 The “solid” astrolabe

The “solid” (mujammad — Ch. 17) astrolabe has a single plate and is deprived
of a rete. Instead, the ecliptic and the fixed stars are drawn on the plate in
addition to the usual markings (equator, tropics, altitude and azimuth circles,
hour-lines). The rotation of the sun and stars is simulated by an alidade or
by a bead fixed on a thread which is attached at the centre, exactly as on the
astrolabic quadrant (see Section 2.4). At least one example of such an as-
trolabe survives.’ There exists a late fourteenth-century Hebrew description
by Isaac al-Hadib (active in Sicily) of an instrument which is essentially a
“solid” astrolabe on which a series of horizons appear instead of the altitude
and azimuth circles for a given latitude, and which seems to be inspired by
the quadrans novus of Jakob ben Makhir (ca. 1300).%

The stars featured on the illustration (D:38v) are all marked underneath
the horizon, perhaps to avoid their crowding the altitude markings. Najm
al-Din does not claim to have invented this instrument, and it was certainly
widely known in his times. It should be observed that the astrolabic quadrant
is essentially a “solid” astrolabe folded about the vertical axis, with the ecliptic
folded again about the horizontal axis. But it remains a matter of speculation
whether the “solid” astrolabe has been the direct precursor of the astrolabic
quadrant, or conversely.

2.3.3 Mixed projections

Sometime during the late ninth or early tenth century, it occurred to a Muslim
instrument specialist that an astrolabe on which different portions of the zo-
diacal belt of the rete are represented according to a combination of northern
and southern projections would present an attractive design while retaining
its full functionality. In the following I shall call such astrolabes ‘mixed as-
trolabes’.’” The earliest description of a mixed astrolabe is found in a short
treatise on the astrolabe by the mathematician Ibrahim ibn Sinan (296-335
H/907-946) entitled Risala li-Ibrahim ibn Sinan ila Abt Yasuf al-Hasan ibn
Isra@’l fi ’l-asturlab (“Letter of Ibrahim ibn Sinan to Abu Yusuf al-Hasan ibn
Isra’il concerning the astrolabe™),>® in which he mentions two basic types of
mixed retes. Some decades later the late tenth-century geometer, astrologer

55 National Maritime Museum, Greenwich, inventory number AST0557 (formerly A.26). The
ecliptic is crescent-shaped and is underneath the horizon. This piece is made of wood with
lacquered paper. It gives the impression of being late Ottoman, but the latitude for which it
was made suggests Isfahan. See further Charette, “Greenwich astrolabes”.

36 Goldstein 1987, pp. 121-123.

57 On mixed astrolabes, see Sédillot, Mémoire, pp- 181-182, Frank 1920, pp. 9-18,
Wiedemann & Frank 1920-21, Michel 1976, pp. 69-70, Lorch 1994, and King 1999, pp. 345—
348.

38 Ibrahim ibn Sinan 1948, part 1, and idem 1983, pp. 309-317.
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and astronomer al-Sijzi, who was active at the court of the Buyid amir al-
umara ‘Adud al-Dawla (reg. 351-372),%° composed a much lengthier treatise
in which he presented over twelve different types of mixed retes, including
several of his own invention, one more exotic than the other.?? This work
was the main source of al-Biriini’s descriptions in his Is7r‘ab,%" which in turn
served as the main source of information to al-Marrakushi and Najm al-Din.
While al-Marrakushi limited his account of mixed astrolabes to a strict para-
phrase of al-Biriint’s Ist7gb,%% Najm al-Din attempted to impress his reader-
ship with more originality, but in this he had less success.

The two basic types of mixed retes, historically the first to have been de-
vised, feature a different projection for each of the northern and southern
halves of the ecliptic. When the northern signs (from Aries to Virgo) are
represented by a northern projection and the southern signs (from Libra to
Pisces) by a southern one, the resulting ecliptic belt resembles (at least for
our modern eyes) a biconvex lens (see Fig. 2.4a); Muslim astronomers rather
saw a resemblance with the leaf of the myrtle-tree (ds, myrtus communis),®
and therefore it was named al-asturlab al-ast, “the myrtle astrolabe”, which
actually means something like “the astrolabe on which the ecliptic belt has
the shape of a myrtle leaf”. al-Biriini also gives the alternative appellation
al-ahlilaji, “akin to a myrobalan”.%* Since with this scheme the complete ec-
liptic is projected within the circle of the equator, one could accordingly limit
the area of projection of the rete and plate: given a fixed size of the astrolabe,
this change of scale would result in a general increase of precision (of the ec-
liptic divisions, star positions and markings on the plates) by more than 50%.
This ingenious idea, however, does not seem to have been applied to ‘myrtle’
astrolabes before the fourteenth century.®® In the second case (see Fig. 2.4b)

59 On al-Sijzi, see Sezgin, GAS, V, VI and VII, the article by Y. Dold-Samplonius in DSB,
and Hogendijk 1996, pp. 1-3. In these biographies his association with ‘Adud al-Dawla is never
clearly stated, yet al-Biriini qualifies al-SijzI as “the geometer at the service of ‘Adud al-Dawla”
(al-muhandis li-‘Adud al-Dawla — al-Biruni, Isti‘ab, MS Leiden UB Or. 591, p. 97). At least one
work by al-Sijz1 is indeed dedicated to this patron, namely the Tarkib al-aflak (Sezgin, GAS, VI,
p. 225); al-Sijz1 also made numerous instruments for his treasury (Lorch 1994, p. 237).

60 The treatise is preserved in the unique copy MS Istanbul Topkapi Ahmet IIT 3342, ff. 123r—
153v, 114r—122r, which might be lacunary. I am grateful to Dr. Richard Lorch (Munich) for
giving me access to a preliminary version of his edition and translation of this work. A brief
summary of its contents is given in Lorch 1994.

61 Ms Leiden UB Or. 591, pp. 94-103.

62 See al-Marrakushi, Jami, 11, pp. 68-73 [fann 2, gism 6, bab 3, fasl 4].

63 See the article “As” in EI?, Suppl.

64 al-Biriind, Isfi'ab, MS Leiden UB Or. 591, p. 95.

65 In the treatises by al-Sijzi and al-Biriini, the outer limit of projection of the myrtle astrolabe
is one of the tropics. The idea to fit a myrtle ecliptic belt over a universal stereographic projec-
tion appears simultaneously in the early fourteenth century in France, Morocco and Egypt. See
Section 2.6.4. But the application of a myrtle rete together with either a standard plate bounded
by the equator or with a series of musattar quadrants (see Section 2.4.2) only appears on the
compound astrolabe of Ibn al-Sarraj: see King & Charette, Universal Astrolabe (forthcoming).
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(a) (b)

F1G. 2.4. The myrtle (a) and drum (b) ecliptic belts

the opposite projections are used for each half, and the resulting shape bears
strong resemblance to the ‘hour-glass version’ of the Islamic percussion in-
strument tabl,% whence its epithet al-mutabbal, “like a tabl”.%7 al-Birani
also mentions the alternative appellation al-safarjalr, “like a quince” (cydonia
odora).%® An obvious advantage of this rete is that the divisions of the ecliptic
belt are more evenly-spaced than on a standard astrolabe, where the northern
signs project on a small circular arc below the centre.

Before introducing the more complicated types of mixed retes, I briefly
consider the earliest written source concerning the two basic ones, namely the
treatise by Ibrahim ibn Sinan, who writes (in free translation):%°

Some people make the astrolabe with respect to the northern celestial
pole — and this is the most common case. But a minority make it with
respect to the southern pole; it results from this construction that the
tropic of Cancer is the largest and outermost circle, [that is,] the nearest
to the rim of the astrolabe. The innermost and smallest one is the tropic
of Capricorn. The equatorial circle takes its (natural) position. Other
people are less conventional: they make the astrolabe in two halves. One
of them is (projected) from the northern pole, and the other half from the
southern pole. There results that the ecliptic ring (halqa falak al-burii)

66 See the article “Tabl” in EI?, X, pp. 32-34.

67 al-Marrakushi, II, p. 68 has al-tabli.

68 al-Birani, Isiab, MS Leiden UB Or. 591, p- 95.

% Tbrahim ibn Sinan 1948, part 1, pp. 2-3 and idem 1983, p. 309. Note that this text was not
included in Bellosta & Rashed 2000, because the editors deemed its authenticity as dubious (a
judgement I find arbitrary).
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has two halves like the ring of this figure, the one with the letters AB.70
Among them some make it also (in the same manner) for the two other
halves, so that its (ecliptic) ring corresponds to this figure with the letters
CD;"! T mean that the rete has its zodiacal signs arranged according to
those two rings.

Neither Ibn Sinan nor al-Sijzi claims to be the inventor of any of these
two basic types of mixed retes, which were probably invented ca. 250 H
[= 864]. al-Sijzi says he thinks that the astrolabe-maker Nastulus (fl. ca.
300 H)’? was the inventor of a third kind, called the “crab” (musa}(tann)
or “tree” (mushajjar) astrolabe.”® Hajji Khalifa ascribes to one Muhammad
ibn Nasr a treatise on the “winged” crab astrolabe (al-asturlab al-sartani al-
mujannah) in 23 chapters composed in 511 H [= 1117/18].7> The four groups
of three consecutive zodiacal signs of the ecliptic belt of this astrolabe are
represented by alternate projections: southern from Aries to Gemini, north-
ern from Cancer to Virgo, southern from Libra to Sagittarius, and northern
from Capricorn to Pisces. This arrangement can be conveniently represented
as SSS|NNN|SSS|NNN for the zodiacal signs, beginning with Aries. From now
on I shall make use of this notation freely.

al-Sijzi and al-Biriini describe eight more varieties of mixed retes, each of
them adorned with a name referring to a plant or animal. Their designs are
summarised in Table 2.1 on p. 71 and illustrated in Fig. 2.6. Of course these

70 In the Hyderabad edition (1948) there is a diagram with a horizontal line AB and two cir-
cular arcs above and below with extremities A and B, in the shape of the myrtle rete depicted in
Fig. 2.4a. In Sa‘idan’s edition (1983) the figure is drawn in exactly the same manner, but without
the lettering.

71 In the Hyderabad edition there is a second diagram which is identical to the first one, except
that the arcs above and below line CD are not represented in a perfectly symmetric way. In
Sa‘idan’s edition it is identical to the first one, although slightly larger; the lettering is again
missing. It is clear from the text, however, that in the unique manuscript [Patna, Khuda Bakhsh
2519, f. 43r], this figure is corrupt and should represent a drum-shaped ecliptic belt instead: see
Fig. 2.4b.

72 On this personality, see King 1978b and King & Kunitzsch 1983; an astrolabe made by him
is described in King 1995, pp. 79-83.

73 al-Marrakushi, Jami, I, p. 69 has al-sartan.

74 See the extract published in King & Kunitzsch 1983, p. 118. al-Sijzi also credits Nastilus
with the invention of the sundial on the alidade of the astrolabe (on this device see al-Birlini,
Shadows, pp. 238-240) and of “the construction of the azimuth [‘amal al-samt] on the back of
the astrolabe”. I am here reproducing Lorch’s unpublished translation; King & Kunitzsch have
“the operation with the azimuth”, which would correspond to al-‘amal bi-I-samt — be it as it may,
it is not clear what al-Sijz1 is referring to; perhaps some procedure for finding the azimuth with
the sine quadrant on the back?

75 Hajji Khalifa, Kashf al-zuniin, 1, col. 846 (see also p. 74, n. 85); the Ottoman bibliographer
immediately adds that Abd Nasr ibn “Irdq also wrote a treatise in 90 chapters “on its true (con-
struction) by the method of the artisans”, implying that this also concerns the crab astrolabe: but
there exists another work by Abii Nasr with a similar title, dealing with the standard astrolabe
only (see Samsé 1969, pp. 36-37, 46—49, 75-88), so the possibility of a confusion cannot be
excluded.
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F1G. 2.5. Northern and southern ecliptic belts in two projection scales

are only a fraction of all possible combinations.”® al-Sijzi introduced a fur-
ther complication by using two different projection scales, i.e., assuming two
different radii for the equator, on a single astrolabe. Each zodiacal sign can
hence be represented in four different ways.”” The two projection scales are
chosen in such a way that the outermost tropic (i.e., Capricorn if the projec-
tion is northern) in the smaller projection coincides with the innermost tropic
(i.e., Cancer if the projection is northern) in the larger one. A superposition
of northern and southern ecliptic belts, each according to both scales, is il-
lustrated in Fig. 2.5. al-Sijzi presents six different types of astrolabes of his
own invention which are based of this principle, and al-Birtini contents him-
self with describing the first one (the ‘anemone’), albeit in a more detailed
manner than al-Sijzi.”® I have included the anemone-shaped rete in Table 2.1
because Najm al-Din has an astrolabe with this name. Otherwise, since mixed
astrolabes with two different scales are not treated by him, I shall not consider

76 An implicit criteria adopted for the design of mixed retes is that the resulting figure should be
symmetric either with respect to the horizontal diameter or to the vertical one (or both). The total
number of possible figures can be found by a simple combinatorial reasoning as 2-2° —23 = 120,
less 2 standard cases (only northern and southern projections): there are thus 118 different mixed
astrolabe retes complying with the symmetry criteria.

77 With two projection scales, there are 2 - 4% — 43 = 8128 different possible configurations of
the ecliptic belt, from which all combinations involving only one scale of projection should be
subtracted: 8128 —2-120 yields 7888 possible combinations.

78 al-Biraini, Isti‘ab, MS Leiden UB Or. 591, pp. 100-103.



ASTROLABES AND RELATED INSTRUMENTS 71

TABLE 2.1. The mixed retes of al-Sijzi and al-Biriini

1 asi (myrtle) NNN|NNN[sss|sss  SB  +

2 mutabbal (drum) SSS|SSS|NNN|NNN  SB +

3 musartan (crab) SSS|NNN|SSS|NNN ~ SB  *—

4 sadaft (conch) SNS|SNS|NSN|NSN  SB

5  samaki (fish) NNN|NNS|Nss[sss S

6  ‘agrabi (scorpion) = myrtle S -

7 batt (jug) SSN|NNS|NSS|SNN  SB

8 narjisdant (narcissus-jar) ~ SNN|NNS|NSS|SSN B

9  thawri (bull) SSN|NSS|NSN[NSN B+
10  jamiist (buffalo) NSS|NNS|NSS|NNS B +
11 sulahfi (tortoise) NSN|NSN|SNS|SNS B +
12 shaqd’igi (anemone)* NNN|sSS|NNN|SSS  SB  —

F The fourth column gives the sources: S = al-Sijzi, B = al-Biriini. (Note that all astrolabes
discussed by al-Biriini are also featured in al-Marrakushi’s summa.) In the last column the sign
+ indicates that Najm al-Din reproduced the instrument as in al-Biriini, * that he gives a
different name to the same configuration, and — that he has an astrolabe with the same name but
a different design. Not included in this list are the retes treated in Section 2.3.4, most of which
Najm al-Din took from his predecessors.

4 Large capitals refer to the large projection scale, and small capitals to the small one.

them any further. Najm al-Din’s contemporary Muhammad Ibn al-Ghuzili,
however, revived al-Sijz1’s idea on an instrument of his invention, which he
called the hilalr (crescent) quadrant.

These mixed retes, of course, should be used in conjunction with plates
which also feature mixed projections: the portions of the ecliptic in northern
projection should be used together with altitude circles in northern projection,
and likewise for those in southern projection. Since the representation of neg-
ative altitude circles in northern projection is exactly symmetric (with respect
to the east-west line) to that of positive altitude circles in southern projection,
the simplest possible plate for use with a mixed rete is one that displays all alti-
tude circles, positive and negative. The convention of considering the altitude
circles displayed in the lower half of the plate as ‘negative’ altitude circles
is entirely my own, and does not correspond to the terminology used in the
Arabic sources, where they are considered as positive altitude circles in the
opposite projection and displayed upside-down. But this is very confusing,
and I shall describe the projections used on astrolabe plates with the follow-
ing convention. To represent the projections used for different sections of the
sky, I shall use a four-letter notation AB|CD with arguments N or S: the first
two letters refer to the eastern and western halves of the hemisphere above the
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(g) buffalo

FIG. 2.6.

CHAPTER TWO

(h) tortoise (i) anemone

al-Sijz1’s and al-Birunt’s mixed retes
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local horizon (that is, the visible sky), and the two last letters refer to the west-
ern and eastern halves of the hemisphere underneath the horizon. Thus, this
order corresponds to a clockwise rotation on the astrolabe plate, starting with
the eastern half of the visible sky. When no altitude circles are represented in
a particular region it will be indicate with a hyphen (-). A standard astrolabe
plate in northern projection without negative altitude circles, for example, will
be designated NN|--. And a southern projection of both hemispheres on the
whole plate will be designated Ss|SS. A plate with configuration NS|NS is
shown on Fig. 2.7a on p. 76.

Were mixed astrolabes actually made? 1In his Traité de I’astrolabe, Henri
Michel devoted some space to the mixed astrolabes featured in al-Marraku-
shr’s treatise (after Sédillot). Michel doubted that such curious astrolabes
could have been actually constructed, and he concluded: “A notre avis, il
ne s’agit que d’une coquetterie géométrique”.”® This is simply not true. In
the Museum for the History of Science, Oxford, is preserved an astrolabe
made in 728 H [= 1327/8] in Taza (Morocco) by “Ali ibn Ibrahim al-Jazzar®?
which features a myrtle rete. There also exist astrolabe plates with mixed
altitude markings (one such plate is preserved in Copenhagen — see p. 64;
several Moghul astrolabes also include feature mixed plates). But besides this
rather meagre material evidence several written sources tell us that there exis-
ted from the ninth to the fourteenth centuries an established tradition of con-
structing mixed astrolabes. The testimony of Ibrahim ibn Sinan (see p. 68) is
limpid and informs us that the construction, albeit by a minority of instrument-
makers, of astrolabe retes of the myrtle and drum types was a well-known
phenomenon in the early tenth century; otherwise he would not have taken
the trouble to mention it to his addressee. In his treatise on astrolabes al-
Sijzi reported that Nastiilus was the first to make a crab astrolabe.?! He also
stated clearly that he himself constructed astrolabes featuring mixed projec-
tions.82 Five centuries later, in 830 H [= 1426/7], Ibn al-Attar wrote that the
best examples of mixed astrolabes he knew were those made by al-Khama’irT,
al-Mizzi and al-Maghribi.3® It is most unfortunate that the astrolabes Ibn al-
Attar had seen have not survived. There is no doubt, however, that these
unusual instruments did not only exist in the imaginative minds of geometers,

7 Michel 1976, p. 69

80" On the name, see Calvo 1993, p- 19. See also p. 106 below.

81 Quoted in King 1978b, p. 118.

82 al-Sijzi made a fish (samaki) astrolabe for ‘Adud al-Dawla, which he honorifically called the
‘adudr astrolabe (MS Istanbul Topkap1 Ahmet III 3342, f. 153r:11-13). He also made an example
of the anemone astrolabe of his invention (f. 151r:10).

83 Ms Vatican Borg. 105, f. 6r:35. At least fourteen astrolabes by al-Khama’irt (dated 609—
634 H [= 1212-1237]) have survived, all of them standard, save some universal plates and some
others with unusual trigonometric markings. A single astrolabe attributable to al-Mizz1 (ca. 1325)
is also standard. It is not clear who al-Maghribi is (perhaps al-Jazzar? ).
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but were also patiently crafted in brass.®* I am aware of only two treatises on
the use of mixed astrolabes.®

Najm al-Din’s mixed astrolabes

Najm al-Din, in contrast to al-Marrakushi, does not reproduce al-Biriin1’s de-
scription but rather presents a somewhat chaotic and idiosyncratic collection
of mixed astrolabes, many of which he labelled as his own invention. This
section of his treatise is probably the most enigmatic of all, for whereas the
illustrations in both manuscripts are of unequalled accuracy and quality (and
reveal sometimes also some originality), the accompanying text turns out to
be a boring repetition of banal and vain instructions on the constructional ele-
ments of standard astrolabes. Oddly enough, the morphological peculiarities
of the unusual instruments featured are almost never discussed. Therefore, I
shall limit my commentary to a compact description of the mixed retes and
plates illustrated in the manuscripts, following their order of appearance in the
treatise. Most chapters cover two folios, the first one featuring the plate (text
and illustration), and the second one, the rete.

Amongst the ten different kinds of astrolabes Najm al-Din claims to have
invented, nine feature mixed projections. The southern kamil astrolabe (Ch.
15) described above (see Section 2.3.1) is the first of the series. At the be-
ginning of Ch. 37, Najm al-Din declares having stopped after the tenth in-
vention in order not to make his explanations too lengthy. In the following,
chapters featuring an astrolabe whose invention the author ascribes to himself
are marked by an asterisk.5°

Ch. 8: The spiral (lawlabi) astrolabe. The name seems to refer to the
design of the plate; unfortunately, the illustration in D is incomplete but seems
to suggest the combination ?N|NS¥” and the corresponding folio is lacking in

84 Myrtle astrolabes were also made in Europe: Jean de Lignéres and Regiomontanus fitted
their sapheas with a half-myrtle ecliptic belt (see p. 106, n. 183); there is also a medieval Italian
example of a myrtle astrolabe preserved in Oxford (see Gunther 1932, II, pp. 319-320), which
has only recently been properly identified: see King 1993c, pp. 50-52. Another myrtle astrolabe
was devised ca. 1600 in Flanders by van Maelcote (see Michel 1976, pp. 71-72).

85 The first one is entitled simply Risala fi ’I-‘Amal bi-l-asturlab al-musartan, in 23 chapters,
extant in MS Istanbul Topkap: Ahmet III 3509/3 (copied 676 H — see Krause 1936, p. 526); this
could be identical to the treatise by one Muhammad ibn Nasr, also in 23 chapters, which is listed
by Hajjt Khalifa (see above p. 69, n. 75). The second one is by a student of Hibatallah al-Baghdadt
(died in Baghdad in 534 H [= 1139/40] — cf. p. 89, n. 121) named Abi Nasr Ahmad ibn Zarir:
Magala fi ’l-‘amal bi-l-asturlabat al-ghariba ka-l-musartan, “Treatise on the use of the exotic
astrolabes like the musartan”; it is preserved in MSS Leiden UB Or. 591, pp. 33—46, and Istanbul
Topkap1 3505/4 (see Krause 1936, p. 484).

86 Although the notice ascribing the invention to the author always appears below the figure of
the plate with the mention ‘The author of this book has invented this figure’, the remark must in
fact apply to the astrolabe as a whole.

87 The negative altitude circles in northern projection in the lower-right quadrant are correctly
drawn, but the representation of those in northern projection in the upper-right is faulty. In the
lower-left, only a few altitude circles in southern projection are drawn around the nadir.



ASTROLABES AND RELATED INSTRUMENTS 75

P. The text gives no clue whatsoever. The ecliptic belt is of the standard
variety but it features a double scale corresponding to a northern and a south-
ern projection, so that each degree is accompanied by its opposite degree (cf.
Chs. 35 and 36).

Ch. 12: The crab (musartan) astrolabe. Plate: NS|NS (see Fig. 2.7a); this
is a variant of al-B1riini’s plate for the musartan astrolabe, whereas the eastern
and western halves of the plate have been interchanged.®® The rete presents
the combination NNN|NNN|SSS|ssS — which corresponds to the myrtle astro-
labe! (Chs. 13 and 14) — whereas we would rather expect SSS|NNN|SSS|NNN.

Ch. 13: The northern counterbalancing (mutakafi’) astrolabe. Plate: NN|SS;
the name of the astrolabe obviously refers to the arrangement of the plate,
which features two identical sets of markings symmetrically arranged with
respect to the east-west line. Only the outline of the ecliptic belt has been
sketched in D (and the corresponding folio is lacking in P). The intended
combination, however, is clearly NNN|NNN|sSS|sss. The text rightly men-
tions that this rete also serves the myrtle(Ch. 14) and the anemone (Ch. 16)
astrolabes.

Ch. 14: The myrtle (asi) and drum (mutabbal) astrolabes. The same plate
NN serves for both astrolabes. The rete of the drum astrolabe presents the
combination SSSSSS|NNNNNN, as expected, and that of the myrtle astrolabe
as been described in the previous chapter.

Ch. 16: The anemone (shaga’iqi) astrolabe. The plate is SN|SN, exactly as
al-Birun1’s plate for the drum astrolabe (cf. Ch. 12 above), with the difference
that the altitude circles on the right-hand side stop at the east-west line without
overlapping.®° In both manuscripts the altitude circles above 36° in the upper-
left and below —36° in the lower-left are drawn with radii that are too small
(the same problem occurs with the illustration of Ch. 36). The rete is not
illustrated, but a note below the figure of the plate says that it is identical to
the rete of the myrtle and mutakafi’ astrolabes (cf. Ch. 13). Najm al-Din’s
anemone astrolabe has nothing to do with the eponymous astrolabe invented
by al-Sijzi, on which two projection scales are used. The reason for calling
this astrolabe by that name must be related to the appearance of the plate,
since it is the only aspect which distinguishes it from other types, but I cannot
see what would make it resemble an anemone.

Ch. 18: The skiff (zawragqi) astrolabe. Again, this has nothing to do with
al-Sijz1’s invention of an astrolabe with fixed ecliptic and movable horizons
(cf. Section 2.3.4). The plate of Najm al-Din’s zawragt is incompletely drawn

88 al-Biriin, Istr'ab, Ms Leiden UB Or. 591, p. 99, illustrated in Lorch 1994, p. 235, Abb. 6,
which should be rotated 90° clockwise (the Arabic text is written sideways in the manuscript);
the illustration in Frank 1920, p. 15, is, however, correctly oriented.

89 1In the illustration of al-Birini, Isfab, Ms Leiden UB Or. 591 on p- 95, the plate of the
musartan also features a few concentric semicircles at the centre in the space left empty between
the horizons at the left. This seems to be purely decorative. Cf. Frank 1920, p. 15.
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(a) Plate of the crab astrolabe (Ch. 12) (b) Plate of the bull astrolabe (Ch. 20)

F1G. 2.7. Two plates of mixed astrolabes

in D (and the corresponding folio is lacking in P). Two horizons, southern and
northern, are visible, and the central region delimited by them is left empty.
Underneath the northern horizon are drawn altitude circles —36° to —90°. A
few altitude circles in southern projection are roughly sketched in the upper
part of the plate. The rete has the combination SSS|NNN|SSS|NNN and is rep-
resented sideways with a rotation of 90° anticlockwise (cf. Ch. 23). This is
identical with al-Sijz1’s and al-Birtn1’s crab rete.

Ch. 19: The jar (bati) astrolabe. The plate has NN|sS outside of the equa-
tor; the portion inside of the equator has been left blank in D (and the corres-
ponding folio is lacking in P), but probably the inverse arrangement SS was
intended. The text barely makes any sense, though it might refer to a north-
ern projection outside of the equator and a southern one inside. The rete has
the same basic pattern as the myrtle astrolabe (NNN|NNN|SSS|SSS), but the
ordering of the signs on the ecliptic belt has been rearranged according to the
following permutation: 1,2,3|10,11,12|4,5,6[7,8,9 (with the convention Aries
=1, ..., Pisces = 12), so that the resulting figure is quite different.

Ch. 20: The bull (thawri) astrolabe. The plate has Ss outside the equator®®
and NNJss inside (see Fig. 2.7b). This scheme corresponds exactly with al-
Birunt’s third mixed plate (MS Leiden UB Or. 591, p. 100) which he claims
to have taken from al-Sijzi.°! The rete is arranged SSN|NSS|NSN|NSN, which
is identical with al-Birtini’s eponymous rete (compare entry 9 in Table 2.3.3

9 With the same incorrect radii for 1 < —36° as on the illustration of Ch. 16. This also occurs
in Ch. 21.

91 Those mixed plates are neither illustrated nor mentioned in M$ Istanbul Topkapt Ahmet III
3342.
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above). Although Najm al-Din suggests shaping the rete so that it resembles
a bull, the illustration in the manuscripts is far less convincing as that in most
manuscripts of al-BirQint’s treatise, where the rete really looks like the outline
of a bull’s head (see MS Leiden UB Or. 591, p. 99).

Ch. 21: The tortoise (sulahfi’?) astrolabe. The plate has NN outside the
equator and SS|SS inside. The rete has the arrangement NSN|NSN|SNS|SNS
and is represented sideways with a rotation of 90° anticlockwise. The same
rete is repeated in Chs. 27 and 28. It is identical with al-Biriin1’s eponymous
rete.

Ch. 22: The buffalo (jamiisi) astrolabe. The plate has been left blank in D
(and the corresponding folio is lacking in P), so it is not possible to recover its
arrangement; the ecliptic on the rete has the configuration NSS|NNS|NSS|NNS,
represented with an anticlockwise rotation of 90°, as on the illustration of
al-Birunt’s buffalo astrolabe (MS Leiden UB Or. 591, p. 99).

Ch. 23*: The cup (hanabi) astrolabe. The altitude circles are wanting in
D whilst the corresponding folio is lacking in P. The rete has the combina-
tion SSS|NNN|SSS|NNN, which corresponds to the drum astrolabe (hence it is
identical, modulo rotation, to the rete in Ch. 18).

Ch. 24*: The melon (mubattakh) astrolabe. This is unrelated to the well-
known astrolabe of the same name discussed in Section 2.3.4 below. Here it is
a simple mixed astrolabe with plate NN|-- outside the equator and --|SS inside.
The rete consists of a doubly-graduated semicircle attached to the centre by
a radial bar, representing the half of the ecliptic in northern projection from
Cancer to Capricorn. The arrangement of the signs on it is as follows (start-
ing from the innermost extremity of the half-ecliptic): Cancer, Leo, Virgo,
Capricorn, Aquarius, Pisces, (and in the opposite direction:) Libra, Scorpio,
Sagittarius, Aries, Taurus, Gemini. The position of the signs set in italics is
clearly absurd, since Virgo should be followed by Libra, etc., but both ma-
nuscripts have the same arrangement. Moreover, the clockwise graduation of
one half of the signs necessitates using the western horizon as if it were the
eastern horizon, and vice versa.

Ch. 27*: The frog (dafda?) astrolabe. The plate presents the arrangement
NS|Ns as in Ch. 16, with the difference that the altitude circles on the right-
hand side do overlap, and that the central region on the left-hand side delim-
ited by the two horizons is filled with altitude circles in southern projection.
The rete — identical with that in Ch. 21 — is illustrated on Plate 2.

Ch. 28*: The eagle (‘ugabi) astrolabe. The plate has NS|ss; the central re-
gion on the left-hand side delimited by the two horizons is filled with altitude
circles in the projection that pertains to their respective quadrant (i.e., south-
ern in the upper-half, and northern in the lower half). The rete is the same as
above.

92 The manuscripts have rather shifi and zhiff; see the remarks on p. 41.
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Ch. 33*: The southern mutakafi’ astrolabe. The name of this astrolabe is a
consequence of the fact that its plate SS is the symmetric opposite of the plate
of the northern mutakafi’ (Ch. 13), which has the arrangement NN |SS. Its rete,
however, is completely different: at first sight it seems to have two complete
ecliptics in northern and southern projections. But the arrangement of the
signs rather correspond to the superposition of a myrtle and a drum ecliptic
which are oriented in two opposite directions. A rete with exactly the same
design is described by al-Sijzi (but not by al-Biriini).”> On Najm al-Din’s
version, oddly enough, the myrtle portion also features a second graduation
which runs clockwise (compare Ch. 24). Najm al-Din, who ascribes to him-
self the invention of the plate, did not get the idea from al-Sijzi, as he certainly
did not have access to his treatise on the astrolabe.

Ch. 34*: The scorpion (‘aqrabi) astrolabe. Its plate is more complicated
that those we have seen until now (see Plate 3). The upper half has the combin-
ation SN and the altitude circles in the upper-right quadrant do not go beneath
the east-west line. The lower half corresponds to a standard northern projec-
tion seen sideways, the zenith being on the western line. The altitude circles
from the lower-left quadrant continue in the upper-left quadrant to reach the
southern horizon. The rete is the same as on the myrtle astrolabe.

Ch. 35*: The diverging (rmutadakhil mutakhalif) astrolabe. The design
of its plate follows the principle established in the preceding chapter: the left-
hand side features a southern projection in the upper-half and a northern one in
the lower-half (exactly as the plate of Ch. 33). The rest of the plate, including
the central portion between the two horizons on the left, is filled with altitude
circles of a single projection rotated sideways, with the zenith on the left-hand
side. The rete has a doubly graduated ecliptic as in Ch. 8.

Ch. 36*: The fitting (mutadakhil muwafiq) astrolabe. Its plate with the
combination SN|SN presents a variant of those featured in Chs. 16 and 27.
The altitude circles on the left-hand side are in fact identical with those in
Ch. 28, and the altitude circles on the right-hand side are like those in Ch. 27,
but here the altitude circles continue beyond the horizons in each quadrant in
order to fill the small area limited by the horizons and the outermost tropic.
The rete is the same as in the preceding chapter.

Ch. 37*: The crescent (hilali) astrolabe. The plate has the arrangement
Ss as in Ch. 33, and the central area between the horizons features in each
quadrant two identical non-overlapping sets of northern altitude circles near
the zenith. For the ecliptic belt see Section 2.3.4 below.

93 Ms Tstanbul Topkapi Ahmet IIT 3342, 114v—115r. The accompanying plate has northern
and southern altitude circles drawn between the equator and the outermost tropic; curves for the
seasonal hours are drawn in the innermost region for both projections. This astrolabe is said to
be the size a palm of a hand.
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2.3.4 Other types of retes

The ruler and cross astrolabes

These two types of astrolabes are taken from al-Biriini’s Istiab.”* According
to al-Birtini, the cross astrolabe was invented by al-Sijzi on the basis of the
ruler one. Neither of them, however, are mentioned in the unique extant ma-
nuscript of al-Sijzi’s work.”> Both are nothing but standard astrolabes with
simplified retes. On the ruler astrolabe (Ch. 38) the usual rete is replaced by a
simple alidade which bears a scale with the zodiacal signs and their divisions
corresponding to the radii of their respective day-circles. We hence lose the
conversion of ecliptic longitudes to equatorial ascensions usually afforded by
the rete. In order to perform many of the standard operations with this as-
trolabe, we need a table of right ascensions (al-Birtini rather refers to a table
of oblique ascensions). According to al-Biruni, this table can be engraved
either on the mater along the circle of Capricorn, or on the back of the astro-
labe.”® The cross astrolabe is a rather refined variant of the ruler one. The
zodiacal scale is located on a bar perpendicular to a radial ruler and tangent
to the equatorial circle. The radii of the day-circles defining the divisions of
its scale correspond to the same projection as the drum astrolabe (i.e., north-
ern projection of the southern signs and southern projection of the northern
signs). This astrolabe also requires a table of ascensions.

Najm al-Din’s ‘cross’ astrolabe (Ch. 11), however, is completely different
from that of al-Sijzi. Whereas one half of its ecliptic ring, from Aries to
Virgo, is standard, the other half is replaced by the corresponding segment of
a ruler-shaped ecliptic, located along the upper vertical radius of the rete. The
resulting shape actually bears little resemblance to a cross.

The spiral and the skiff astrolabes

The names of two more kinds of astrolabes mentioned by al-Biriint are used
by Najm al-Din, but they designate completely different instruments. These
are the skiff (al-zawragqri) and spiral (al-lawlabi) astrolabes. In their original
version described by al-Birtni, they feature unusual retes whose forms are not
obtained by projection. They are reported by al-Biriini to have been invented
by al-Sijzi.”’ Yet Najm al-Din’s skiff (Ch. 18) and spiral (Ch. 8) astrolabes
have nothing in common with them, for they belong to the category of astro-
labes with mixed projections discussed above.

9 Ms Leiden UB Or. 591, pp. 106-107. Cf. Frank 1920, pp. 21-22. See also al-Marrakushi,
Jami, 11, pp. 75-76 [fann 2, gism 6, bab 3, fasl 6, which also discusses the spiral astrolabe (see
below)].

95 See n. 60 above.

9 In al-Marrakushi’s treatise (Jami<, 11, p. 76), the illustration of the ruler astrolabe bears a
schematic representation of a table of right ascensions, displayed on the front around the tropic
of Capricorn.

97 Again, they are not mentioned in al-Sijzi, MS Istanbul Topkapt Ahmet IIT 3342.
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On the authentic skiff astrolabe, the ecliptic and fixed stars are drawn on
the plate, and the rete consists of a movable device representing two hori-
zons (or eight half-horizons).”® The special configuration of this astrolabe, on
which the terrestrial parts rotate over a fixed celestial part, has led al-Biriini to
evoke the possibility of the daily rotation of the earth; he declared that it was
an “uncertain question, difficult to resolve”, and added that only natural philo-
sophers were able to provide an answer to it.”” al-Marrakushi paraphrased
al-Biruni on this, and then expressed his own opinion on the matter:

al-Birlin1 said: “This is a doubtful (question), difficult to establish”.
One wonders how he could have considered difficult something whose
wrongness is most evident. (For) this is a matter whose erroneousness
has conclusively been demonstrated by Abi Alf ibn Sina in the Kitab
al-Shifa’, and by [Fakhr al-Din] al-Razi in Kitab al-Mulakhkhas and in
several other books of his. Others [have also discussed] whether (the
movement) pertains to the earth (as the zawragi would suggest) or to the
heaven, as exemplified by the (standard) astrolabe.!00

Here is a unique example of an astronomical instrument which served as a
pretext for introducing a discussion of a difficult cosmological problem.!?!

98 al-Sijz1, MsS Istanbul Topkapt Ahmet III 3342, ff. 114r-114v; al-Biruni, Isti‘ab, MS Leiden
UB Or. 591, pp. 104-106. Cf. Frank 1920, pp. 18-21. See also al-Marrakushi, Jami*, 11, pp. 74—
75 [fann 2, gism 6, bab 3, fasl 5].

99 al-Biriini, Isti'ab, Ms Leiden UB Or. 591, p. 104; this passage is translated in Wiedemann
1912b. The question whether the earth could have a daily rotation around its axis was dis-
cussed and rejected by Ptolemy (Almagest, 1.7); according to Simplicius, Heraclides of Pontus
and Aristarchus had favoured the rotation of the earth as a possible explanation of the apparent
daily celestial movements (see Grant 1994, p. 638). In his book on India, al-Biriint mentioned the
opinions of various Indian scholars on this matter, and added that the rotation of the earth, whilst
extremely difficult to prove or disprove, does not affect the validity of the results of the science of
astronomy: see Wiedemann 1909 and Carra de Vaux 1921-26, II, pp. 216-218. In his Qaniin (ed.
Hyderabad, 1954, I, pp. 42-53), he discussed the question further and finally offered a decisive
argument in favour of the immobility of the earth; this and other passages by al-Biriin1 pertaining
to the question are studied in Pines 1956 (unaware of Wiedemann); cf. Nasr 1978, pp. 135-136
(based on the same sources as Pines), where the daily rotation of the earth is confused with helio-
centrism. Nasir al-Din al-TusT presented a different physico-philosophical argumentation against
the rotation of the earth: see Ragep 1993, § 1.1 [6] (with commentary in vol. II, pp. 383-385).
Tist’s student Qutb al-Din al-Shirazi had a yet more elaborate discussion on the whole issue,
which is paraphrased in Wiedemann 1912a, pp. 415-417; see also Ragep 1993, II, p. 384. On
other Muslim authors, see also Wiedemann, Aufsdtze, 1, pp. 84-86, 171-172. The cosmological
discussions on this question in medieval and early-modern Europe are presented in Grant 1994,
pp. 637-673.

100" This passage has also been reproduced and translated in Carra de Vaux 1895, p. 466 (second
half of the footnote). Ibn Sina summarised Ptolemy’s views against the rotation of the earth in
his al-Shifa’, al-Riyadiyyat 4: llm al-hay’a, fasl 5 of the first magala, esp. pp. 25-26. His own
refutation of terrestrial motion is in ibid., al-TabTiyyat 2: al-sama’ wa-I-‘alam, fasl 8. al-Razi’s
treatise al-Mulakhkhas is not accessible to me.

101 1t should be borne in mind, however, that the design of instruments seldom have a spec-
ulative cosmological dimension. James Bennett (in a paper delivered at the symposium ‘Cer-
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At the beginning of the fourteenth century, Ibn al-Shatir designed a univer-
sal astrolabe he called al-ala al-jami‘a, which is actually an extension of the
zawragqr astrolabe. '

The lawlabt astrolabe has its ecliptic belt shaped like a spiral; it is de-
scribed by al-Birtini and al-Marrakushi (who calls it halazﬂnz‘).103 I am not
aware of any other occurrence in the literature. This spiral as it is defined by
al-Biriini can be defined mathematically as the polar plot of the function

Rptan <90 — 5(9/3))
2

in the interval (—270° < 6 < 270°). Each quadrant of the spiral serves 30° of
longitude for two zodiacal signs, and the graduation runs from the beginning
of Capricorn at the outermost extremity to the end of Gemini at the innermost
one, and then it runs back clockwise from the beginning of Cancer to the
end of Sagittarius. The disposition of the star-pointers is as on a standard
astrolabe.

The crescent astrolabe

The ecliptic belt of the crescent (hilali) astrolabe is obtained from a regular
one by folding its lower half (summer signs: Aries to Virgo) over the upper
half (winter signs: Libra to Pisces), hence the resemblance with a crescent. An
astrolabe with the same name and with the same rete is described by al-Sijz;
the plate is reduced to the upper half only.!%

It is not necessary to assume any direct influence of al-Sijzi on Najm al-
Din, however, since the idea of a crescent-shaped ecliptic was applied already
to the astrolabic quadrant, which seems to have originated in the twelfth cen-
tury (on the astrolabic quadrant see Section 2.4). On Najm al-Din’s version,
however, the folding the ecliptic belt is purposeless.

The melon astrolabe

al-BiriinT’s comprehensive work on the astrolabe was for Najm al-Din cer-
tainly as important a source as it had been a generation previously for al-
Marrakushi. However, whereas the latter presents an intelligent paraphrase of

tainty, Doubt, Error’, Frankfurt am Main, 17-18 November 2001) appropriately remarks that
pre-Copernican terrestrial globes often rotate about an axis, without any implication beyond the
purely practical.

102 Two examples made by Ibn al-Shatir himself are extant (both dated 733 H [= 1332/33]), alas
without the rete; see Mayer 1956, pp. 40-41.

103 a]-Birani, Isti‘ab, Ms Leiden UB Or. 591, pp. 107-108; al-Marrakushi, Jami<, II, p. 77. See
n. 94 above.

104\ Tstanbul Topkap: Ahmet ITI 3342, f. 153v continuing on f. 114r. al-Sijzi declares that he
has made such an astrolabe for the treasury of ‘Adud al-Dawla and that he also wrote a treatise
on its use.
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F1G. 2.8. The rete of the spiral astrolabe

al-Birunt’s non-standard astrolabes, following the same order, Najm al-Din’s
direct use of al-Biriini is much more elusive. Ch. 24, however, is one of only
four chapters where Najm al-Din mentions his predecessor by name.!%> Read-
ing al-Birtini, Najm al-Din realised that the status of the melon astrolabe was
controversial among the specialists; this is the reason why he chose not to
present its construction in his treatise, but rather to substitute another variant
of the standard astrolabe for it. One can surmise that Najm al-Din was not cap-
able of understanding the melon astrolabe and the controversy surrounding it,
and thus refrained from dealing with this unusual instrument. Nevertheless,
he made a few valid general statements about it, namely, that it resembles a
(flattened) spherical astrolabe, that its horizon has not the usual shape, and
that its use is unlike that of the standard astrolabe.!%®

From his textual description of the construction of the plate and rete, noth-
ing specific can be deduced about what could distinguish from a standard as-
trolabe the variant he introduced in lieu of the melon astrolabe. But the illus-
trations, again, tell us more. The plate illustrated (D:45r and P:43v) is exactly
like on a standard northern astrolabe for latitude 36°, except that the portion

105 4]-Birdini is also mentioned in Chs. 12, 37 and 38.
106 A detailed study of the melon astrolabe is Kennedy, Kunitzsch & Lorch 1999.
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of the plate within the equatorial circle is rotated by 180° (for no apparent
reason).

Its rete has a semicircular form; the left-hand side of the usual ecliptic
belt has been left out, so that it bears a double graduation. The quadrant
with the northern signs is graduated as we should expect (anticlockwise from
the bottom): Cancer, Leo, Virgo and then, in the reverse direction, Aries,
Taurus, Gemini. The southern part of the ecliptic, however, has the remark-
able property that the position of the signs are reversed by 90°. Thus, we have
(again anticlockwise) Capricorn, Aquarius, Pisces; and in the reverse direc-
tion: Libra, Scorpio, Sagittarius. This disposition of the signs does not make
sense, and they should therefore be restored to their usual order.

2.4  Astrolabic quadrants

The standard astrolabic quadrant was already well-known in Egypt in the
twelfth century.' It consists of the eastern half of the markings of an astro-
labic plate, and the resulting semicircle is further cut off horizontally under-
neath the horizon in order to keep only the markings representing the visible
sky: the ‘quadrant’ thus includes more than a quarter circle of markings. One
half of the ecliptic is also drawn on the quadrant, with the graduation for the
winter solstice coinciding with the upper extremity of the vertical diameter;
the lower half of the ecliptic (summer signs) is furthermore folded over the
upper half, and the result is a half-crescent. This is graduated in the same
manner as the ecliptic belt on standard astrolabes, but each graduation now
serves two points of the ecliptic having the same declination. Fixed stars can
also be marked by dots on the surface of the quadrant. The rotation of the
sun (or any star) is simulated by a thread attached to the centre, along which
a small bead can be set at a position corresponding to the appropriate declin-
ation. The use of this instrument is fundamentally the same as that of the
astrolabe.

The astrolabic quadrant became extremely popular from the fourteenth
century onward and in the Near East it generally replaced the astrolabe for
practical purposes, which remained the expensive and prestigious scientific
objet d’art it had always been.!®® Since astrolabic quadrants were usually
drawn on a sheet of paper lacquered on wood, they were very cheap to pro-
duce. They were also more accurate than astrolabes of comparable size, since

107 On the earliest treatise on the use of this instrument, see King 2002 and idem, SATMI, VIII,
§ 6.3. On the astrolabic quadrant in general, see Wiirschmidt 1918; Wiirschmidt 1928; Schmalzl
1929, pp. 33-62; Janin & Rohr 1975.

108 This is not to deny that astrolabes were used for practical purposes, for many of the extant
pieces do indeed reveal traces of usage, and several medieval authors also tell us about their
concrete use of an astrolabe, either for calculation or for observation of altitudes. See for example
Ibn Yiinus’ quotation of al-Mahani in Caussin 1804, pp. 87, 89 (pp. 88, 90 of the translation).
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drawing lines and scales with ink on paper or wood is incomparably easier
than engraving them on metal; also the position indicated by a small bead on
a thread is less subject to instrumental errors than that indicated by the ecliptic
scale and star-pointers on the rete of an astrolabe. Only one wooden specimen
is known from the Mamluk period, all others are Ottoman and date from the
seventeenth century onward. But we know from Mamluk sources that wood
was a favourite material for portable instruments like quadrants.'!%® Combined
with a sine quadrant on the back the astrolabic quadrant became the favorite
tool for teaching astronomy in Mamluk and Ottoman mosques and madra-
sas, as attested by the many treatises on the use of these instruments and the
multitudinous manuscript copies thereof.!

The inventor of the astrolabic quadrant, whoever he was, had an easy task,
since all elements of his invention were already featured on various exist-
ing instruments. First, solving problems within a ‘quadrant’ (or more ex-
actly, within one half of the standard altitude markings) was a characteristic
of mixed astrolabes. Second, the idea of having a fixed ecliptic was applied
on the zawragr astrolabe,!'! while the idea of simulating the rotation of the
sun or a star with a thread (or an alidade) was applied on the ruler astrolabe.
Third, the folding of an ecliptic belt was a feature of the crescent astrolabe of
al-Sijz1.

Concerning Najm al-Din’s description of standard astrolabic quadrants
(Ch. 3) there is little to say: the text is strictly concerned with the altitude and
azimuth circles, and omits the tracing of the ecliptic, likewise wanting on the
illustrations, which otherwise are far more informative than the text. Ch. 65
features an astrolabic quadrant for a latitude of 48°, which corresponds to the
end of the seventh climate. It is accompanied by a table for that particular
latitude similar to that in Ch. 1. The reason for including this chapter is sup-
posedly to explain a particular error related to using the astrolabic quadrant
at higher latitudes. Unfortunately, Najm al-Din’s words on this matter are
incomprehensible.

A quadrant with extended (kamil) radius of projection is also featured in
Ch. 15: see Section 2.3.1.

109 Most extant Mamluk pieces are made of brass (6 pieces, out of which 5 are by al-Mizzi — see
p. 14, n. 55). The only two that are not are signed by Aba Tahir: one is made of ivory (see King
1991, p. 182) and another one out of wood (preserved in the Chester Beatty Library, Dublin).
There is little doubt, however, that the vast majority of quadrants were made out of wood, even
as early as the ninth century. At the end of his comprehensive treatise on quadrants Ibn al-“Attar
gives detailed instructions on the preparation of varnish for lacquering wooden quadrants (see MS
Vatican Borg. 105, ff. 7r:18-7v). A more extensive treatise on the chemical and metallurgical as-
pects of the construction of instruments by a seventeenth-century muwagqgit is analysed in Siggel
1942; cf. King, Survey, no. C124.

110" See e.g. King, Fihris, 11, Sections 4.4—4.5 and Ihsanoglu, OALT (index of titles).

1T We leave out the solid astrolabe since it might not necessarily be anterior to the astrolabic
quadrant.
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2.4.1 Astrolabic quadrants with mixed projections

Najm al-Din pushed his fantasy as far as imagining astrolabic quadrants with
mixed projections. But these instruments, of course, have no rete, so the only
elements affected are the altitude circles. In principle it would be possible
to introduce some variations in the shape of the ecliptic on the quadrant, but
Najm al-Din refrained from such a futile exercise. Yet the names he gave to
these quadrants are directly taken from his repertory of mixed astrolabes; still,
the link between an astrolabe and its presumed companion quadrant is rather
pointless.

The text accompanying the illustrations of these quadrants is as disap-
pointing as in the case of the mixed astrolabes: it is nothing but a vain re-
petition of the usual instructions on how to trace the altitude circles, with no
reference or hardly any reference to the unusual configuration of the mark-
ings. Hence, the following descriptions of the individual quadrants will be
based exclusively on the illustrations. On these quadrants only the altitude
circles are traced.'!'? Furthermore, the text omits in all cases to explain how
the ecliptic should be drawn. For each of the quadrants (except in Ch. 45) the
outer rim is extended over 90° so that the innermost tropic can be represented
as a complete semicircle.

Ch. 42: The spiral astrolabic quadrant is nothing more than a standard
quadrant in southern projection, and the text repeats with a more obscure
phrasing the information contained in Ch. 3.

Ch. 44: The counterbalancing (mutakafi’) astrolabic quadrant features a
northern projection. In addition, a southern horizon is also represented (its
goes from the meridian to the east line). The space between both horizons is
filled with altitude circles in southern projection.

Ch. 45: The myrtle or drum astrolabic quadrant consists in a superposition
of northern and southern projections.

Ch. 46: The skiff astrolabic quadrant has a northern and a southern ho-
rizon. The space above the east line and the northern horizon is filled with
southern altitude circles. The space below the east line and above the northern
horizon is filled with northern altitude circles. The space between the lower
limit of the quadrant, below the northern and southern horizons, is again filled
with southern altitude circles.

Ch. 47: The tortoise astrolabic quadrant has northern markings outside of
the equator and southern ones within (compare Ch. 21).

Ch. 48: The bull astrolabic quadrant. On the illustration in D (the cor-
responding folio is lacking in P), one can only see a northern horizon going
from the meridian line to the east-west line, and a few northern altitude circles

12 1p Ch. 42 the construction of azimuth circles is explained, but then it is noted (as in the other
chapters as well) that it is better to leave them out and to use a azimuthal quadrant instead. On
none of the illustrations of ‘mixed’ astrolabic quadrants are the azimuth markings represented.
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around zenith as well as a few southern ones below the east-west around the
nadir. It is thus possible that the markings correspond to those of the bull
astrolabe (Ch. 20).

Ch. 49: The jar astrolabic quadrant. The illustration in D is blank and the
corresponding folio is lacking in P, but perhaps the same design as in Ch. 19
was intended. The text, as usual, gives no clue.

This chapter ends with a general remark concerning a special aspect of
the use of astrolabic quadrants, the only instance in the whole treatise of a
discussion of the use of an instrument. This passage makes no sense to me.

2.4.2 The musattar quadrant

The fifteenth-century author Ibn al-“Attar attributes the invention of this type
of astrolabic quadrant to Ibn al-Sarraj.!!? It is indeed an essential feature of
the celebrated astrolabe he made in the year 729 H [= 1328/9], on which each
of a subset of plates bears four musattar quadrants, each serving a different
latitude, for each 3° from 3° to 90°. Ibn al-Sarraj also wrote a treatise on its
use.!!* It is probable that Najm al-Din, who devotes Ch. 55 to this quadrant,
learned of it through his contemporary Ibn al-Sarraj, directly or otherwise.
This quadrant became rather popular among Ibn al-Sarraj’s successors. Other
treatises on its use are known by al-Mizzi, al-Bakhaniqi, Shams al-Din al-
Khalili, Ibn al-Majd1 (2 different treatises), al-Tizini, Sibt al-Maridini and
Mustafa ibn “Alf al-Qustantini. al-Wafa’1 also wrote a section on the use of the
musattar plates featured on Ibn al-Sarraj’s spectacular compound astrolabe in
his treatise on the use of this complex instrument.!!>

This quadrant is bounded by the equatorial circle, rather than by one of
the tropics, inside of which altitude circles in southern projection are super-
posed upon altitude circles in northern projection. Alternatively, these mark-
ings can also be considered as resulting from the folding of the lower half
of an astrolabe plate with a complete set of altitude circles (above and below
the horizon) over its upper half. This explains the alternative name given to
this quadrant by later authors such as al-Mizzi, whose treatise on its use is
entitled Risala fi ’I-‘Amal bi-rub® al-da’ira al-mawdii® ‘alayhi al-muqantarat
al-matwiya (“Treatise on the quadrant on which the altitude circles are fol-
ded”).!1% The ecliptic on this quadrant has the shape of one quarter of a myrtle
ecliptic (see 2.3.3), and this is probably the reason why the muwagqqit at the

13 Ms Vatican Borg. 105, f. 4r:1.

114 [Risala] fi ’I-‘Amal bi-rub® al-mugantarat al-maqti‘a min madar al-hamal wa-1-mizan, MS
Berlin Landberg 390, ff. 15r—17r (= Ahlwardt no. 5859).

115 For full discussion of the history of musattar markings the reader is referred to the forth-
coming publication King & Charette, Universal Astrolabe.

16 Extant in three copies, two of which (Cairo DM 138/2 and Dublin 4282/3) bear the title
quoted above; a third one (Manchester Rylands 361, ff. 30v=32r) is entitled Risala fi ’I-‘Amal
bi-l-rub® al-musattar.
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FIG. 2.9. The musattar quadrant for latitude 36°

Umayyad Mosque in Damascus al-Tizini (fl. ca. 1450) also called this quad-
rant the dsa.'!” The azimuth markings are not represented on the musattar
quadrant, for otherwise it would be overloaded with lines. Fig. 2.9 illustrates
the markings on this instrument, including the inner tropic and the ecliptic,
which on both manuscripts are not represented. Najm al-Din’s instructions
for constructing the musattar markings (Ch. 55) are not particularly clear, but
his procedure nevertheless seems to be sound. The last sentence, however,
on the absence of day-circles for inverting the roles of ‘north’ and ‘south’, is
enigmatic.

2.5 Horizontal stereographic projection: the musatira

The two instruments described in Chs. 53 and 54 are based on a stereographic
projection onto the plane of the horizon, the nadir being the pole of pro-

U7 al-TizinT’s treatise on the use of the musattar (whose relation to the one by al-Mizzi men-

tioned above is not clear, perhaps an abridgement thereof?) is entitled (according to MS Paris
2547/9 — see Qe Slane 1883):

Adly LG O pmyy skl Sl ale ¢ gogll 5511 Jasd) § 5 a2 DL,
For other copies see Brockelmann, GAL, I, p. 160: -
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jection. Such an instrument was called a musatira (or perhaps musatara ?)
in Arabic sources. Mathematically it is closely related to the regular plani-
spheric astrolabe: a musatira can be considered as an astrolabe on which the
horizontal and equatorial coordinates are interchanged: thus the declination
circles are represented on the musdtira in the same way as the altitude circles
on the astrolabe, and the circles of hour-angle in the same way as the azimuth
circles. The northern celestial pole is projected in the lower half of the in-
strument; the markings are restricted to the visible half of the sky, the horizon
being the outer limit of the instrument. Since the graduations of the outer rim
correspond to the azimuth, this instrument, when properly aligned and fitted
with a gnomon at the centre, can also serve as a horizontal azimuthal sun-
dial.''® Muslim authors considered the musatira exclusively as an astrolabic
instrument, fitted with a suspensory apparatus and an alidade on the front. In
Renaissance Europe, however, the horizontal projection served as the basis
for both kinds of instruments.

Whereas the history of the ‘horizontal instrument’ in Renaissance south-
ern Germany and seventeenth-century England is well documented,'!” there
is some confusion in the modern literature concerning its origin and history in
Islam. It has wrongly been stated that the musatira is equivalent to the ‘com-
prehensive instrument’ (al-alat al-shamila) invented by the tenth-century as-
tronomer from Rayy al-Khujandi, which is in fact an instrument in the shape
of a hollow hemisphere fitted with revolving plates.'?® It has very little to
do with the musatira, apart from the apparent similarity of the shamila with
the latter when the hollow hemisphere and its markings are depicted in two
dimensions, which probably explains the origin of the confusion. Yet L. A.
Sédillot’s summary of al-Marrakushi’s description of the musatira and the

118 On azimuthal dials, see Section 3.4.

119 The two major studies are Janin 1979 and A. Turner 1981. See also Gunther 1923, pp. 140—
142; Michel 1976, pp. 24, 129-130; A. Turner 1985, pp. 191-195. According to Zinner (1956,
p. 163), the earliest occurrence of this instrument in European sources is an illustration in an an-
onymous manuscript dated 1485; it is not clear, however, whether this really concerns a horizontal
stereographic projection. The earliest text on the horizontal instrument (considered as a sundial)
is by Georg Hartmann (Nuremberg, 1493-1564), who claimed to have invented it. His treatise in
German on its construction and use is extant in an autograph manuscript, and will be published
by Reinhard Glasemann as part of a doctoral dissertation at Frankfurt University. The instrument
of Philipp Apian called triens has exactly the form and purpose of the Islamic musatira quadrant
(which is in fact one half of a musatira). The question whether the instrument could have been
transmitted from the Near East to Central Europe cannot be answered fully at the present.

120 The statement occurs for the first time in Janin & King 1977, p. 199 and again in King 1978a,
p- 368, where it is further stated that an example of such a horizontal dial is featured in the last
chapter of an AndalusT treatise on mechanics, the Kitab al-Asrar fi nat@’ij al-afkar by al-Muradi.
The latter is actually an azimuthal sundial of crude design, which has been analysed recently
(see Casulleras 1996). (In King 1991, p. 164, and idem 1995, p. 83, however, the instrument
is correctly described as being a hemispherical device.) The attribution to al-Khujandi of the
invention of the horizontal projection has been repeated by A. Turner (1985, p. 192), probably
after the article by Janin & King quoted above, and also in A. Turner 1994, p. 80.
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shamila, though incomplete and confusing, already made it clear that they are
two distinct instruments.'?! The fourteenth-century astronomer Ibn al-Shatir
mentioned the shamila as an example of an ugly instrument.'?> This cannot
be said of the musatira, which is an elegant application of the principle of
stereographic projection.

The term al-musatira (“the (instrument) which conceals”) — the reading
al-musatara, “the concealed (instrument)”, is also possible — first appears in
Arabic scientific literature in a short section of Ibn Yiinus’ Zij, presenting a
method for determining the meridian with an instrument called a musatira.'>?
Ibn Yinus refers here to a simple graduated circle, similar to an Indian circle,
on which is mounted an alidade with a perpendicular plate (like the pinulle on
the alidade of astrolabes, curiously called a kursi by Ibn Yunus) and placed in
the plane of the horizon. In order to perform the operation he advocates there
is no necessity for an instrument featuring a stereographic projection and there
is no reason to assume that Ibn Yiinus had such an instrument in mind.'?* The
first author to discuss the musatira in the sense of a horizontal stereographic
projection, however, was al-Marrakushi, whose account certainly relies on
earlier sources.!? In fact he presents 4 different varieties of this instrument,
defined by two different planes of projection: either the plane of the horizon,
or the plane of the local meridian. These two types exist in two versions, ‘di-
urnal’ and ‘nocturnal’: in the first case only declination circles associated with

121 s¢dillot, Mémoire, pp. 148—153. A correct interpretation of the shamila was already given
by Josef Frank (1921) in an article published in a relatively obscure German technical journal;
his description of the instrument was referred to in Lorch 1980, p. 154, who seems to be the
only modern author to have been aware of Frank’s article. On al-Khujandi, see Sezgin, GAS, VI,
pp. 220-222 and S. Tekeli’s article in DSB. al-Khujand1’s treatise on the shamila is extant but
has not yet been published. The celebrated twelfth-century astrolabist Hibatallah al-Baghdadi —
on whom see “al-Badi® al-Asturlab” in EI2, 1, p. 858 (by H. Suter) — improved the instrument
by making it usable for all latitudes, and wrote a treatise on it, which is also preserved. See
Rosenthal 1950, pp. 555-559, and Hopwood 1963, no. 1092.

122 Ms Cairo DM 138/12, f. 35r. The introduction to Ibn al-Shatir’s treatise on the ‘com-
plete quadrant’, in which this assertion occurs, is reproduced from MS Damascus Zahiriyya 3098
(nineteenth-century copy of the Cairo MS) in Kennedy & Ghanem 1976, pp. 17-18 of the Arabic
section.

123 This section is edited in Janin & King 1977, pp. 255-256.

124 The operation described by Ibn Yiinus can be summarised as follows: Compute the azimuth
corresponding to a solar altitude which will occur at a later time. Place the alidade vis-a-vis the
value on the scale corresponding to that azimuth. Observe the solar altitude until it gets very close
to the altitude for which you computed the azimuth. Turn the musatira on the horizontal surface
until the perpendicular plate of the alidade projects its shadow exactly on the alidade, while the
altitude becomes equal to that for which you computed the azimuth. The position of the musatira
will then yield the cardinal directions.

With a ‘stereographic’ musatira the same operation of finding the cardinal directions becomes
much simpler: see al-Marrakushi’s fas/ 11 of his chapter on the use of the musatira [fann 3, bab
10, in 23 fasls] (al-Marrakushi, Jami, II, pp. 246-256, on p. 251).

125 al-Marrakushi, Jami<, pp. 21-38 [fann 2, gism 6, bab 2, in 5 fasis]; Sédillot, Mémoire,
pp. 151-153.
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zodiacal signs are represented, and in the second case all declinations circles
between the equator and the poles are projected. al-Marrakushi included nu-
merical tables to facilitate the construction of the nocturnal and diurnal ver-
sions of the horizontal musatira; the latter include lines for the seasonal hours
and the ‘asr. The musatira resulting from a projection on the meridian is ex-
pectedly an instrument fundamentally different from the one considered here,
which we can consider as the ‘authentic’ musatira.'?°

The above notes are intended only to provide the reader with a brief over-
view of the history of the horizontal projection in Islam. A detailed study of
al-Marrakusht’s presentation would be valuable, together with an investiga-
tion of all later sources devoted to this instrument.'?’

2.5.1 Najm al-Din’s account

The same two types of horizontal musatiras as in al-Marrakush1’s Jami‘, name-
ly, the diurnal one for timekeeping with the sun and the nocturnal one for
timekeeping with the stars, are featured in Najm al-Din’s treatise. Versions
of both instruments for latitude 36° are illustrated in both manuscripts (com-
plete in P but incomplete in D); the diurnal musatira is shown on Plate 4. On
the diurnal variety the declination circles corresponding to each zodiacal sign
are represented. Within the interval defined by the solstices the arcs of hour-
angle are displayed for each 10°, as well as portions of the concentric circles

126 By projecting stereographically the horizontal and equatorial coordinate grids of the celestial
sphere on the plane of the local meridian, one obtains the same markings as those achieved by a
universal projection (see next Section). The ‘nocturnal’ version of al-Marrakushi’s ‘meridional
musatira’ is indeed identical to a zargalliyya plate, except that the inclination between the two
superposed grids corresponds to the local latitude instead of the obliquity. In the same was it
corresponds to the markings of a universal astrolabe on which the position of the rete with respect
to the plate is fixed for a particular latitude. Hence this instrument can be used for solving
problems in the same way as on the universal astrolabe, but only for one latitude.

127 1 present in the following list all Arabic works on this instrument that are posterior to al-
Marrakushi:

— Ibn Sam‘ln, Nihayat al-musamara ft ’l-‘amal bi-I-musatara (MSS Cairo QM 2/4; Dublin
4833/2);

— Anon., al-Usil al-thamira fi ’l-‘amal bi-rub‘ al-musatira (MS Cairo QM 2/3);

— Anon., Risala al-Musatira (MS Cairo DM 138/13, ff. 110v—111r);

— Ibn al-Sarrdj, Risala fi ’l-‘Amal bi-rub® al-musatira (one copy in Rampur according to
Brockelmann);

— Ibn al-Ghuzili, Risala fr Kayfiyyat al-‘amal bi-l-rub® al-mansib li-lI-musatira (MSS Prin-
ceton Yahuda 373, ff. 158v—164r; Cairo MM 118);

— al-Karadisi, Risala fi Ma‘rifat wad* khayt al-musatira wa-wad* khutit fadl al-d@’ir tahtahu
(Cairo MM 181/1; Cairo TR 343/2);

— The following anonymous note, however, seems unrelated to the horizontal projection
(and the above treatise by Karadist may likewise be unrelated): Fa’ida fi Nasb khayt al-
musatira (MSS Cairo Sh 89/3; Princeton 5012 = Yahuda 1116); this text is edited on the
basis of the Cairo manuscript in Janin & King 1977, p. 256.
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of altitude for each 10°; on Fig. 2.12 the altitude circles are represented com-
pletely and for each 3° of argument. On the nocturnal variety (see Fig. 2.13)
the declination circles and the circles of hour-angle are completely displayed
within the horizon (both for each 10° on the illustration in P). Instead of be-
ing numbered with the respective values of the declination, in the manuscript
the corresponding value of the meridian altitude is inscribed next to the inter-
section of each declination circle with the meridian line, and for circumpolar
declination circles the minimal altitude is also marked next to their northern-
most intersection with the meridian. Altitude circles are not represented on
the nocturnal version, but in Ch. 53 we are told that their radii can also be
marked along the radial scale of an alidade attached at the centre, and this is
certainly implicitly assumed in this case.

Najm al-Din’s procedure for constructing the declination circles is as fol-
lows. For each declination circle three points are marked on the plate, cor-
responding to its intersections with the horizon (i.e., the outer circle) and the
meridian. The first two points are marked by means of a table of the rising
amplitude. On Fig. 2.10 CD represents the projection of a circle of declination
0 < 0. Since the outer circle represents the horizon, points C and D represent
the rising and setting points of that declination circle. But by definition the
angular distance along the horizon of a rising or setting point from the east or
west point is the rising or setting amplitude y(§), and by virtue of the con-
formal property of stereographic projection, we also have EC = WD = y(4).
If the declination is positive then C and D will respectively fall in the northern
quadrants EN and WN. Thus, if two points C and D are marked on the outer
circle at an angular distance from the east and west points corresponding to
the rising amplitude, the points of intersection of a declination circle with the
horizon can be determined.

The second step consists in counting the corresponding meridian altitude
H(0) from S along the outer scale SE and to mark it at J; laying the ruler on
W and J, one marKks its intersection with the meridian NS at Q. The declina-
tion circle is then constructed by tracing a circular arc which passes through
C, Q and D. Some of the declination circles on the nocturnal musatira are
circumpolar: they can easily be constructed by marking along the meridian
the maximal and minimal altitudes of this declination circle, which will yield
two extremities of its diameter; their midpoint will represent its centre. The
table in Ch. 54 gives the rising amplitude ¢(A) for arguments A < 90° — ¢,
and gives hmax and A, for the remaining arguments. No comparable table is
given in Ch. 53 for w(8(1)).

The next step is to draw the concentric altitude circles. Their radii can be
found according to the method given above: placing the ruler on W and J,
where arc SJ represents the altitude, its intersection Q with the meridian will
give the radius of the corresponding altitude circle.
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declination circles on the musatira  construction marks on the nocturnal
musatira found by means of table T.5

The construction of the arcs of hour-angle in Ch. 53 is as follows. The
altitude h(¢,0) is tabulated for the appropriate range of the hour-angle ¢ at
the solstices and equinox. For a given value of ¢, the intersection of each
three declination circles with the altitude circle corresponding to A(z,d) will
yield three points of the needed arc. In Ch. 54 a different procedure is given
which is identical to Najm al-Din’s procedure for constructing azimuth circles
on astrolabe plates (see p. 54 above). The same quantity A(¢) (the text has
h(a)) is now tabulated at the equinox only: these yield a series of marks on
the equatorial circle. In order to draw the circles of hour-angle one needs to
determine the centre of the circle of hour-angle 90° and to draw a line passing
through it which is perpendicular to the meridian. With one leg of the compass
on that line, one can find by successive approximations a circle which joins
each point marked on the equator with the northern celestial pole.

2.6 Universal Stereographic Projection

All the different types of astrolabes discussed up to this point are designed to
be used for a specific terrestrial latitude, since the projection of the horizon,
altitude and azimuth circles are latitude-dependent. In this section we turn to
instruments which are also based on stereographic projection but are univer-
sal in their application. The only possible way to achieve astrolabic markings
that preserve their properties for all latitudes is to find a special case of stereo-
graphic projection for which the horizon will be represented as a straight line
going through the centre of the surface of projection. In this way, it would
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FIG. 2.12. Diurnal musatira for latitude 36° (with alt. circles for each 3°)

be possible to adjust the celestial configuration for individual latitudes simply
through rotation of the horizon. This can be achieved if the surface of projec-
tion is a plane going through the solstitial colures, and if the pole of projection
is the intersection of the equatorial and ecliptic circles. On such an astrolabe
the configuration of the sky is thus seen ‘sideways’ instead of ‘from above’.
The invention of two distinct but related universal instruments based on
that projection are ascribed to the eleventh-century Toledan astronomers “Alt
ibn Khalaf and his better-known contemporary Ibn al-Zarqalluh (Azarquiel),
who in fact devised two different types of universal plates. The morphology
and the use of these universal instruments, as well as their historical influence
and evolution in East and West, are now well-documented, thanks to the la-
bour of three generations of historians of science in Barcelona. However, the
precise historical circumstances of their inventions in al-Andalus are still not
clear. In particular, the question whether Ibn al-Zarqalluh or “‘Alf ibn Khalaf
should be credited with the priority of its invention has never been resolved.!?
Ibn al-Zarqalluh devised two versions of his universal plate. One variant bore
the name al-safiha al-zarqalliyya, i.e., “the plate of Azarquiel”. A second one

128 Both “Alf ibn Khalaf and Ibn al-Zarqalluh claim for themselves the invention of a universal
projection.



94 CHAPTER TWO

85190]9085
75 80 80 75
70 70
65 65
6 0
55 5
5 0
4 5
4 0
3 5
3 0
2 5
2 0!
1 5!
10f 0|
5 5
5 5
1 0f
L 5]
2 0
2 5
[
3 5
4 40,
4 45,
S 0
S 5,
60 60,
& 70 70, &
75 80 50 75
85[/90]90]|85

F1G. 2.13. Nocturnal musatira for latitude 36°

was called the shakkaziyya, presumably by later authors as I shall point out be-
low, but the origins of the term are still obscure. Neither of Ibn al-Zarqalluh’s
original Arabic treatises on these instruments has yet been published in its ori-
ginal form.'?® A detailed study based on all primary sources dealing with the
universal projection and its applications would be welcome, but it is clearly
beyond the scope of the present endeavour.!3® Nevertheless, before turning
to Najm al-Din’s descriptions of those universal instruments from al-Andalus
— and especially to the new historical information he provides on the rather
enigmatic universal astrolabe of ‘Alt ibn Khalaf, it is necessary to present a
historiographical introduction to Ibn al-Zarqalluh’s works.

129 This might seem a provocation at this stage, but see my remarks below.
130" An English translation of “Alf ibn Khalaf’s treatise — extant in the Libros del saber — would
also be very useful to historians of instrumentation.
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2.6.1 Historiographical remarks concerning Ibn al-Zarqalluh’s
universal instruments

Two versions: the shakkaziyya and the zarqalliyya

As already mentioned, Ibn al-Zarqalluh devised two variants of a universal
plate based on the universal stereographic projection. This circumstance and
the fact that numerous different texts concerning both instruments exist in dif-
ferent languages have led to a major source of confusion for modern histori-
ans. In his study on al-Marrakushi, Louis-Amélie Sédillot almost completely
ignored the information provided by al-Marrakushi and followed instead the
Latin treatise on the saphea by Guillelmus Anglicus, of which he edited the
part concerning the construction.'>! He stated that the Latin text concerns
the zarqalliyya and simply noted that the shakkaziyya, also described by al-
Marrakushi, differed very little from it. In a fundamental bibliographical study
on Ibn al-Zarqalluh published between 1881 and 1887, Moritz Steinschneider
listed and described all the available manuscript sources related to this author,
and he noted the discrepancy between the version preserved in the Libros del
saber and the translations preserved in Hebrew and Latin, which he could
not explain.!3? Some 50 years later José Maria Millds-Vallicrosa recognised
that Ibn al-Zarqalluh had written two different editions of his treatise on the
‘azafea’, one in 100 chapters, which he called “la redacci6 major”, and a
second version in 61 chapters (“la redaccié menor”), whereby the shorter edi-
tion would describe a simpler version of his instrument.!3* The “redacci6
menor” is the one preserved in the Hebrew and Latin translations,'** both ed-
ited by Millds,'3 who concluded his analysis by assuming that “the universal
plate (“assafea”) expounded in the second redaction [in 61 chapters] is Azar-
quiel’s definitive and authentic one, even though it corresponds to a simpler,
or simplified, type.”!3¢

3L s¢dillot, Mémoire, pp. 183-191, with Latin text on pp. 185-188. This text is not a direct
translation of Ibn al-Zarqalluh’s original treatise, but rather an independent composition based on
it; see Poulle 1970, p. 493.

132" Steinschneider actually thought that the Castilian translation did not represent the original
text, which must have been augmented by paraphrases, interpolations and additions due to later
authors. See Steinschneider 1881-87, pp. 343-349 of vol. 18.

133 Millas 1933, pp. xv—xxvii. Cf. Millds 1943-50, pp. 425-438.

134 The Latin translation was the result of the collaboration of of Jakob ben Makhir ibn Tibbon
(alias Prophatius Judeus) with Johannes of Brescia, as stated in the explicit: “Translatum ...de
arabico in latinum ..., Profatio gentis hebreorum uulgarizante et Johanne Brixiensi in latinum
reducente”, Millds 1933, p. 152. The Hebrew translation is in fact anonymous, but Millds attrib-
uted it to Jakob ben Makhir in view of its textual correspondence with the Latin translation he was
associated with; see Millds 1933, pp. I-1i. Steinschneider was more sceptical: see Steinschneider
1881-87, p. 500 of vol. 16 and p. 357 of vol. 18.

135 Millds 1933, pp. 2-40 (Hebrew), 44—112 (Catalan translation thereof, with notes) and 114—
152 (Latin).

136 Millds 1933, p. xxvii. Cf. Millds 1943-50, p. 437.
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In a series of studies on the shakkaziyya and zargalliyya, Roser Puig has
contributed to the clarification of the morphology of both instruments and
their usage.'3” She also published a treatise in 60 chapters attributed to Ibn
al-Zarqalluh and preserved in three late manuscripts from the Maghrib, which
is simply entitled al-Shakkaziyya.'3® She concluded her analysis by correctly
stating — albeit only at the very end of the commentary — that the shakkaziyya
is essentially the instrument described in the so-called “redaccién menor” (a
hypothesis already formulated 15 years previously by Julio Samsé!3?):

Finally, the characteristics and the use of this azafea shakkaziyya liter-
ally coincide with the one expounded in the shorter redaction edited and
translated by Millds ... From now on, it is hence possible to identify the
treatises on the azafea zargalliyya and the azafea shakkaziyya, respect-
ively, with the longer and shorter redactions of the treatise on the azafea
which have been established by Millas.!40

Puig does not clearly state that the text of the treatise entitled al-Shakkaziyya
is essentially identical to the treatise in 61 chapters whose Hebrew and Latin
translations had been edited by Millds. One reason which might partially ex-
plain this oversight is that the Arabic treatise she edited is not exactly the
original treatise by Ibn al-Zarqalluh. The latter is rather entitled Risala fi ’l-
‘Amal bi-1-saftha al-mushtaraka bi-jami* al-‘urid (“Treatise on the use of the
plate common to all latitudes™) and contains 61 chapters (we shall henceforth
designate it as the Risala). It is extant in relatively many manuscripts, most
of which have been listed in the earlier literature.'*! Tt also contains an in-

137 See Puig 1985, 1986 and 1987a. Specific aspects of the zargalliyya are also examined in
Puig 1989 and 1996. On Ibn al-Zarqalluh’s original Arabic treatise on the zargalliyya, see my
remarks further below.

138 Puig 1986.

139 Puig 1986, p. 25.

140 Puig 1986, p. 79. Her paper on the shakkaziyya published one year previously (Puig 1985)
was much more confusing. Following Millds, she had rather presented the instrument described in
the version in 61 chapters as a zarqgalliyya, albeit in a simplified form. She nevertheless concluded
her essay by contradicting this with the following enigmatic words: “Furthermore, since the
disappearance of the projection on the back is a characteristic of the safiha described by the so-
called simplified treatises, I put forward the hypothesis that the simplified versions are, actually,
treatises on the shakkaziyya.” (Puig 1985, p. 137). The introduction to the edition (Puig 1986)
also leaves the impression that the “redaccién menor” concerns the zargalliyya, and the reader
only learns of the identity between the instruments described in the latter and the shakkaziyya
treatise at the very end of the commentary.

141 T have consulted microfilms of three manuscripts: Leiden UB Warner 993 (= CCO 1070)
(datable ca. 700 H), Cairo DH 40 (45 ff., ca. 900 H) — both attesting the above title — and also
Leiden UB Or. 187B/3 (= CCO 1071) (ff. 63v—82v, copied in ca. 950 H). Other copies are
Oxford St. John’s College 175 and Hamburg Or. 133 (1v-33v). These manuscripts, save the
Cairo one, were listed by Steinschneider (1881-87) and Millds (1933) (the Hamburg manuscript
was unknown to Steinscheider and was first signaled by Wiedemann & Mittelberger 1926-27).
In his notes and in his apparatus of the Hebrew version Millds made frequent references to MS
Leiden UB Warner 993.
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teresting introduction that is, save for the end, identical to the introduction
to the treatise in 100 chapters on the use of the zargalliyya,'*> and in which
the author explains his motivation for inventing a universal instrument. This
introduction, omitted from the original Hebrew and Latin translations, was
however added to the Hebrew translation in the fifteenth century.'*? A Ger-
man translation of the introduction from the original Arabic was published
by E. Wiedemann and T. Mittelberger in the 1920s.!4* The text of the Risala
thus corresponds fextually to the translations published by Millds, a fact he
was perfectly aware of.!4> The text published by Puig is virtually the same
as that of Ibn al-Zarqalluh’s Risala in 61 chapters, with the difference, how-
ever, that it lacks the introduction and that the first chapter has been changed
into an unnumbered fasl, so that the subsequent numeration of the chapters
is reduced by one and reaches 60 instead of 61. The text of this introductory
fasl is virtually identical to the first chapter of the Risala up to the last section
describing the back of the plate, where both texts suddenly become sensibly
different.'® It is thus indisputable that the treatise al-Shakkaziyya edited by
Puig from two late Maghribi manuscripts'4” represents a later recension of
the original work by Ibn al-Zarqalluh, which had a very different title and
contained an introduction of considerable interest, the knowledge of which
has vanished in recent historiography.!4®

The original Arabic treatises on the zarqalliyya

Some clarification concerning Ibn al-Zarqalluh’s treatise on the zargalliyya
also seems appropriate. It is now well-known that the Libros del saber con-

142 Rico y Sinobas 1863-66, III, pp. 149-150.

143 bn al-Zarqalluh’s prologue was translated by Moshe Galino and is preserved in only one
Paris manuscript; see Millds 1933, pp. xlvi and 44. The textual tradition of the Hebrew version
is surrounded by the influence of later Jewish scholars, who might have made interpolations and
additions to the original text. See also n. 145 below.

144 gee Wiedemann & Mittelberger 1926-27, who based their translation on MSS Leiden UB
Warner 993, Leiden UB Or. 187B and Hamburg Or. 133. Recent authors on the topic seem
however completely unaware of even the existence of such an introduction by Ibn al-Zarqalluh.

145 The Hebrew translation presents one trace of contamination from the treatise on the zarga-
lliyya in 100 chapters, but this only concern one passage in the first chapter, which results from a
marginal gloss in the Arabic manuscript used by the Jewish translator. The text of the introduction
— which as we have seen (n. 143 above) is a fifteenth-century addition — also presents at one place
a slight deviation from the Arabic original (of both versions). See Millds 1933, p. 47, n. 2, p. 50,
n. 2, and also pp. xlviii and li-lii.

146 The Shakkaziyya text also omits the calendar scale exactly at the place where the two texts
start diverging; it is later mentioned as if already known to the reader.

147 Ms Rabat Bibliothéque Royale 6667/2 is dated 1214 H and Ms Cairo TR 131/4 (not used
by Puig), 1186 H. Ms Istanbul University Library A-4800 is undated, but judging from photos
(available at the Institut fiir Geschichte der Naturwissenschaften in Frankfurt), it seems to be
posterior to 1000 H.

148 All this would not have happened had Millds published the original Arabic text, to which he
had access, together with its Hebrew and Latin translations.
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tain a Castilian translation of Ibn al-Zarqalluh’s treatise on the zargalliyya,
entitled Libro de la acafeha.'® This consists in fact of two parts: the first
part is a treatise in 4 chapters on the construction of the plate; the second
part in 100 chapters is on its use. Each part has the form of an independent
treatise, and both are preceded by an introduction. In the introduction to the
first part we learn that it is dedicated to al-Mu‘tamid of Seville (reg. 461-
484 H), and this implies it was composed between ca. 471 H and 484 H.!>°
The original Arabic text of this treatise is extant but is still unpublished.!>! Its
original title is Risala fi ‘Amal al-saftha al-mushtaraka li-jami* al-afaq wa-1-
‘amal biha (“Treatise on the construction and use of the plate common to all
horizons”).!>? A translation of the second part (excluding the prologue) based
on one Arabic manuscript and on the Old Castilian translation was published
by Roser Puig in 1987.'3% In earlier publications Puig had claimed that the
first part on the construction is not preserved in Arabic. But in a recent article
she mentioned that it is preserved in the Paris manuscript.'>* In fact, the first
part is also found in the Cairo copy (and perhaps also in the Istanbul copy
recorded by Krause). The original version also includes an undated star table,
omitted in the Castilian translation, which can be dated to ca. 480 H by virtue
of the precessional adjustment of the longitudes, a date consistent with the

149 Rico y Sinobas 1863-66, III, pp. 135-237.

150" This interval is consistent with the precessional adjustment of the star table included in the
original treatise (omitted in the Castilian translation), which suggest a date of ca. 480 H (see also
n. 155 below). At some point in his life Ibn al-Zarqalluh left troubled Toledo for Cérdoba, which
from 471 H [= 1078/9] onward had definitively become under the domination of the ruler of
Seville. The precise date of his exile is uncertain, but it certainly occurred during the reign of al-
Ma’miin’s inept grandson Yahya al-Qadir, who succeeded al-Ma’miin upon in death in 467 H [=
1074/5], since the biographer Ibn al-°Abbar states that Ibn al-Zarqalluh was still active in Toledo
under the rule of al-Qadir (see Millds 1943-50, p. 10). In any event his exile certainly took place
before Toledo was seized by the Christians in 478 H [= 1085]. For Ibn al-Zarqalluh’s biography
see Millds 1943-50, pp. 5-6, 13—15; on his patrons and the related historical events in Toledo
and Cérdova see the articles “Dhu ’1-Niinids” (by D. M. Dunlop) in EI?, II, pp. 242-243 and
“al-Mu‘tamid ibn ‘Abbad, 1. Life” (by E. Lévi-Provencal), VII, pp. 766-767. The only known
dates of Ibn al-Zarqalluh’s Cordoban biography concern his dedicating to al-Mu‘tamid in 474 H
[=1081/2] a treatise on the equatorium (Millds 1943-50, p. 460), his last observations conducted
at the end 480 H [= 1087/8], and finally his death on Friday 8 Dhi ’1-Hijja 493 H [= 12 October
1100, not 15 October as stated by Millds] (ibid., p. 10). Millds mentions (p. 15) that Ibn al-
Zarqalluh conducted observations in Cérdoba prior to 478 H, but does not give any reference to
support this claim.

I51 The extant copies are: Paris 4824 (dated?, complete), Cairo DM 647 (ca. 600 H, complete),
Escorial ar. 962 (undated, perhaps 650 H?, lacking the first part and the prologue of the second
one), and Istanbul Esat 3804/3 (665 H, no title given but apparently complete: see Krause 1933,
p- 526, listed as anonymous). I have consulted the Cairo and Escorial copies.

152 This is the title given in the Cairo copy (f. Ir). I do not have access to the Paris copy at the
moment.

153 Puig 1987a. The manuscript she used was Escorial 4r. 962: this copy only contains the
second part, without the prologue.

154 Puig 1996, p. 747. See the brief description of the Paris manuscript in Millds 1943-50,
p. 429.
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dedication to al-Mu‘tamid.!>>

There also exists in Istanbul a unique copy of a treatise by Ibn al-Zarqalluh
on his zargalliyya,'>® composed in 459 H [= 1066/7] and dedicated to an
unnamed ruler, which can only be al-Ma’miin!!37 According to the Alfonsine
prologue to the Libro de la acafeha, Tbn al-Zarqalluh had indeed dedicated a
first version of his plate to al-Ma’miin. Later he perfected the instrument and
wrote a treatise on its use which he now dedicated to al-Mu‘tamid.!>® On the
title page the title of this treatise is noted (by a somewhat later hand than the
copyist) as follows: Risalat al-Zarqalluh fi ‘amal al-saftha al-mansiba ilayhi
wa-I-‘amal biha (“Treatise of al-Zargalluh on the construction and use of the
plate named after him”).

A preliminary investigation of its contents reveals that this treatise con-
sists of three parts, preceded by a prologue: the first part contains a theoretical
presentation with proofs of the principle and construction of the zargalliyya;
the second part also concerns the construction, but without proofs, and with a
more practical intent. Between these is a star table which purports to be for
the year 459 H'>? and an inverse shadow table (also found in the Libros del
saber, 111, p. 146). The third part in 80 chapters is on the use of the instru-
ment: practically all of its contents are textually reproduced in the treatise in
100 chapters dedicated to al-Mu‘tamid. The latter version is thus obviously
a slight rearrangement and expansion of the earlier version in 80 chapters.
It could well be the ma’miiniyya version of the instrument, mentioned in the
introduction to the Alfonsine translation, whilst the expanded treatise in 100
chapters would correspond to the improved wbbadiyya version.'®® Now, a
quotation of Sa‘id al-Andalusi'®! in an anonymous early fourteenth-century
treatise on migat, reports that Ibn al-Zarqalluh “invented the zarqalliyya [MS:
al-zargalla] and wrote (a treatise in) 100 chapters on its use, around the year
440 H [= 1048/9]”.192 Except for the data concerning the number of chapters,

155 The longitudes are augmented in average by 14’ over an otherwise identical star table dated

459 H, included in Ibn al-Zarqalluh’s treatise on the standard astrolabe and also in several copies
the Toledan Tables (see Kunitzsch 1980, pp. 196-197). Using Ibn al-Zarqalluh’s third precession
model (see Mancha 1998), I found that this increment corresponds to a time span of 21 lunar
years over the first table.

156 Ms Istanbul Aya Sofya 2671, ff. 1r—75r. See Krause 1936, p. 482. It is important to mention
in passing that Hajji Khalifa (Kashf al-zuniin, 1, col. 1441) falsely attributes a treatise on the
zargalliyya to al-Khujandi, who lived in Rayy in the tenth century.

157 This was already noted in King 1979a, p. 253.

158 Rico y Sinobas 186366, III, p. 135.

159" See the edition and comments in Kunitzsch 1980.

160 See Rico y Sinobas 1863-66, III, p. 135 and Millas 1943-50, p. 13.

161 On whom see EI?, VIII, pp. 867-868.

162 King 1979a, p. 252. This quotation has been interpreted to mean that Ibn al-Zargalluh had
dedicated the treatise in 100 chapters to al-Mu‘tamid already in 440 H, when the future ruler
of Seville was only eight or nine years old (Sams6 1994b, p. 10). This is historically impossible
since in those years Ibn al-Zarqalluh enjoyed in Toledo the patronage of al-Ma’mun, whose rivalry
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which might result from a later interpolation, Sa‘id’s information is consistent
with the discussion above. Yet it is certainly too early at this stage to make
any more pronouncements on the history of Ibn al-Zarqalluh’s writings on the
zarqalliyya. The new material available in the Istanbul manuscript deserves
publication and analysis, as do the original Arabic versions of his other two
better-known treatises.

2.6.2 The shakkaziyya plate

The outer rim of the plate is the meridian circle, the vertical diameter repres-
ents the equator, and the horizontal diameter coincides with the line joining
the northern and southern celestial poles. The circles of declination and the
meridians are projected from the vernal or autumnal point onto the plane of
the solstitial colure. In this plane, the ecliptic will project as a straight line,
and it is represented on the plate as a diameter inclined to the equator by the
amount of the obliquity, with its superior extremity in the upper right quad-
rant. The great circles of longitude delimiting the zodiacal signs are also
represented. Finally, a graduated alidade is fitted on the front, which serves
as a movable horizon. Of course the markings on the plate representing the
equatorial coordinate grid can also be considered to represent horizontal or
ecliptical coordinates, and this is an essential feature of the instrument.

The origin of the term shakkaziyya

Since the term shakkaziyya does not appear in Ibn al-Zarqalluh’s original
work, one is led to ask when it originated. Even though it cannot be asso-
ciated directly with Ibn al-Zarqalluh or his treatise, the epithet shakkaziyya,
which serves to identify one type of universal plate in later sources (the first
occurrence is in al-Marrakushi), must have been coined much earlier, perhaps
even during Ibn al-Zarqalluh’s lifetime or by his immediate successors.

Julio Sams6 has shown that the term shakkaz (meaning “tanner, bleacher
of hides”) refers to a quarter of Toledo where people exercising that trade
lived.'®® Andalusi writers on Ibn al-Zarqalluh’s universal plate must have
been confronted with exactly the same problem which has plagued modern
authors for more than a century and a half: how to distinguish the two versions
of Ibn al-Zarqalluh’s instrument. Since one instrument was simply named
zarqalliyya after its author, it was rather natural to find another epithet for the
second instrument. If shakkaz indeed refers to Toledo, this would indicate
that the instrument was invented by Ibn al-Zarqalluh while he lived there,
that is, probably before his ‘exile’ to Cordoba ca. 470 H. Since it is now
certain that the zargalliyya was invented in Toledo before 459 H, could we
perhaps assume that the shakkaziyya — which is a simplification but not really

with the ‘Abbadids of Seville is well documented.
163 Samsé 1972, p. 187.
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F1G. 2.14. Ibn al-Zarqalluh’s shakkaziyya plate

an improvement over the zargalliyya— was also devised in Toledo during the
period ca. 460-470 H?

It has also been suggested that the name shakkaziyya might be a corruption
of shajjariyya, after Abi al-Shajjar, as “Alf ibn Khalaf was also named.!'®* But
Najm al-Din, as we shall see, calls “‘Al1 ibn Khalaf’s instrument the shajja-
riyya, which seems to indicate that both terms existed in parallel.

2.6.3 The zarqalliyya plate

The front of the zargalliyya plate bears a superposition of equatorial and ec-
liptic coordinate grids, equivalent to two sets of universal (shakkaziyya) mark-
ings at an angle equal to the obliquity of the ecliptic (see Fig. 2.15). This
overlapping of two dense networks of curves makes the practical use of the
instrument totally confusing, but it facilitates the conversion of coordinates
between the equatorial and ecliptic reference frames. The zarqalliyya plate
features several important improvements over the simpler shakkaziyya. The
alidade on the front is now fitted with a perpendicular ruler which facilitates
the transposition from one coordinate system to another by a simple rotation
of the alidade. The back is characterised by two major innovations, unre-
lated to the universal stereographic projection, which should be considered

164 See note 178 below.
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F1G. 2.15. Ibn al-Zarqalluh’s zargalliyya plate

as independent devices. An orthogonal projection of the equatorial coordin-
ate system in the plane of the colures occupies three of four quadrants in
the central area: this is the first application of the orthogonal projection —
whose principle had been described by al-Birtini for an astrolabe of the stand-
ard variety — to a universal instrument. In Renaissance Europe the idea was
again applied, although with a different design strictly aimed at timekeeping
with the sun, to the instrument called organum Ptolemcei, probably invented
by Regiomontanus, and later to the astrolabe of Helt and De Rojas.!®> The
morphology, construction and use of this orthogonal projection have been in-
vestigated for the first time in recent years by Roser Puig.'® The back of the
instrument also features a small circle called “circle of the moon™: this is a

165 On the organum Ptolemei, see Zinner 1956, pp. 131-134. The earliest instrument featur-
ing an organum Ptolemeei, an astrolabe made by Regiomontanus in 1462, is described in Focus
Behaim Globus, 11, pp. 586-589, and King & Turner 1994. On the astrolabe of Helt and De
Rojas, see Michel 1976, pp. 20, 103-109, and Maddison 1966. The organum Ptolemcei was until
recently completely neglected in the modern historiography of instrumentation, and its equival-
ence with the astrolabe of Helt and De Rojas is never mentioned! An Iranian astrolabe dated
1094 H [= 1683] with an organum Ptolemcei engraved on one of the plates — unmistakably after
a European model — is briefly described in King 1999, p. 320, where the orthogonal projection
of Ibn al-Zarqalluh is, however, not mentioned (see also ibid., p. 321, n. 134 on an Indo-Iranian
instrument with orthogonal projection). See further King, “Universal Horary Dials”.

166 puig 1987a, 1987b and 1996. Puig traces back the theory underlying Ibn al-Zarqalluh’s
orthogonal projection to writings of al-Birtint; I would nevertheless consider an independent
invention in al-Andalus equally possible.
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simple but clever graphical device for finding lunar distances.'®’

The zargalliyya, although a more refined instrument, had less success
than the shakkaziyya.'®® The Maghribi mathematician Ibn al-Banna® wrote
on its use,'%” and al-Marrakushi composed a recension in 130 chapters of the
original treatise, which he included in his Jami<!7® Ibn al-‘Attar mentioned
the zargalliyya in his survey of quadrants, describing its markings in general
terms after al-Marrakusht; he omitted to explain its construction “because
people of our climate in recent times had no inclination to make it”, and ad-
ded that it is only made in Persia and the Maghrib.!”! Examples made in the
Maghrib are well-documented, but the statement concerning Persia is totally
surprising, for no example of zargalliyya, let alone of shakkaziyya, is attested
on astrolabes of Iranian provenance. There are, however, two spectacular ex-
amples of zargalliyyas made in India.!”?

One final note: I have noticed that in Near Eastern manuscripts from the
Mamluk and Ottoman periods, and in particular in both copies of Najm al-
Din’s treatise, the instrument under discussion is almost constantly spelled

6,1, which indicates that the adjective zargalliyya accompanying the word

al-saftha has become a substantive on its own.!”3

2.6.4 <Al ibn Khalaf’s universal astrolabe

The universal astrolabe of Ali ibn Khalaf!7* is composed of a shakkaziyya
plate representing the horizontal coordinates, with the zenith-nadir axis rep-
resented as the vertical diameter; alternatively this grid is used to represent

167 See Puig 1989.

168 The front of the zargalliyya was described by Guillelmus Anglicus in 1231 (see Poulle
1970, pp. 497-498), but it did not attract any attention thereafter. Poulle claims that Guillelmus
described an instrument he only knew “par oui-dire .. ., sans avoir vu ni instrument arabe, ni texte
dont il n’existait pas encore, en 1231, de traduction occidentale” (ibid., p. 497). I have, however,
some difficulty accepting this, and the question of Guillelmus’ sources definitively deserves fur-
ther investigation.

169 puig 1987c.

170 a]-Marrakushi, Jamic, 11, pp- 293-336 [fann 3, bab 12]; this was not mentioned by Sédillot.
This treatise is also found independently in MS Leipzig Universitétsbibliothek 800 (anonymous):
see Millds 1943-50, pp. 447—448, and King 1979a, p. 253, n. 21. There is also an abridgement
thereof in 26 fasls in MS Paris 2547/10. al-Marrakushi says in his introduction that he has written
another treatise on the use of the zargalliyya “with proof”, which is perhaps extant in MS Istanbul
Hamidiye 874, ff. 59-64 (see Sezgin’s preface to al-Marrakushi, Jami, p. ii).

171 Ms Vatican Borg. 105, f. 6v:18-19.

172 See Sarma 1996, containing a description of a zargalliyya made in Delhi by Diya’ al-Din
in 1091 H [= 1680/1], and measuring 55.5cm in diameter. A second, undated (but later than the
previous one) and anonymous example of an Indian zargalliyya of 92cm in diameter was offered
in auction in 1992 (Christie’s, London, 24 September 1992, lot 119).

173 Cf. King 1979a, p. 248 and p. 255, n. 2.

174 On “Alf ibn Khalaf and the Alfonsine treatise on the lamind universal, see Millds 1943-50,
pp. 438-447.



104 CHAPTER TWO

FI1G. 2.16. “Ali ibn Khalaf’s universal astrolabe (plate and upper half of the
rete — the lower half carries star-pointers only)

ecliptic coordinates.!”> This plate is fitted with a movable rete, half of which
bears various star-pointers. The positions of the star-pointers are defined ac-
cording to the same projection as that of the plate, that is, exactly as on
the shakkaziyya and zargalliyya plates.!”® The other half is composed of a
shakkaziyya grid pierced out in the sheet of metal; this grid represents equat-
orial coordinates, with the poles located on each side of the diameter separat-
ing the two halves (see Fig. 2.16). The universal astrolabe is hence a device
superior to Ibn al-Zarqalluh’s shakkaziyya or zarqalliyya plates, since it can
represent, for any latitude, the celestial configuration with respect to two co-
ordinate grids, instead of just one. This makes it possible to solve any of the
standard problems of spherical astronomy, in particular the time and azimuth
as a function of solar (or stellar) altitude, in a direct way, whereas the same
problems can only be solved approximately (or by successive approximations)
with the shakkaziyya plate.

The version of Najm al-Din

Najm al-Din’s description of ‘Al ibn Khalaf’s astrolabe is the only extant
source in Arabic on this important instrument from eleventh-century al-Anda-

175 On the universal astrolabe of Alf ibn Khalaf, see North 1976, II, pp. 189-190, and Calvo
1990.

176 This is clear from the first chapter of Book 4 on finding the longitude and latitude of the
stars on the rete: see Rico y Sinobas 1863-66, IIL, p. 92. North rather interpreted the star-pointers
as being according to the projection of a standard astrolabe: “The other half of the rete carries
star-pointers in such a way that the plate can be used as a conventional plate of horizons” (North
1976, 11, p. 189). The statement by Puig (1992, p. 69) that “la segunda mitad indica las estrellas
fijas de una manera similar al astrolabio” suggests the same interpretation.
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lus. The original treatise by “Ali ibn Khalaf on the use of his instrument
is preserved only in Castilian translation in the Libros del saber, where the
instrument is called a ldmina universal or orizon universal.'”’ Oddly enough,
Najm al-Din qualifies it a “Byzantine” (rizmi) astrolabe, and he adds that it is
also called al-shajjariyya. The latter epithet refers unequivocally to the person
of “Ali ibn Khalaf, who was also known as Abiu al-Shajjar (or Ibn al-Shajjar),
as David King has demonstrated.!”® Whilst Najm al-Din provides this new
evidence for linking the name Shajjar with “Alr ibn Khalaf, his systematic
parallel use of the terms shakkaziyya and shajjariyya to designate two distinct
instruments renders the hypothesis that the former word might have originated
as a corruption of the latter highly questionable (see above). It seems in fact
more likely to assume that both terms existed in parallel, although one may
have been created as a pun on the other, already existing name.

The problem of the ecliptic belt and star-pointers. While one half of the rete
illustrated in Najm al-Din’s treatise bears the same half-shakkaziyya grid as
on “‘Al1 ibn Khalaf’s original astrolabe, the other half carries, in addition to the
star-pointers, a ‘half myrtle ecliptic’ with double graduation (see Fig. 2.17 and
Plate 5); such an ecliptic is not featured on “Ali ibn Khalaf’s instrument.!”’
This ecliptic belt is in fact almost identical to the one on Ibn al-Sarraj’s univer-
sal astrolabe (see Fig. 2.18): on Najm al-Din’s version it results from folding
the upper half of a myrtle ecliptic belt (see Section 2.3.3) carrying the south-
ern signs, on its lower half, whilst on Ibn al-Sarraj’s astrolabe the arrangement
of the signs result from a 180° rotation of one half to coincide with the other
half.'8 Also, the positions of the star-pointers are defined in the same manner
as on Ibn al-Sarraj’s astrolabe, namely, according to a standard stereographic
projection on the plane of the equator from either the northern or the south-
ern pole (in other words, according to the same projection that defines the

177 1t is important to emphasise that ‘Alf ibn Khalaf’s instrument is more than just a ldmina; it
is rather an astrolabio universal. But this is, of course, modern terminology: in any case, ‘Ali ibn
Khalaf’s dual terminology (perhaps from the Arabic al-saftha al-afagiyya?) strictly refers to the
plate bearing a horizontal coordinate grid, the rete being called “la red de la lamina”.

178 King 1979a, pp. 250-252. The evidence presented by King can be summarised as follows:
(1) In a colophon of a copy of Ibn al-Zarqalluh’s treatise on the zargalliyya in 100 chapters it is
stated (in a later hand, though) that Ibn al-Zarqgalluh made his plate after Abu al-Shajjar had made
his own plate — similar to Ibn al-Zarqgalluh’s first plate — which was provided with a rete. (2) In
the zij of Ibn Ishaq we learn of the existence of one ‘Alf al-Shajjar who conducted observations
in Toledo in 477 H. (3) An anonymous early fourteenth-century Egyptian treatise on timekeeping
quotes Sa‘id al-Andalusi who reports that Abi ’1-Hasan ‘Ali ibn Khalaf ibn Akhyr [= Ahmar
?] known as al-Sh’wy [ s ¢l=.J!] had made a universal astrolabe in 464 H for al-Ma’miin of
Toledo, and that Ibn al-Zarqalluh had invented his zargalliyya around 440 H. Sh’wy is possibly a
corruption of Shajjar [ s s~ < 5 ,\=].

179" Contra King 1979a, p. 246 and Moreno, Van Cleempoel & King 2002.

180 For practical uses, Ibn al-Sarrdj’s arrangement is more convenient, since it preserves the
natural anticlockwise ordering of the signs as on a standard astrolabe.
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ecliptic). Such a configuration bears no relation to the star-pointers on ‘Alt
ibn Khalaf astrolabe.

The question we are immediately led to ask is: where did Najm al-Din
get the idea? A straightforward answer may simply be that he added to “Ali
ibn Khalaf’s instrument the ecliptic belt introduced by Ibn al-Sarraj on his
own version of the universal astrolabe, which he had certainly devised be-
fore Najm al-Din composed his instrument treatise.'8! How, then, to explain
the complete silence of Najm al-Din on the achievements of his contempor-
ary colleague? The fact that the ecliptic belt appears as a standard feature of
Najm al-Din’s shajjariyya raises the suspicion that it could have already been
associated with “Al1 ibn Khalaf’s universal astrolabe long before. Could “Ali
ibn Khalaf himself have added it to his astrolabe at a later stage, not reflec-
ted in the Alfonsine version? Or perhaps was it a modification introduced by
successors? This hypothesis receives considerable weight by considering the
following facts: The rete of the ldmina universal described in an anonym-
ous Latin translation or adaptation (made in London in 1147 AD, probably
by Abraham ben Ezra) of an unknown Arabic treatise, apparently bears an
ecliptic!'8? Is is also of considerable interest that the French astronomer Jean
de Ligneres (early fourteenth century) fitted his saphea with a movable part,
which he called circulus mobilis, characterised by a semicircular frame with a
doubly graduated half-myrtle ecliptic inside, identical to the ecliptic on Ibn al-
Sarraj’s instrument.'®3 Also, a contemporary of Jean de Ligneres and Najm
al-Din, the Moroccan ‘Ali ibn Ibrahim al-Jazzar made in 728 H [= 1327/8]
an astrolabe with the universal plate of Ibn Baso (see next Section) engraved
in the mater (but bounded by the equator), and fitted with a complete myrtle
rete (see p. 73 above).'®* But this instrument may not necessarily be of any

181 Tbn al-Sarraj’s elaborate compound astrolabe preserved in the Benaki Museum, Athens, and
dated 729 H, represents the culmination of a development which must have taken place within at
least one or two decades. Ibn al-Sarraj’s treatise on a simpler version of the astrolabe must have
been well-known to specialists in Egypt and Syria already before the much more complex Benaki
astrolabe was built. On Ibn al-Sarraj’s universal astrolabe, see the overview in King 1987c; an
exhaustive study (King & Charette, Universal Astrolabe) is in preparation.

182 This treatise, preserved in the unique manuscript Oxford, Digby 40, describes in six chapters
the construction of the instrument; see the summary in North 1976, III, pp. 162-164. According
to North, the last chapters describe the construction of “the rete ..., the stars on the rete, and
finally the zodiac” (ibid., p. 162), which indeed seems to imply that the zodiac is on the rete,
although North later explicitly states (p. 164) that the rete described in the text is identical to that
of “All ibn Khalaf.

There is an unstudied Latin text preserved in MS Wolfenbiittel Aug. Qu. 24, which according
to Steinschneider represents an abbreviated version of “Alf ibn Khalaf’s treatise (either based on
the Castilian translation or on an Arabic original different from the one on which the latter is
based). See Steinschneider 1881-85, pp. 583-584 of vol. 20. I am not aware of any mention of
this treatise in the secondary literature since Steinscheider.

183 Poulle 1970, pp. 499-500. This design was also known to some Renaissance astronomers,
including Regiomontanus (by means of an anonymous treatise): see ibid., pp. 506-507.

184 On this instrument, see North 1976, 11, pp- 190, and Calvo 1990, pp. 223-225.
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F1G. 2.17. The rete with half-myrtle ecliptic on Najm al-Din’s version

F1G. 2.18. The rete of Ibn al-Sarraj’s universal astrolabe
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significance in the present context, since it can be explained as an adaptation
of Ibn Baso’s plate, which is not directly related to “Alt ibn Khalaf’s lamind
universal.

2.6.5 Ibn Baso’s universal plate

A further development occurred in Granada two centuries after “Ali ibn Khalaf
and Ibn al-Zarqalluh. Aba “Alt al-Husayn Ibn Baso (d. 716 [= 1316]) devised
a universal plate which is, morphologically, at once an extension of the tradi-
tional plate of horizons and of the shakkaziyya.'>

The universal plate bears the three usual declination circles of a standard
plate in northern projection (Cancer, equator and Capricorn). A set of com-
plete horizons (afdq) is represented on this plate for the full range of latitudes
0-90° (and with their ‘natural’ orientation, as opposed to the ‘plate of hori-
zons’). Also represented are concentric declination circles (madarat), equi-
valent to the projection of altitude circles for a latitude of 90°. The third set
of markings (called gist, “arcs”) corresponds to the projection of small circles
parallel to the meridian, and getting smaller and smaller as they approach the
east and west points. All these markings fill the complete surface of the plate
in the upper half, but in the lower half they are not traced outside the equator.
The result is shown in Fig. 2.19a. When seen ‘sideways’, the horizons and
the ‘arcs’ are equivalent to twice the markings (on both sides) of a plate for
latitude zero, which in turn is also identical — for the region within the equator
— to the meridians and parallels of a universal projection.

Ibn Baso’s universal plate is intended as a supplementary plate for a stand-
ard astrolabe; it is frequently featured on Maghribi astrolabes made until the
eighteenth century, and it is also found on one Moghul astrolabe. 3¢ This plate
serves the solution of all problems of spherical astronomy for all latitudes in
an elegant and very flexible fashion, explained in detail in a lengthy treatise
by Ibn Baso.'%’

Najm al-Din informs us that he discovered this instrument (in fact a slight
variant thereof) independently in the year 723 H [= 1323/4] at Mecca.'® Back
in Cairo, Najm al-Din saw an instrument of brass of maghribi style “attributed
to the shaykh Ibrahim ibn “Alf ibn Baso al-Andalust.!%° He also mentions
that he has obtained a copy of a treatise on the use of Ibn Baso’s plate.

185 On Ibn Baso, see the introduction to Calvo 1993.

186 See Calvo 1993, p. 28.

187 Calvo 1993 contains the edition of Ibn Baso’s treatise with translation and commentary.

188 The text has Bakka, which is an alternative name of Mecca, mentioned in Qur’an III, 90.

189 This name, although it is not found in the bibliographical sources, must refer to a relative
of Abi “Ali al-Husayn ibn Baso, the inventor of the universal plate in question. Three astrolabes
signed Ahmad ibn Husayn ibn Baso and dated between 694 and 709 H are preserved in various
collections (King, Frankfurt Catalogue, Section 1.6).
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Najm al-Din’s universal plate (Ch. 10) is basically the same as that of Ibn
Baso, except that the markings are now oriented vertically (see Fig. 2.19b),
a modification of little practical consequence: it makes the use of the plate
easier when it is considered as an extended shakkaziyya; but when the me-
ridians are used as horizons, they have to be seen sideways. In Ch. 43, Najm
al-Din presents a version of this plate reduced to a quadrant.

2.6.6 Najm al-Din’s method of constructing universal plates

Najm al-Din constructs the markings of a universal projection with the simple
and well-known geometrical method, described with almost the same words
in Chs. 9, 29, 39, 40 and 41.19° At the outset he informs his reader that no
table is necessary in distinction to the construction of astrolabes for specific
latitudes, because of the identity T(¢ =0, = 0,h) = h, which simply means
that on an astrolabic plate for latitude 0°, the angular coordinate (measured
from the east and west points) of the intersection of an altitude circle with
the equator will be given by the argument £ of that altitude circle. For this
reason such a table was left out. This kind of argumentation justifying the
omission of a table compiled from the Jadawil al-Da’ir in trivial cases occurs
frequently in the treatise, and appears to fulfil a purely rhetorical purpose.

The geometrical construction is simple: one lays a ruler on one extremity
of the horizontal diameter and at the graduation on the scale of the opposite
quadrants corresponding to the desired arguments, and marks its intersection
with the vertical diameter, on both sides. The same operation is also made
with the horizontal diameter. The circular arcs passing through each of those
marks and whose extremities are the associated graduations of the outer circle
will represent the parallels (called al-mugantarat in the text, because they
are equivalent to altitude circles for latitude 0°). For the meridians (or “azi-
muths”), one draws circular arcs centred on the horizontal diameter (or its
extension) and passing through both extremities of the horizontal diameter
and through each mark made on this diameter.

In addition, Chs. 39 and 40 include numerical tables that give the distance
from the centre of the plate of each mark to be made on the diameters, and
these are of course equivalent to the radii of declination circles. In Ch. 39 the
radius of the equator is assumed to measure 307, and the radii are given for
each 5° of argument. The table in the following chapter assumes a radius of
the equator of 19;39”, corresponding to a standard astrolabe with outer radius
307. Although the text does not say so, this table is thus designed to assist in
the construction of the plate of Ibn Baso, or of an astrolabe plate for latitude
0°.

190 For a more detailed treatment see Michel 1976, pp. 95-97. An erroneous construction in the
Libros del saber is presented in Samsé 1987.
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(@)

(b)

F1G. 2.19. Ibn Baso’s universal plate (a)
and Najm al-Din’s version thereof (b)
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The construction of Ibn Baso’s plate (Chs. 10, 43) also does not present
any difficulty, since it is equivalent to a shakkaziyya plate whose markings are
extended to the circle of Capricorn: this makes them identical to a standard
plate for latitude zero. The concentric circles, representing altitude circles for
latitude 90°, are also equivalent to declination circles. Their radii are eas-
ily given by the intersections of the meridians (‘azimuths’ in Najm al-Din’s
terminology, corresponding to the horizons on Ibn Baso’s plate) with the east-
west line. These concentric circles are not mentioned in Ch. 10, although they
are illustrated in P.

2.6.7 The quadrant versions of the universal plates

The quadrants versions of universal instruments present no difficulty, as they
display the same markings restricted on one quadrant. al-Marrakushi men-
tions a quadrant version of the zargalliyya that features the orthogonal projec-
tion on the back together with a movable cursor bearing a calendar scale.!'®!
He calls it the “sine face” (al-wajh al-jaybi), but its use is not yet clear.!%?
Najm al-Din discusses only the front of this instrument (Ch. 41). In Ch. 40,
Najm al-Din provides one of the earliest descriptions of the shakkazi quadrant,
an instrument which became suddenly popular in the fourteenth century as an
abstract trigonometric grid, and we shall discuss it further in Section 5.4.1%3
In the introduction to his treatise on the use of this instrument, Taybugha
al-Baklamishi seems to imply that he was its inventor,'** and the Ottoman
bibliographer Hajji Khalifa explicitly credits him with its invention.'®> This
information was repeated by a seventeenth-century Egyptian author, Abi al-
Fath ibn ‘Abd al-Rahman al-Daniishari.'® The attribution is, however, highly
doubtful since Ibn al-Sarraj, who lived several decades before al-Baklamishi,
knew this instrument perfectly well and also devoted a treatise to its use.'”’
Ibn al-Shatir also wrote on a variant of the shakkdzi quadrant before 733 H [=

191 al-Marrakushi, Jami<, 1, pp. 375:12-377:1. Cf. Sédillot, Mémoire, pp. 104—106.

192 See the remarks in King, SATMI, V1la, § 8.3.

193 Here is a list of all Mamluk authors on the shakkazi quadrant — unless otherwise indicated
their treatises are extant; those mentioned by Hajji Khalifa (Kashf al-zuniin, 1, col. 866-870)
are marked with an asterisk: Ibn al-Sarrdj (his treatise on its use is lost, but the instrument is
described in another work, which is extant), Shihab al-Din al-Bakhaniqi, Ibn al-Shatir (only one
treatise on a variant of the instrument is extant, but not those on the shakkazi quadrant), Taybugha
al-Baklamishi (*), ‘Alt ibn Taybugha, al-Wafa’1, al-Tizini, al-Shadhilt (*), and Taqt al-Din, sur-
named Abi Tahir (*).

194 s Princeton Yahuda 373, f. 149v.

195 Hajji Khalifa, Kashf al-zunin, 1, col. 866-867.

196 See Sams6 & Catald 1971, p. 11. There is also a quotation of the corresponding passage of
Hajjt Khalifa in MS Princeton Yahuda 373, f. 149r.

197 Sams6 & Catald 1971 and King 1988, p. 163, did not question Hajji Khalifa’s statement.
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1332/3].19%

Finally we mention the double shakkazi quadrant, which is the quadrant
version of the universal astrolabe, consisting of a standard shakkazr quadrant
over which rotates another shakkazi grid carved out of a metallic or wooden
plate, exactly on the universal astrolabe. Jamal al-Din al-Maridini composed

a treatise on its use.!%?

198 His treatise on the “universal quadrant” al-rub“ al-jami‘, composed before 733 H, describes
a shakkazt quadrant deprived of its meridians: see MS Oxford Bodleian Selden sup. 61/2, ff. 70r—
91v, copied 733 H. In the first part of the same manuscript (f. 64r, dated 773 H), Ibn al-Shatir
says that he has written two treatises on the shakkaziyya.

199 See King 1974.
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HORARY QUADRANTS AND PORTABLE DIALS

Horary quadrants and portable dials of various shapes form a category of in-
struments for which early textual sources are scarce. Only a few short texts de-
scribing such devices, most of them unpublished, are known from the period
ca. 800-1200 AD. I shall mention these texts, as far as they are known to
me, in this chapter. Until now the best account on the morphology and use
of the standard varieties of such instruments remains that of al-Marrakushi.
The richest source of information, however, is undoubtedly found in Najm
al-Din’s treatise, which is remarkable for the number and originality of the
various horary instruments it features, most of them being otherwise unrecor-
ded.

All instruments examined in this chapter bear markings that can be ana-
chronistically characterised as graphs.! On all of them astronomical quan-
tities are represented graphically by means of a procedure which achieves
the transfer of the numerical entries of a previously calculated table on a two-
dimensional surface. The table gives a discrete set of values of a mathematical
function of one or more parameters, and the ‘transfer procedure’ defines the
‘coordinate system’ underlying the graphical representation of that function.
Thus, each column or row of the table provides a series of points of a par-
ticular curve. The resulting markings, together with the scales allowing the
user to enter the values of the arguments of the functions displayed, are often
called ‘nomograms’.” Medieval mathematical instruments deserve to be seen
in the light of the history of nomography.® It is hoped that the framework
which guided the organization of the present chapter will provide the modern
reader with a new and useful way of looking at them.

!' T use this word basically in its modern sense, as a graphical representation of the variation
of a dependent quantity (the function) in terms of independent ones (its parameters), although in
the case of ancient mathematical instruments this representation is by no means restricted to a
Cartesian coordinate system, as sometimes specified in modern definitions of the term.

2 The applied mathematical science of nomography was created in the second half of the
nineteenth century. See d’Ocagne 1899, one of the classical textbooks on the topic. An inspiring
essay on the history of the modern history of graphs and nomograms is Hankins 1999. See also
Hankins & Silverman 1995.

3 An insightful paper on the subject of graphical representations in medieval astronomy is
North 1987.
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Theory of nomograms of two parameters. Suppose function z(x,y) repres-
ents the quantity to be found with a given mathematical instrument when ar-
guments x and y are known. To represent a two-argument function in two
dimensions, we need some kind of ‘contour plot’, that is, a family of curves
representing our function for a regular range of discrete values, as on a to-
pographic map; in this manner we can obtain the value of z (in most cases
through visual interpolation) by somehow feeding in arguments x and y. (In
the simple case of a topographic map we feed in the terrestrial latitude and
longitude as Cartesian coordinates and read off the altitude corresponding to
this location.) An horary quadrant works according to the same principle: it
displays the time (for example the time since sunrise in seasonal hours 7) in
terms of the solar altitude 4 and the solar declination &, for integer values
thereof (for example 7= 1,2,...,6). A geometrical procedure (equivalent to
a ‘coordinate system’) for feeding in both arguments needs to be defined. The
resulting curves are called the hour-lines.

In order to plot the function x3 = F(x1,x,) a table of an inverse function
x1(x3,x7) is required for regular ranges of arguments x3 and x,. Through the
geometrical procedure (or coordinate system) underlying a given instrument,
it is then possible to transfer on it each entry of the table and to join the series
of points with fixed argument x3 (corresponding to one ‘column’ in the table)
as individual curves.

Of course, graphs of quantities depending upon one parameter are also
common on medieval mathematical instruments (for example, the solar alti-
tude at a given time of prayer as a function of solar longitude or declination),
and their representation follows the same procedure as outlined above.

Definitions. At the outset it is necessary to provide some definitions. In
the following the term ‘dial’ will designate any portable instrument for time-
keeping by the sun, the use of which presupposes a knowledge of the solar
longitude, which can be entered on a scale. All instruments featured in this
chapter are thus ‘dials’. The term ‘sundial’ will be applied to any instrument
involving the casting of shadows. Sundials belonging to the category ‘dial’
are usually described as ‘portable sundials’. Fixed sundials, however, are not
‘dials’, since they indicate time without requiring any parameter to be entered
by the user. They will be dealt with in Chapter 4.

I classify dials into three categories, depending on the nature of the quan-
tities represented on them. The first category involves astronomical quantities
expressed in terms of altitudes; the paradigmatic type of such instruments is
the horary quadrant. The second category is that of instruments displaying
shadow lengths, and the third one is that of azimuthal dials, instruments based
only on the azimuthal direction of a shadow. This chapter will follow to the
following scheme:
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1. Dials displaying altitudes.

(a) Horary quadrants: the solar altitude is measured by the operator
and then entered on the instrument. This is the main category of
instrument to be considered in this chapter; they are divided into
two sub-categories, depending on whether

i. the altitude is entered as a natural angular coordinate, or

ii. the altitude is entered in a non-standard way.

(b) Altitude sundials: the solar altitude is automatically ‘entered’ on
the instrument by means of a gnomonic device (stick, hole). There
exist two kinds:

i. two-dimensional: vertical surface oriented in the azimuthal
plane of the sun; a gnomon perpendicular to the surface casts
a shadow which provides the solar altitude.

ii. three-dimensional: ring dial.

2. Dials displaying shadow lengths: these include most types of portable
sundials. There exist two kinds:

(a) two-dimensional: “locust’s leg”, hdfir, and so forth;

(b) three-dimensional: cylindrical and conical dials with movable
gnomons.

3. Azimuthal dials: these are horizontal instruments provided with a gno-
mon, whose markings depend only upon the direction of the shadow.

The first category allows full liberty in the choice of the coordinate system.
In the second and third cases, the use of shadows imposes physical limitations
on the design of the instruments, which as a rule involve either rectangular or
polar coordinates.

In descriptions of dials I shall use the following conventions. Rectangular
coordinates are expressed by x and y, for the horizontal and vertical coordin-
ates; unless otherwise specified, both coordinates are considered as positive
distances from the origin of the coordinate system (usually the centre of the
quadrant). Polar coordinates are noted with the symbols p for the radial dis-
tance and O for the angular coordinate. In this chapter, the expression ‘solar
longitude’ will always mean the distance to the nearest equinox, measured
along the ecliptic, of a point of longitude A; this quantity, A', is defined in the
interval —90° < A’ < 90°. The following table gives the equivalence A + A’

A =90 -60 -30 0 30 60 90
A 270 300/240 330/210 0/180 30/150 60/120 90



116 CHAPTER THREE

Furthermore, the symbol R will represent the radius of a quadrant.

The standard markings on these dials are for the seasonal hours of day, but
the possibilities are much more varied. Medieval astronomers have considered
different functions that could be represented on horary quadrants. al-Biriini
mentions, besides the altitude at the seasonal hours 4{(A’), the altitudes at the
equal hours /¢ (A') and at the beginning and end of the ‘asr prayer (h, and hy)4
al-Marrakusht adds to these the altitude of the sun /, when it stands in the
azimuth of the gibla, or the solar altitude in the prime vertical ho.> Although
Najm al-Din only considers the quantities /] and h,, he describes in Ch. 4
a very refined quadrant on which the functions A7 and h, are represented,
allowing to determine the time since sunrise in equatorial degrees T and the
azimuth a.5

3.1 Altitude dials: horary quadrants and cognate instruments

Horary quadrants are graphical devices for finding the time of day in terms of
the solar longitude and the instantaneous altitude.” The focus here concerns
horary quadrants for a specific latitude. Since it can be best described as a
trigonometric instrument, the universal horary quadrant will be discussed in
Chapter 5 together with the Sine quadrant. The horary quadrant for a specific
latitude, like its universal counterpart, is an invention of early ninth-century
Baghdad. The instrument is first attested in a short anonymous early ninth-
century Abbasid tract that can possibly stem from al-Khwarizmi or his mi-
lieu.® In his treatise on astrolabes al-Biriini discusses the horary quadrant
as an instrument already well-known in his times, either as a component of
the back of astrolabes or as a separate quadrant provided with sights and a
silk thread with plumb bob and movable bead.” Actual examples are, how-
ever, extremely rare: the earliest one is featured on the back of the astrolabe
made by Hamid ibn “Al1 in 343 H [= 954/5],19 and also on the back of the
splendid astrolabe made in 374 H [= 984/5] by the astronomer al-Khujandi.'!

4 al-Birdini, Shadows, pp- 236-238, and idem, Isti‘ab, MS Leiden UB Or. 591, pp. 88-89.

5 al-Marrakushi, Jami, 1, pp. 365:22-366:3,20-25 and table on p. 367. Cf. Viladrich 2000,
p. 288.

6 The possibility of representing the time-arc since sunrise on an horary quadrant is also
mentioned in an anonymous treatise preserved in MS Cairo TM 155/3, on f. 21v. Cf. n. 14 below.

7 On horary quadrants in general, see Drecker 1925, pp. 86-89; Michel 1976, pp. 81-85 (both
based on limited European sources); and for the Islamic tradition Viladrich 2000.

8 The text is preserved in Ms Istanbul Aya Sofya 4830, ff. 196v—197r. This is discussed in
King 1983b, pp. 30-31; the text is edited and translated in Charette & Schmidl, “Khwarizmi”

9 al-Birdini, Isfi'ab, Ms Leiden UB Or. 591, p- 89.

10" See n. 32 on p. 60.

1" See the description in King 1995, pp. 83-89 and the analysis of the quadrant in Stautz 1997,
pp. 50-52.
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Otherwise only two individual horary quadrants are known from before the
Ottoman period, both dating from the thirteenth century.'?

This instrument has been later developed in a wide variety of forms. al-
Marrakushi presents four different types of horary quadrants for specific lat-
itudes, three of them being not previously encountered in the literature.'?
An anonymous tract of uncertain date, presumably of Western Islamic ori-
gin, could represent, albeit in a corrupt form, the source al-Marrakushi relied
upon, since several sentences are almost identical in both texts.!4 al-Marra-
kusht might have freely adapted the original version of this treatise for his
summa, but we cannot exclude the possibility that both texts were independ-
ently derived from a third source. Together with these, Najm al-Din’s treat-
ise represents the only available manuscript source in which this category of
instruments is featured. It is also the richest of them since it describes the
construction of eight different types,!> six of them being completely new.

The horary quadrants of al-Marrakushi were briefly presented by L. A.
Sédillot'® and described in more details by Schmalzl in his essay on Islamic
quadrants.!” Recently Merce Viladrich surveyed all available material and
textual sources concerning horary quadrants designed for specific latitudes,
including Najm al-Din’s treatise. Her study, although useful in general, in-
troduces at several places more confusion than it throws light on the subject;
it is also marred with some serious errors of interpretation and a superficial
classification scheme. '

To construct the hour-lines on an horary quadrant one needs a table of
the function A{(A’); such a table is provided by Najm al-Din in Ch. 80 (see
Table T.14 on p. 310): its entries are for i = 1,2,...,6 and A’ = —90°, —60,

.., 90°, and it also includes values of the quantities s, and #;,.

Generally, the orientation of quadrants described in medieval Arabic sour-
ces corresponds to the upper-left quadrant of a circle. The intersection of the
perpendicular radii delimiting it is called the centre (markaz) of the quadrant.
The horizontal side is the “east line” (khatt al-mashriq), and the vertical one
is designated as usual the ‘meridian line’ (khatt nisf al-nahar). The rim of
the quadrant bears an altitude scale (gaws al-irtifa‘) graduated with 90 divi-

12 They are listed in Viladrich 2000, p. 283; one of them is described in King 1995, pp. 91-93,
the second one is illustrated in the article “Rub®” in EI?, VIII, pp. 574-575, pl. XXXII (by D. A.
King).

13 These are contained in fann 2, gism 4, fasl 2, on the construction of the quadrant: see
al-Marrakushi, Jami*, 1, pp. 365-371; cf. Sédillot, Mémoire, pp. 73-81.

14 Tt is preserved in the unique manuscript Cairo TM 155/3, ff. 19r—21v. Apart from a photo-
copy of the manuscript I have also had access to a typewritten edition of this text by David A.
King. See also Viladrich 2000, pp. 285, 309, 311.

15 Not counting the quadrant presented in Ch. 71, equivalent to the one in Ch. 66.

16 s¢dillot, Mémoire, pp. 73-81.

17" Schmalzl 1929, pp. 118-124.

18 Viladrich 2000.
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sions numbered from the east line to the meridian. Each quadrant should be
provided with sights along the vertical side in order to measure altitudes: this
is never mentioned in the text, since the reader is assumed to be well aware
of such practical details. In most cases a thread (khayt) with movable bead
(muri) is attached at the centre. But on some quadrants the thread is attached
at the beginning or end of the altitude scale, while others even need to be fitted
with two threads.

3.1.1 Horary quadrants with the altitude as the angular coordinate

It is only natural that the 90°-scale delimiting a quadrant, which is system-
atically called the “altitude arc” (gaws al-irtifa<), should serve to feed in the
altitude. Hence the majority of horary quadrants described by al-Marrakushi
and Najm al-Din, and also those of the European tradition, have the property
of displaying the altitude as a natural angular coordinate. On such quadrants,
the time can be determined simultaneously with measuring the altitude, just
by looking at the intersection of the appropriate day-circle (or day-line) with
the thread. Within this category of horary quadrants, what distinguishes one
type from another will be the sole geometrical layout of the markings corres-
ponding to the solar longitude, whose design is arbitrary.

Horary quadrants with radial longitude scales

Textual sources prior to ca. 1200 mention the same type of horary quadrant
for a specific latitude, which I label the ‘classical’ type.!® The two extant
examples from the same period also feature this type.?’ The classical horary
quadrant is characterised by sigmoid curves defined mathematically through
a system of polar coordinates p, 0, where the angle 0 is the instantaneous
altitude & and the radius p is a linear function of the solar longitude A’, which
is fed in on a uniform scale along the radius. A common variant of this makes
use of a declination scale (with p o< §) instead of a longitude one. Both types
of scales can run from summer to winter solstice, or vice versa, with inevitable
consequences for the appearance of the hour-lines.?!

A uniform longitude scale is constructed along one of the sides by dividing
it (or a portion of it) into equally-spaced divisions for regular intervals of the
solar longitude. al-Marrakushi suggests dividing each side of the quadrant
into eight equal parts: these define the radii p; of seven equidistant day-circles,
with p; = iR/8 (1 <i < 7).?? This quadrantis illustrated on Fig. 3.1a. In terms

19" See p. 116, nn. 8 and 9.

20" See p. 116 above for references to the texts and instruments.

21 Various variants of the ‘classical’ horary quadrant (usually displaying equal hours) were
popular in Europe during the period 1300-1700.

22 al-Marrakushi, Jami<, 1, pp. 366:4-22; cf. Sédillot, Mémoire, pp. 73-75; Schmalzl 1929,
p- 121.
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(a) with uniform longitude scale (b) with uniform declination scale

FI1G. 3.1. Two horary quadrants of the classical type

of the solar longitude, these can be expressed as follows:
p(A)y=58—-32A" (with —90°<A'<90° and R=90).

An horary quadrant with radial scale linearly dependent on the declination
can be defined by setting an arbitrary value r for the radius of the innermost
day-circle. The radius of a day-circle of declination § will then be defined as

R+r R-—r

When the sign between both terms is positive, then the outermost day-circle
will correspond to the summer solstice, and if it is negative it will correspond
to the winter solstice. A clever way to define the declination scale would
be to set R = max(h,;) =90 — ¢ + € and r = min(h,,) = 90 — ¢ — €, so that
p(6) =90 — ¢ & J; when the outer day-circle represents summer solstice, the
radii are simply given by the meridian altitude £, (see Fig. 3.1b). We shall
encounter in Section 3.1.2 examples of horary quadrants on which one radial
coordinate is indeed defined by the meridian altitude /,,. Both al-Marrakushit
and Najm al-Din omit any discussion of this type, but the latter proposed an
alternative construction which approximates it extremely well (see below).

A third possibility would be to define the longitude scale according to
stereographic projection. As far as I know, this is not attested on any Islamic
quadrants before the late Safavid period.>> Many late Safavid astrolabes from

0.

23 The best example of a European quadrant using stereographic day-circles is of course the
instrument known as “Gunther’s quadrant”, on which see Bion 1758, pp. 193-197 and Drecker
1925, pp. 88-89.
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Isfahan have in the upper-right quadrant of the back two sets of graphs. The
first one displays curves of the meridian altitude 4,,(8) for a range of latitudes,
and the second one displays curves of the solar altitude in the azimuth of
Mecca h,(0) for various localities. The radii of the day-circles correspond to
a stereographic projection (i.e., p(8) = Rgtan(45° — §/2)). For the graphs
of h,, a southern projection is used (Capricorn is the innermost day-circle),
and for the graphs of A, a northern projection (Cancer is the innermost day-
circle). In this manner one avoids the confusion which would result from a
superposition of similarly-oriented curves.?*

Quadrants with irregular declination scales defined regressively

Instead of proposing the construction of an horary quadrant with a uniform
declination scale following the above scheme, Najm al-Din chose a different
path, which nevertheless led to the same result. The horary quadrant featured
in Ch. 67 has indeed an appearance practically identical to the classical horary
quadrant with uniform decreasing declination scale illustrated in Fig. 3.1b.

Here, the midday hour-line is defined as an exactly circular arc. This leads
to a regressive construction of a longitude scale which is directly dependent
on the circular shape of the midday hour-line. The remaining hour-lines can
then be constructed in terms of this irregular longitude scale, but since their
shape will also be very close to circular arcs, they can conveniently be approx-
imated as such. This horary quadrant is an example of an important aspect
of nomographic developments, where the irregularity of a particular curve is
transferred to the associated scale. Further cases of regressively defined scales
shall follow in this chapter.

Najm al-Din gives the inner radius of the quadrant featured in Ch. 67
(which is of course arbitrary) as r = € and omits to specify the outer radius R;
the illustration, however, suggests that R = 60.2 Since the equinoctial day-arc
is exactly in between, its radius will be given by 602+ £, Once the three day-
arcs of the solstices and equinox are traced, the ruler is put at the centre and
upon the meridian altitude at the solstices and equinox and marks are made on
them, defining three points of the sixth hour-line, which is drawn as a circular
arc passing through them. Then the longitude scale is defined regressively
from the sixth hour-line, as follows (see Fig. 3.2):

Put the ruler at O and upon the meridian altitudes 7, J, K at winter solstice,
equinox and summer solstice, and mark points 7, L and M at the intersection
of the ruler with their respective day-circles. Find the centre N of a circle
passing through /, L and M, and trace a circular arc from / to M. For each
value of the solar longitude A’ to be marked on the radial scale, put the ruler at

24 On these quadrants, see Michel 1976, pp. 78-81 and King 1999, pp. 186-193.

25 Here we have the fortuitous coincidence that the ratio /R = &/60 corresponds almost per-
fectly to the ratio min(h,,)/ max(h,) = (90— ¢ —€)/(90 — ¢ + &) when ¢ = 36° (actually the
equivalence is exact for ¢ = 35.87°). This probably explains the particular choice of r as &.
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FI1G. 3.2. Construction procedure in Ch. 67

O and upon its corresponding meridian altitude H/, , and mark its intersection
with arc /LM. Open the compass to this mark and trace arc T/{SjI which will
represent the appropriate day-circle. Once all day-circles are traced, the hour-
lines 1 to 5 can be constructed without any difficulty: mark for each zodiacal
sign the altitude of each hour on the corresponding day-circle and join the
resulting marks to form regular curves: Najm al-Din suggests joining them as
circular arcs if possible, or pointwise.

The radius of a day-circle of declination d is expressed by a non-trivial
expression:

p(0) = coshy, (—xo + yo tanh,, +

\/(r02 — %02 — y02) sec2 hy + (x0 — Yo tanhm)2 > ,

with A, =90 — ¢ + 8, (x0,y0) are the coordinates of the centre of the circu-
lar arc representing the midday hour-line and ry is its radius.?® Numerical
comparison of the radii resulting from this regressive construction procedure
with those of an authentic declination scale yields the following (we assume
R=060,r=¢and ¢ =36°):

26 T have refrained from reproducing here the monstrous analytical expression for xo and yo,
which can be found numerically. The radius, however, can be more easily expressed in terms of
these as

ro= \/(xo +Rsing)? + (yo—Rcos¢)? .
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F1G. 3.3. Uniform declination scale vs. regressive construction

A —-90°  —60° -30° 0° 30° 60° 90°
p(A) (decl.): 60 57.444 50.701 41.792 32.882 26.140 23.583
p(A) (regr): 60 57.734 51.207 41.792 32327 25.804 23.583

The coincidence is thus excellent, and it simply reflects the fact that the
hour-lines on an horary quadrant with ‘real” declination scale are indeed very
close to being circular arcs. A superposition of the markings of an horary
quadrant with uniform declination scale (dashed) upon those of an horary
quadrant whose scale is constructed regressively (continuous) is shown in
Fig. 3.3.

A variant with increasing scale. A variant of the same instrument, this time
with increasing longitude scale, is presented in Ch. 73. This quadrant is called
‘horary (quadrant) with the equation circles’ (sa‘at dawa’ir al-ta a2

The construction procedure is exactly the same as with Ch. 67, except
for the following differences: the scale is now decreasing: the outermost day-
circle corresponds to summer solstice and the innermost one to winter solstice.
The radius of the innermost circle is defined by the following geometrical
construction: one leg of the compass is placed at the beginning of the altitude
arc, and the other one on its 45° division; this distance is then transfered to
the horizontal side, without moving the first leg; the resulting length of the

27 Viladrich 2000, p. 298, translates this wrongly as “proportional circles”.
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F1G. 3.4. The horary quadrant with “circles of equation”

smallest radius can thus be expressed as

r=R—Chd45°=R—R\/2— V2.

Also, day-circles are traced for each 10° of the solar longitude. The rest of
the construction is exactly as in Ch. 67, and the result is illustrated in Fig. 3.4.
Najm al-Din suggests joining the marks defining the hour-lines “with the com-
pass as circular arcs”: this presumably assumes that only three marks are
made for the solstices and equinox. Although not absolutely accurate, this
approximation of the exact curves would be almost undiscernible on an actual
instrument of modest size (see Fig. 3.4, where the exact curves are continuous
and the circular arcs are dashed).

The name “circles of equation” probably refers to the day-circles: the
slight displacements of the radii that result from imposing a circular shape
on the sixth hour-line present indeed an analogy to the equation or correction
(ta‘dil) applied to planetary mean motions. The following table gives the radii
of a uniform increasing declination scale compared to the above construction
(assuming R = 60 and r = R(1 — chd45°) = 14.078):

A -90° —60° -30° 0° 30° 60° 90°
p(A) (decl.): 14.078 16.664 24.845 37.039 48993 57.173 60
p(A) (regr.):  14.078 17.302 25.804 37.039 48274 56.776 60

We see that the differences are again very slight.
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Similar types of horary quadrants with circular hour-lines (for the equal
hours) are occasionally found on medieval European quadrants or astrolabes.
They are also designed by tracing first a circular arc for the midday hour-line,
which serves to define the solar longitude scale, exactly as Najm al-Din did but
according to a different geometrical design. The earliest examples are three
English brass quadrants made by the same person (two of them dated 1398 and
1399).28 Their construction is far simpler: the midday curve is a semicircle
centred on the vertical side of the quadrant, with a radius of one half the radius
of the quadrant, exactly as the midday hour-line on a standard universal horary
quadrant. The radial declination scale that derives from such a construction is
irregular and bears no direct relationship to Najm al-Din’s model.?° There are
some more examples horary quadrants (from the Renaissance and even later)
designed according to this principle, but with arbitrary layouts for the midday
circular arc.

Two horary quadrants of al-Marrakushi with straight day-lines

The horary quadrant described in Ch. 70 is the only one which Najm al-Din
reproduced from al-Marrakushi without modification.® It is characterised
by straight vertical day-lines going from the altitude scale to the horizontal
side. The extremity of each day-line on the altitude scale coincides with the
meridian altitude corresponding to its declination (h;, = 90 — ¢ + 6). The
parametric expression for the hour-lines can be expressed as

x = Rcos hy,

y=Rcosh, tanh.

The resulting markings are illustrated in Fig. 3.5a and on Plate 7. al-Marra-
kusht also proposed an alternative construction: instead of being vertical, the
day-lines now converge to the point on the horizontal side that is at the base of
the equinoctial day-line.>! This leads to crowding the hour-lines a little more,

28 These quadrants are described in details in Ackermann & Cherry 1999; the authors, however,
do not discuss the horary markings per se.

29 The construction of such horary markings is discussed in Michel 1976, pp. 82-84. On these
English quadrants the radius of a day-circle is given by p(8) = Rsin(90° — ¢ + ). Their maker
only marked the day-circles of the solstices and equinox; he also traced all hour-lines as circular
arcs (which corresponds to Najm al-Din’s suggestion in Ch. 73). On one of the three quadrants a
zodiacal scale and day-circles for each 10° of longitude were added in the late sixteenth century
(Ackermann and Cherry, p. 10).

30" al-Marrakushi, Jami, I, pp. 367:13-368:8; cf. Sédillot, Mémoire, pp. 77-78; Schmalzl 1929,
pp. 121-122.

31 al-Marrakushi, Jami<, T, pp. 369:16-370:19; cf. Sédillot, Mémoire, pp. 73-75; Schmalzl
1929, pp. 123-124.
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and is of little practical or @sthetical advantage (see Fig. 3.5b).3?

For both quadrants al-Marrakushi warns that “the design is unfeasible for
localities whose latitudes are equal to the obliquity, or smaller”.* In fact
the design of these two quadrants is perfectly feasible for subtropical latit-
udes, but it will present irregularities which might have disturbed a medieval
instrument-maker. In such cases most horary quadrants will only display an
irregular pattern for the midday line, and the markings will remain functional.
Other quadrants, however, are by nature impossible to design when ¢ < € or
when ¢ > 90° — ¢ (see further p. 128).

(a) (b)

F1G. 3.5. al-Marrakusht’s two horary quadrants with straigth day-lines

32 This geometrical caprice also makes our parametric equations sensibly more complicated:

R sin hyy, sin ¢ R sin hy, sin ¢ tan h

= d = .
. sin Ay, +tan h (sin ¢ — cos hy,) anc ¥ sin Ay, +tan A (sin ¢ — cos hyy,)

3 ilam anna hadha al-rasm yata‘adhdharu fi ’I-bilad allaft ‘uriiduha mithl al-mayl al-a‘zam

wa-aqall. al-Marrakushi, Jami<, I, pp. 368:7-8, 370:12-13. The same observation is also made
on p. 369:14-15 concerning his third horary quadrant (see pp. 127-128).
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The horary quadrant with the angle

The quadrant featured in Ch. 75 also bears straight day-lines, defined as equi-
distant diagonals running parallel to the chord subtended from the beginning
to the end of the quadrant. The day-line of Cancer corresponds to the chord
of the quadrant, and the day-line of Capricorn meets the sides of the quadrant
at one third of its radius, measured from the centre. Each day-line thus forms
the diagonal of a square with sides of length s(A") = £ (2+1//90).

Najm al-Din’s representation of this instrument is limited to an isosceles
right triangle, the altitude scale of the quadrant being projected onto a diag-
onal scale running along the outermost day-line (see Plate 8). Despite the
triangular design Najm al-Din bestowed upon this instrument, it nevertheless
does qualify as a ‘quadrant’, and it is represented as such in Fig. 3.6. This
instrument is not known from other sources.

The hour-lines can be expressed in terms of these parametric equations:

1
1 +tanh(A/,n)’
tanh(A',n)
1 +tanh(A/,n) "

x(An) = (% A" +40)

y(A',n) = (5 A" +40)

FI1G. 3.6. Najm al-Din’s horary quadrant with the angle
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Two horary quadrant with ‘bi-angular’ coordinates

Horary quadrants of this category are characterised by having a bundle of
straight day-lines radiating from the beginning of the altitude scale. The an-
onymous treatise on horary quadrants already mentioned (p. 117) counts them
within the larger category of “sailed” quadrants (gil 7 or bi-shakl al-qulii), be-
cause their markings are like the sails of a ship. This analogy is judicious for
any quadrant with straight day-lines converging at one point: these include al-
Marrakushi’s fourth horary quadrant described above (see Fig. 3.5b) — which
can also be described in terms of ‘bi-angular’ coordinates — as well as the two
quadrants under discussion (see Figs 3.8 and 3.10).3

On such quadrants it is possible to express the coordinates of a point of
the hour-lines as resulting from the intersection of two straight lines radiating
from A and O, and making angles 8 and  with respect to line AO, where 0 is
some cumbersome function of A’ (see Fig. 3.9). The Cartesian coordinates of
point P can be written as

R d Rtanh
= - ans = .
o 1 +tanh cot Y 1 +tanh cot6

(Note that on a quadrant OAB we shall always define the positive x-axis by
means of radius OA, thus pointing towards the left on our examples.)

al-Marrakusht’s instructions for the construction of the third type can be
summarised as follows (see Fig. 3.7).% On quadrant OAB trace a smaller
quarter of a circle HT with arbitrary radius. Put the ruler on O and on the
meridian altitude at summer solstice D (@ =90° — ¢ + ¢) and mark K on
HT. Put the ruler on O and the meridian altitude at winter solstice C (XE’ =
90° — ¢ — €) and mark M at an arbitrary location, provided it is near the centre
O. Trace segment MK which will be the midday hour-line. To trace a day-line
for longitude A’, put the ruler on the corresponding meridian altitude E and
mark L on MK: line HL will be the desired day-line. The construction of the
hour-lines is as usual. The anonymous treatise presents essentially the same
instructions (without the superfluous ‘small quadrant” HT); the instruction for
determining point M is, however, missing in this text. A universal variant of
this quadrant is also described, with the midday hour-line going from the end
of the quadrant B to some point on line OA, not too far from the centre.

In my reconstruction of the instrument I have — as in the anonymous treat-
ise — neglected al-Marrakush1’s ‘small quadrant’, so that K coincides with D.

34 The anonymous treatise describes the two quadrants of this type that are featured in al-
Marrakushi’s treatise (third and fourth quadrants). But since the standard universal horary quad-
rant (see Section 5.2) is also described as a “sailed” quadrant, it is difficult to understand the
criteria involved.

35 al-Marrakushi, Jami<, 1, pp. 368:9-369:16; cf. Sédillot, Mémoire, pp. 78-80; Schmalzl 1929,
pp. 122-123.



128 CHAPTER THREE
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F1G. 3.7. Construction of al-Marrakushi’s third horary quadrant

Moreover, I have chosen the location of M in such a way that KM forms a
vertical, as in the illustration of Ms Istanbul Topkap1 Ahmet ITI 33433 Given
this simplification it can be shown that angle 0 is given by:

cos(90° — ¢ + &) tanhy,
tan0(h,,) =
an 6 () 1 —cos(90° — ¢ +¢)

This procedure requires that the midday hour-line be straight.” A major
inconvenient feature of this quadrant is that the day-lines for southern de-
clinations are cluttered. al-Marrakushi rightly says that it is not possible to
construct this quadrant when ¢ < £.3% Actually, the construction is only pos-
sible in the range € < ¢ < 90° — ¢, as the reader will easily convince itself.
Let us now examine Najm al-Din’s version.

36 al-Marrakushi, Jami®, I, p- 369.

37 Someone in Renaissance Europe also invented an horary quadrant with straight hour-lines
called quadrans bilimbatus. The radial longitude scale is so designed that the divisions for north-
ern and southern declinations coincide (hence the double scale which gives the name to the quad-
rant): the hour-lines are made of two segments that meet at the equinoctial line. The idea of using
a ‘folded’ scale was later applied on Gunther’s quadrant (see n. 23 above). The first recorded
occurrence of this quadrant is in a manuscript by Jakob Ziegler dated 1500 (see Drecker 1925,
p. 87). Johann Stoeffler described the construction and use of this quadrant in his book on the
astrolabe published in 1524 (see Stoeffler, Elucidatio, ff. 65r—66v). This instrument was also il-
lustrated shortly thereafter (before 1527) by Georg Hartmann in an elegant autograph pergament
manuscript (MS Weimar Landesbibliothek fol. max. 29, f. 65v); on this manuscript see Zinner
1956, p. 359.

38 See the reference in n. 33, on p. 125.
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F1G. 3.8. al-Marrakusht’s third horary quadrant

Najm al-Din’s variant. Najm al-Din presents in Ch. 69 a variant of al-Marra-
kusht’s third horary quadrant, on which the midday hour-line becomes a cir-
cular arc instead of a straight line. This apparently innocuous modification
turns out to be a serious complication: the quadrant becomes “crowded ...,
difficult to draw and of doubtful use”.3 Nevertheless, from the perspective of
‘nomographic recreations’, this quadrant, as many others, is of great interest.

The construction procedure described in the text can be reproduced as
follows (see Fig. 3.9). On quadrant OAB trace the diagonal AB and determine
on OB an arbitrary point C, with the restriction that it be nearer to the centre
than the horizontal projection of E, the meridian altitude of Capricorn, on OB.
Next, find the midpoint D of segment CB. Let E, F' and G be the meridian
altitudes at Capricorn, Aries and Cancer. Find the respective intersections
K, L and M of OFE with AC, OF with AD and AB with OG. The circular
arc KLM passing through these three points will be the midday hour-line.
The remaining day-lines are found in the same manner as on the previous
quadrant.

On the illustration of D and P, point C appears to be chosen to coincide
with one third of the radius (i.e., OC = R/3). I have hence adopted this con-
vention for my reconstruction below. The analytic expression for the angle 0

39 Viladrich 2000, p. 310.
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A o)

F1G. 3.9. Construction of the quadrant in Ch. 69

made by a day-line at A is given by:

o (fxo +yooc\/r§(1 +a?)— (yo+xo a)z)

0 (hy,) = arctan

)

Ret-39—yo @+ Ro2 —  [r3(1+02) — (yo +x0 02)2

where o = tan(hy,), and (xg,yo) are the coordinates of the centre and ry is the
radius of the circular arc defining the midday hour-line.

Because of the resemblance of the markings on this quadrant with a Per-
sian harp (see Fig. 3.10), it is called “horary (quadrant) with the harp” (sa‘ar
al-junk).** The plotting of the hour-lines is not possible for latitudes less than
the obliquity (¢ < €), because in such cases it is not possible to represent the
sixth hour-line as a circular arc, which is a basic condition for constructing
this quadrant.

3.1.2  Horary quadrants on which the altitude is entered in a non-standard
way

With the following categories of quadrants, the instantaneous altitude, instead
of being a natural angular coordinate, is entered as a length found by adjusting
the bead on the thread with respect to a scale.

Inverse polar coordinates

The classical horary quadrant uses polar coordinates with the radius expressed
in terms of the solar longitude and the angular coordinate being the altitude;

40 The Arabic word junk comes from Persian chang. In Steingass’s Persian-English Diction-
ary I notice the charming entry “chang rub‘wash (rub1), a musical instrument in the shape of a
quadrant or astrolabe”.
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FI1G. 3.11. Horary quadrant with inverse polar coordinates
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a quadrant on which the situation is reversed can be imagined, namely, with
the radius expressed in terms of the altitude and the angle expressed in terms
of the longitude: this is exactly the situation defining the horary quadrant
presented in Ch. 72. The hour-lines are represented with coordinates:

p=90—h and O(A)=90—A'/2.4

The day-lines are thus drawn as radial lines joining centre O to each multiple
of 15° on the altitude scale AB. The longitude scale, instead of being marked
on or along arc AB, is traced as a narrow circular band alongside the sixth
hour-line. It is probably the shape of this scale which inspired the designation
“quadrant with the sha'ziyya”.42 The altitude can be entered with the thread
by setting the bead to the appropriate altitude on the nonagesimal scale AO,
numbered from A to O. The result is illustrated in Fig. 3.11.

The horary quadrant with the chord

On this quadrant (Ch. 68) the vertical side OB is divided into six equal parts;
the day-lines are straight lines going from the beginning of the altitude scale
A to each subdivision of line OB (see Fig. 3.12). To construct the hour-lines,
place the compass at A and at each value Q of the altitude of the hours from
the table of 4{(A’) on arc AB (so that arc AQ = h), and transfer this length AQ
on the appropriate day-line AD, and mark it at P. The hour-lines are traced
by joining their respective marks as individual curves (gaws®'). If this is
not possible (presumably for practical reasons), Najm al-Din suggests joining
them through linear segments khutiit™* mugatti‘at™,* or, if both methods
fail, to join them by marking a succession of points in-between (fa-jma‘ha
nugar™*).

The name of the instrument (sd‘at al-watar) no doubt stems from the ob-
servation that the length AP = AQ measures the Chord of the altitude A:

AP = AQ = Chd ZAOQ = Chdh = 2R sin(h/2).

Furthermore, the angle 6(A") = ZOAD made by day-line AD with AO will be

given by:
AT +90°
O(A') =arctan [ ——— ) .
(1) arcan( TR )

41 Tt would be theoretically possible to have p = &, but then the hour-lines would occupy less
than one half of the surface of the quadrant, and the first hour-line would get very close to the
centre. However, at low latitudes (below 30°), this choice of coordinates should be preferred
over a radius of 90 — A, especially when ¢ < € (in which case the midday curve will present an
irregular shape).

42 On the reading and probable interpretation of this word, see my remark on p. 299, n. 1.

43 0ddly enough we are told to do this with the compass, but the text might be corrupt or
lacunary.
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F1G. 3.12. Construction of the quadrant in Ch. 68

The coordinates (x,y) = (OX,0Y) giving the parametric equations for the
hour-lines are:

x=R—2Rsin(h/2) cosO(1)
y=2Rsin(h/2) sin@(1').

The resulting markings are shown in Fig. 3.13. For ¢ < 30° it is not possible
to represent all curves completely within the area of the quadrant.

Quadrants with ‘bi-radial’ coordinates

On the following quadrants, both the altitude and the solar longitude are
entered by means of radial coordinates measured by setting the beads of two
threads.

Two horary quadrants with almost equidistant hour-lines. Najm al-Din’s
treatise features two horary quadrants, each named differently, but with ident-
ical coordinate systems. The first one (Ch. 66) is said to have been invented
by the author in order that the hour-lines be as equally-spaced as possible;
according to Najm al-Din, this feature makes this horary quadrant superior
to other types, on which the fifth and sixth hour-lines are sometimes so close
as to be hardly distinguishable. This new quadrant is hence described as the
“quadrant whose sixth hour-line has the same width as its first one, each of
them having a uniform width” (see Plate 6). As shall be seen, its hour-lines
are indeed almost equidistant.

This quadrant features ‘bi-radial’ coordinates, which we explain with ref-
erence to Fig. 3.14. Two threads are attached at the centre of the quadrant O
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F1G. 3.13. The horary quadrant with the chord

and at the beginning of the altitude scale A. A scale is made along the ho-
rizontal side OA, with 90 equal divisions numbered from O to A. The solar
longitude is entered by setting the bead of the thread attached at O to the
corresponding meridian altitude A, at K on scale OA, and the instantaneous
altitude / is entered by setting the other thread to L on the same scale. The two
threads are then rotated until both beads coincide at P: this position allows one
to read off the hour of day.

The position of any point P on the hour-lines can be expressed by means
of its distance from the centre of the quadrant O and its distance from point
A. If the first distance OP is denoted by p; and the second one AP by p,,

P1 :hm and P2 :90*/’1,

assuming the radius of the quadrant R to be 90. The three day-circles EF, CD
and GH for summer solstice, equinox and winter solstice, are traced accord-
ing to the definition for p;. Also, a circular arc UV centred at A with radius
p2 =90 is traced between the day-circles of the solstices EF' and GH: since
this arc corresponds to 2 = 0° it is called the “horizon”. At midday i = h,,,
so that p; 4+ p» = 90: the midday hour-line will coincide with line LE on the
horizontal radius. The altitude at each hour from one to five can be marked
on the three day-circles, and these marks are joined through circular arcs ap-
proximating the exact curves with near perfection (graphically no difference
is perceptible). It is possible to show — after a few algebraic manipulations
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F1G. 3.14. The ‘bi-radial’ coordinate system in Ch. 66

— that the analytic expression for the hour-lines can be given in rectangular
coordinates as follows:

X(hmyh) = 5% (B2, — h*+2Rh)

R
Yo ) = o \J(QR— 1) —R2) (12, 12).

The sixth hour-line coincides with the horizontal radius of the quadrant. This
quadrant is represented in Fig. 3.15a; in the treatise it is illustrated for a latit-
ude of 30°.

Najm al-Din also mentions in passing an alternative method to draw the
hour-lines: he suggests dividing the portion underneath the zero hour-line of
each day-circle into 6 equal part, and to join these divisions through circular
arcs. The resulting hour-lines are obviously inaccurate; a graphical compar-
ison of the approximate and accurate curves is represented in Fig. 3.15, where
the approximate arcs are dashed.** Furthermore, the illustration of this quad-
rant in both manuscripts is in error, and this error is related to a sentence in
the text which appears to imply that by dividing the outer scale at each 10°,
one would obtain six equidistant divisions for the hours, presumably on the

44 Since the approximate construction is latitude independent, it is of interest to determine the
underlying formula for the time as a function of the altitude and the meridian altitude, and to
compare it with the standard universal formula. The time in seasonal hours 7 underlying Najm
al-Din’s alternative procedure can be expressed as

hZ +180 h— h?

T:6(lfﬁ> where 0:arccos<’"lThm> and Omax:arccos(%>.

Numerical comparison reveals that this hypothetical formula would be far less satisfactory than
the approximation achieved with the standard universal formula. Also, it is acceptable only when

d~e.
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(a) Version of Ch. 66 (b) Variant in Ch. 71

F1G. 3.15. Horary quadrants with (almost) equidistant hour-lines

day-circle of Cancer. Consider the illustration: whereas the day-circles for
Capricorn and Aries are traced with the correct radii for a latitude of 30°, that
for Cancer, whose radius should be %, (A = 90°) = 90° —30° + € = 83;35°, is
missing; or, more exactly, since the hour-lines continue until the outer scale,
the latter is implicitly assumed to coincide with the day-circle of Cancer. But
this can only happen if the latitude equals the obliquity. Now we can see that
the “horizon”, when traced until the outer scale, will meet its 60° division
(because Chd60° = R). One sixth of this arc will indeed corresponds to 10°
of the outer scale: it seems that Najm al-Din wrote his inaccurate instruction
after having made the erroneous drawing.

The quadrant presented in Ch. 71 is identical to that of Ch. 66, with the
single difference that its markings — now for latitude 36° — are rotated 90°
anticlockwise with respect to the latter, so that the “horizon” coincides with
the arc of the quadrant (see Fig. 3.15b). Despite this mathematical identity,
the second version of the quadrant bears a new name: “the quadrant with the

nonagesimal (scale)”.*

45 This quadrant should have such a scale along its vertical side. The scale on the horizontal
side that is featured in the illustrations of both manuscripts is not necessary, but it is numbered in
the wrong direction.
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A further refinement: a quadrant indicating the time since sunrise and the
azimuth.

A further, and quite spectacular, development and refinement of the above
quadrant is introduced very soon in Najm al-Din’s treatise. Ch. 4 features a
quadrant based on exactly the same geometrical design involving a ‘bi-radial’
coordinate system. The instrument bears two families of curves intersecting
each other; they indicate the time since sunrise for each 6° and the azimuth
for each 10°. It is a clever application of the geometrical design underlying
the horary quadrant of Ch. 66 (and also that of Ch. 71, which is equivalent),
using the same ‘bi-radial’ coordinates with radii p; = h,;, and po =90 —h,
where £ is the solar altitude expressed in terms of T and a, for a range of the
solar declination within which these parameters are defined. The quadrant il-
lustrated in the treatise (see Plate 18) is designed for the latitude of 36°. For
latitudes within the range 30°—40° the resulting markings would also be func-
tional and @sthetically pleasing, but for lower of larger latitudes they would
become unbalanced. Because it is provided with azimuth curves, Najm al-Din
also designated his quadrant as al-rub‘ al-musammat.

Based on a purely abstract geometrical construction, this instrument serves
similar purposes as an astrolabic quadrant, a fact which Najm al-Din does not
fail to mention. His motivation for inventing this quadrant was indeed to make
the astrolabic quadrant superfluous. He informs us that he composed an ex-
haustive treatise on its use in 100 chapters, entitled “The candied sugar on the
use of the azimuthal quadrant” (al-sukkar al-munabbat bi-1-‘amal bi-l-rub“ al-
musammat). The legend accompanying the illustrations furthermore tells us
that actual examples of Najm al-Din’s invention had been made out of brass
by Shaykh Muhammad ibn al-Sa’ih, otherwise unknown to us, and sold after
his death.*®

The construction of this instrument necessitates a table of 4(T,8) and
h(a,d), which is included in Ch. 4 (see Plate 9). The legend of the table
says that it was compiled by means of the time-arc table (jadawil al-da’ir).

Tracing the curves for the time-arc and azimuth is a more delicate enter-
prise than those for the hours on the corresponding horary quadrant (Chs. 66
and 71). Nonetheless, these curves can again be approximated without no-
ticeable error as circular arcs joining three points. Though clever in its con-
ception, the table compiled by Najm al-Din omits a few entries which would
have greatly facilitated the construction of the markings. Consider the curves
for the time-arc. For T = 6,12,...,66°, the time-arc is defined for all values
of 8, and Najm al-Din’s table provides the necessary entries of (7T, §) at the

46 That the maker of an instrument of Najm al-Din’s design had already died when the latter
composed his treatise suggests that a long time span had elapsed since its original invention.
This remark also demonstrates that Najm al-Din’s involvement with instrumentation was more
than a purely didactical or recreational endeavour; his inventions were transmitted to others, who
bestowed ‘real life’ on them.
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F1G. 3.16. The “candied sugar” quadrant, displaying curves for the time-arc
and the azimuth

solstices and equinox. For T > D(¢, —¢), the curves are not defined at winter
solstice. Since the half-daylight at winter solstice is (according to Najm al-
Din) 71;39°,%7 the curve for 7 = 72° will intersect the midday line very near
the day-circle for winter solstice. Najm al-Din’s table contains an entry in the
column ‘Capricorn’ with 2(T = 71;39°) = 30;25°, which corresponds to the
meridian altitude at winter solstice; this entry cannot be used directly in the
construction, but it informs the maker that the curve for 7 = 72° will be very
close to the intersection of the day-circle of Capricorn with the midday line.
For T = 78° the table gives the corresponding altitude for Cancer, Aries and
Pisces (the latter is, however, affected by an error which would significantly
compromise the construction). Only two values of A(T') are given for each of

47 The accurate value is in fact 71;30°.
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the remaining curves: for 7 = 84° and 90° it is given for Cancer and Aries,
for T = 96° for Cancer and Taurus, and for 7' = 102° for Cancer and Gemini.
Except in the case of the latter curve, which is very short, the inclusion of
entries for intermediate declinations in Najm al-Din’s table would have facil-
itated their construction. For the curves of T = 78, 84, 96 and 102°, it would
also be helpful to know their intersections with the midday line: for that pur-
pose Najm al-Din’s table could have provided the meridian altitude A, when
D =78, 84,96 and 102°.

The situation with the azimuth curves is similar. For southern azimuths
three entries of /(a) are provided. For a = 0 the table omits the altitude at the
equinox. Only two altitudes are provided for northern azimuths: a third entry
for an intermediate declination would in principle be needed. The table also
includes entries of A, for different values of the ortive amplitude v, in order
to find the intersection of the azimuth curves with the horizon (for a = —20,
-10, 10 and 20°, the case a = 0 being trivial).

The copyists of both manuscripts have not been successful in drawing the
markings of this instrument (see Plate 18 for a facsimile of P:14r). The por-
tion UG of the day-circle for winter solstice HG (see Fig. 3.14) is erroneously
divided into 13 (apparently equal) divisions, defining the extremities of the
curves of time-arc on this day-circle; but a look at Fig. 3.15 reveals that the
curves of T = 6,12,...,66 divide this arc into 12 (unequal) divisions. Like-
wise, the equinoctial day-circle has one division in excess, so that the curve
for T = 96°, instead of that for 7 = 90°, intersects this day-circle at midday.
The resulting markings are inaccurate. The circular arcs approximating the
curves of time-arc ‘switch’ their concavity at T ~ 42.67°; for smaller values
of T the circular arcs are curved towards the bottom, and for larger values of
T they are curved towards the top. For this reason the curve for T = 42° can
be approximated as a straight line.

3.1.3 Altitude sundials

Two “locust’s legs” based upon the solar altitude

From a nomographic point of view, the sundials featured in Chs. 76 and 100
belong to the same category as horary quadrants. Their only particularity is
that the hour-lines are represented on them outside of the altitude scale of the
quadrant instead of inside it. In their functionality, however, they are more
akin to the category of portable sundials called “locust’s legs”, which will be
treated in the next Section. Both varieties of the sundial described by Najm al-
Din use ‘bi-angular’ coordinates as on the horary quadrants mentioned above
on pp. 127-130. The instrument consists of a rectangular vertical plate ABDC,
with a gnomon set perpendicular to the plate at A (see Fig. 3.17). A point P
of an hour-line is defined by the intersection of two straight lines passing
through A and B and making angles /BAP = 0; and /ABP = 6, with respect
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FIG. 3.17. Construction of altitude sundials with ‘bi-angular’ coordinates

to line AB. The altitude scale is traced on the plate as a quarter circle EF
centred at A, with radius small enough that the diagonal BD will not cross
it. A uniform longitude scale is then made along line CD: C will correspond
to winter solstice and D to summer solstice. From each division of the scale
on CD, a day-line is traced from there to point B. When the plate is hanging
vertically towards the sun, the gnomon will cast a shadow on the plate, and
its intersection with the appropriate day-line will indicate the time of day (see
Fig. 3.18 and Plate 10). Given the design of the instrument it is not difficult
to show that the angles 6; and 8, can be expressed as

90+ A’ T
180 R/’

6,=nh and 6, = 90° — arctan (

A universal version of the same instrument is also featured in Ch. 76. In-
stead of dividing line CD according to the solar longitude, the scale is divided
into 90 equal parts corresponding to the meridian altitude 4,,. The hour-lines
can be constructed by means of the entries of ] (h,,) given in Table T.11,
which is based on the standard universal formula. The illustration of this sun-
dial displays a curve for the ‘asr prayer, which can be constructed by means
of the column of %,(h,,) in Table T.11 (see Fig. 3.19). The topic of represent-
ing the ‘asr on various instruments will be considered in its full generality in
Section 3.5 of the present chapter.
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An obvious variant of the instrument, not mentioned in Najm al-Din’s
treatise, would be to replace the gnomon by a plumb-line attached at A, and
to fix a pair of sights along side AD, a modification which demonstrates the
essential equivalence of the instrument under discussion with the horary quad-
rants featured earlier in this section.

A three-dimensional altitude sundial: the ring dial

The ring dial (Ch. 96) consists of a narrow cylindrical ring with horizontal axis
and a hole on its upper half through which the solar rays can penetrate, and
horary markings on its inner surface (see Plate 11). Najm al-Din designates
this instrument as sa‘at al-damlaj, “the bracelet dial”, but we shall use in the
following the standard appellation ‘ring dial’. A schematic three-dimensional
representation of Najm al-Din’s ring dial is shown in Fig. 3.21.

Ring sundials are known in European sources from the late fourteenth
century onward.*® Najm al-Din’s description appears to be the earliest extant
documentation on this instrument.*> The ring dial, designed for a particular
latitude, should not be confused with the astronomical ring dial, which is uni-
versal and of a completely different design. An example of the latter with
Greek inscriptions, datable to the fourth century, has been found in Philippi
and documented for the first time in 1980.°° This instrument was apparently
reinvented in Central Europe, perhaps by Regiomontanus or his milieu, in the
second half of the fifteenth century.!

The construction procedure explained in Ch. 96 can be summarised with
reference to Fig. 3.20. Let ABCD be a circle centred at O representing the ring
seen from one side, A being the top of the ring where the suspensory apparatus
is attached. Counting 30° from A toward D, one obtains the position E of the
hole. The horizontal chord EF is traced, whereas F represents the ‘horizon’,
i.e. the projection of solar rays when the sun is on the horizon. When the sun
is at the zenith, its rays will project vertically onto point K. With the compass
centred at E one draws a quarter circle F'G, G being located on line EK. This
quarter circle should be graduated into 90 equal divisions, numbered from F
to G, in order to correspond to the solar altitude. The day-lines are drawn on
the inner surface of the ring as parallel and equidistant lines going from F to
K: one edge of the ring will correspond to the day-line of winter solstice, the

48 David King has made me aware of a short text on the ring dial (incipit: ad faciendum
anulum), contained in a late fourteenth-century astronomical collection (MS Arras Bibliotheque
municipale 688 [748]: see the brief remarks in King 2001, p. 396). This is the earliest known
description of the ring dial in Europe. Zinner (1956, pp. 120-122) mentions two anonymous
texts on the ring dial from the fifteenth century. A ring dial made by Humphrey Cole ca. 1575 is
described in Ackermann 1998, pp. 44—46.

49 al-Marrakushi’s omission, however, is no proof that it did not exist before 1300.

30" See Gounaris 1980; cf. Schaldach 1997, p. 44.

31 See Zinner 1956, pp. 117-119. An excellent description of the principle of the instrument
is in the sale catalogue of Christie’s, South Kensington, 15 April 1999, lot 43.



HORARY QUADRANTS AND PORTABLE DIALS 143

|-

F1G. 3.20. Construction of the ring dial

other one to summer solstice. To trace the hour-lines one simply lays a ruler
at E and on the altitude scale EF at the altitude of a given hour, for a given
zodiacal sign: the intersection of the ruler with the inner surface of the ring (on
arc FK) will allow to make mark for this hour on the corresponding day-line,
and these marks are finally joined as smooth curves. The three-dimensional
representation in Fig. 3.21 is accompanied at the right by a two-dimensional
representation of the markings, resulting from unrolling the inner surface of
the ring. It is not difficult to demonstrate that for an altitude of h = /FEH,
the corresponding arc F'P on the ring will measure twice that altitude (i.e.,
LFOP =2h). An awareness of this property would have rendered Najm al-
Din’s construction still simpler.

To use this ring dial, one hangs it parallel to the azimuth circle of the sun:
the sun spot will hence fall on the central day-line; for longitudes other than
at the equinoxes, one imagines a line parallel to the width of the ring going
through the sun spot, and looks at the intersection of this imaginary line with
the appropriate day-line.>?

Najm al-Din adds a remark about some people making supplementary
hour-lines on the opposite side (i.e., on arc EDK), with a second hole at F.
The utility of such a construction is not apparent. On European ring dials,
however, two such holes were usually found, since the width of the ring car-
ried day-lines for half of the zodiacal sign (positive or negative declinations):

52 Alternatively, one can design the dial in such a way that time will be indicated directly by
rotating the ring about its vertical axis until the sun spot falls on the appropriate day-line: this,
however, leads to a much more complicated construction of the hour-lines, which was correctly
described by Andreas Schoner in his Gnomonice (Nuremberg, 1562): see Drecker 1925, pp. 90—
91.
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the markings for the other half were made on the opposite side, so that each
hole was used during one half of the year. But this does not seem to be what
Najm al-Din had in mind here.

-90-60-30 0 30 60 90 A
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F1G. 3.21. Najm al-Din’s ring dial
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3.2 Portable sundials displaying shadow lengths

Portable sundials were widespread in Antiquity, as attested through some 20
archaeological findings.>> These instruments, probably because they were so
common and simple, are seldom mentioned in textual sources from the clas-
sical Islamic period (ca. 800-1200), yet there can be little doubt that they were
well known throughout this period. First, there exist a few texts concerning
them, datable to the ninth or tenth centuries.”* Also, al-Marrakushi — the first
author who discussed this category of instruments in detail — presents them as
standard objects, and so does Najm al-Din, who presents a still wider range of
such instruments than his predecessor. Many of Najm al-Din’s instruments,
however, are simple variants of known types.

This section focuses on portable sundials that tell time in terms of a shadow
length, and on which the operator enters the solar longitude or the meridian
altitude corresponding to the current day.>> The next section will be devoted
to universal variants of portable sundials on which the shadow length is ex-
pressed in terms of the midday shadow.

3.2.1 Vertical dials

The “locust’s leg”

The simple sundial called “locust’s leg” (saqg al-jardda — Najm al-Din writes
this constantly as al-sag jarada®) is a vertical rectangular flat board with
straight vertical day-lines and hour-lines for the seasonal hours. It carries a
horizontal gnomon, perpendicular to the board, which either can move freely
within a horizontal groove, or can be fixed within one of several holes, both
possibilities allowing to set the gnomon along the upper edge above the ap-
propriate day-line. When the board is oriented towards the sun the shadow
indicates the time.
There is preserved one example of such a sundial dated 554 H [= 1159/60].%7

53 On antique portable sundials, see Price 1969, Buchner 1971, Schaldach 1997, pp. 40-47,
114-123. Schaldach 1997, p. 46 and Arnaldi & Schaldach 1997, p. 108 list 19 examples.

54 See n. 75 on p. 150 on a treatise preserved in a manuscript in Istanbul containing a descrip-
tion of a conical sundial. Also, MS Istanbul Topkapt Ahmet IIT 3342, f. 74v, which I have not
consulted, is said to concern “a kind of hand-held sundial” (Kennedy, Kunitzsch & Lorch 1999,
p- 148).

55 A modern astronomer’s treatment of such sundials will be found in Mills 1996, which is
virtually ahistorical and completely ignores the Islamic tradition —even though the author proudly
and innocently introduces designs of portable dials that are Islamic in origin.

36 See the remarks on p. 40.

57 1t was made out of brass for Nir al-Din Mahmiid ibn Zanki, successively governor of Aleppo
and Damascus, by one Abi ’1-Faraj “Isa, pupil of al-Qasim ibn Hibatallah al-Asturlabi (the latter
being the son of the celebrated instrument-maker of Baghdad, on whom see p. 89, n. 121). See
the exhaustive description in Casanova 1923, and also that in King 1993c, p. 436, with colour
plate on p. 437.
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The first author to mention this instrument is al-Marrakushi.”® There is fairly
good reason to believe that this kind of dial, together with the closely-related
cylindrical dial (see further below), was known in the Near East in pre-Islamic
and early-Islamic times.” The curious appellation “locust’s leg” seems to be
related to the form of the hour-lines, or, perhaps, more specifically to the area
delimited by the fifth and sixth hour-lines, which indeed recalls the form of
the stretched leg of a locust.®® At least one dial equivalent to the “locust’s leg”
is attested from eighteenth-century Europe.®!

al-Marrakushi presents two variants of this instrument; the first one, with
uniform longitude scale, is for a specific latitude, and the second one, with
meridian altitude scale, is universal.®> These two basic types are presented by
Najm al-Din in Chs. 98 and 64. A variant for a specific latitude that features
a uniform meridian altitude scale (which is of course equivalent to a uniform
declination scale) is also featured in Ch. 97; on this third type the markings
are nevertheless based on the accurate formula. On these instruments the
hour-lines can be expressed in terms of rectangular coordinates.

Uniform longitude scale; for a specific latitude. The rectangular coordinates
of the hour-lines are given by

xee A1 (=90< AT < 90)
yoc Tanhj.

38 See n. 62 below.

59 The famous “ham dial of Portici”, found in Herculaneum and datable to the first century
AD (on this dial see Delambre 1817, II, pp. 514-515; Drecker 1925, pp. 58-59; Schaldach 1997,
pp. 41-42), is essentially equivalent to a “locust’s leg” with fixed gnomon (on which see p. 3.2.1
below). The cylindrical sundial was also known in the Roman empire (see p. 3.2.1). The “board”
(lawh) for the hours mentioned by the encyclopaedist al-Khwarizmi (Mafatih, p. 235) is with
great probability a “locust’s leg”. Cf. King 1999, p. 353.

%0 In a note to his translation of al-Marrakushi, J. J. Sédillot attempted an etymology of the
term: “Ces deux mots signifient littéralement jambe de la sauterelle, dénomination qui parait
avoir quelque analogie avec celle de sauterelle, dont nos ouvriers se servent pour désigner une
espece d’équerre composée de deux regles mobiles, dont chacune a la forme d’une planchette,
qui est celle de I’instrument dont il s’agit ici.” (Sédillot, Traité, p. 440.) Casanova (1923, p. 286),
allured by Sédillot’s remark on this “nom bizarre”, went still further: “Le traducteur fait tres
ingénieusement remarquer qu’aujourd’hui les ouvriers appellent sauterelle 1’équerre composée
de deux planchettes de cuivre mobiles autour de leur point d’attache. Si je ne me trompe, cette
dénomination pittoresque vient de ce que la sauterelle présente un long corps posé presque per-
pendiculairement sur les pattes de derriere également trés longues, d’ou la comparaison avec
I’équerre. Dés lors une partie de cet instrument sera naturellement le corps de la sauterelle,
I’autre en sera la patte ou jambe. De 1a le nom de jambe de sauterelle donné aux plaquettes
rectangulaires des astronomes”. This explanation, however, operating a semantic transfer from a
modern French word to a medieval Arabic expression, cannot be granted any validity.

61 Yjlustrated in Mills 1996, p. 80, and Rohr 1986, p. 141.

62 al-Marrakushi, Jami, I, pp. 236-239 [fann 2, gism 2, fasl 5] and pp. 239-240 [fasl 6];
Sédillot, Traité, pp. 440-445 and 446-449. Cf. Schoy 1923, pp. 54, 55.
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The height of the board is chosen equal to the vertical midday shadow at
summer solstice (see Fig. 3.22a).

Declination scale, for latitude 36°. In this case the coordinates become

Xo< & (—e <6< ¢
y o< Tanh; .

The illustration in the treatise (D:55r) shows the vertical midday shadow at
summer solstice slightly smaller than the board’s height. The scale, which is
labelled between the day-lines “30 [sic: read 30;25], 36, 42, 48, 54, 60, 66,
72,77;35”, is incorrect, since there should be a total of 9 day-lines instead of
10 (see Fig. 3.22b).

Finally, there is a related dial described by al-Marrakushi as occupying
one face of the instrument called the ‘Fazari balance’: it is equivalent with
a vertical “locust’s leg” with uniform longitude scale, combined with a hori-
zontal “locust’s leg” whose movable gnomon is located on the opposite side
of the rectangular plate. Only the hour-lines nearest to their corresponding
gnomon are drawn.?

Universal “locust’s leg”. The universal version bears a meridian altitude
scale, numbered from 0 to 90. The shadows at the hours are based on the
universal approximate formula, and Ch. 64 includes a table compiled for the
purpose of constructing this instrument. The coordinates of the hour-lines are
defined by

xoc hy, (0< hy < 90)
y o< Tankh; .

Najm al-Din suggests that the length of the board correspond to the midday
vertical shadow for 4, = 89°, but this would imply that the board be almost
eight times longer that it is wide. A choice of max(h,,) between 83 and 86
would make more sense. For Fig. 3.23 a length of 120, corresponding to
h,, = 84;17°, has been chosen.

Locust’s leg with fixed gnomon. A drawback of these standard “locust’s
legs” is that their hour-lines are cluttered at winter solstice, making an accur-
ate reading difficult. al-Marrakushi proposed a clever solution to that problem
by describing a further variant on which the gnomon is fixed at the upper-left

63 See al-Marrakushi, Jami<, 1, pp. 245-249; Sédillot, Traité, pp. 458—463; the paraphrase in
Delambre 1819, pp. 521-522, is less clear than the original, and the despicable comments that
follow tell us more about Delambre than medieval instrumentation.
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corner, above the day-line for summer solstice.®* In order to read the time with
this instrument the user must turn the board until the extremity of the shadow
intersects the appropriate day-line.®> The gnomon (of length 12) is fixed at the
upper left corner, above the day-line of Cancer. The distance between each
day-line is taken as equal to the gnomon length, so that the width between the
day-lines for summer and winter solstice is six times the gnomon length (i.e.,
72). To use the sundial one suspends it vertically with the laga attached at
the centre and rotates the board about its vertical axis until the extremity of
the shadow falls exactly on the appropriate day-line.®® This means that for
each day-line, it is as though the shadow would be cast on it by a gnomon of
a different length, given by

() =12\/149(1-2//907  (~90° <A’ <90°).

This sundial is illustrated in Fig. 3.24. al-Marrakushi also describes a univer-
sal version of this instrument.®’

Cylindrical dial with movable gnomon

Only recently has it become apparent that the cylindrical dial was known in
Antiquity: an example, excavated ca. 1900 in Este near Padua, was iden-
tified five years ago as a sundial.®® Such a sundial was also described by
Hermannus Contractus (1013-1054), monk at the Benedictine monastery of
Reichenau, in a short work entitled De horologio viatorum, in which he ex-
plains how to construct the markings by means of a table of solar altitudes
found with an astrolabe.®® The posterior literature on this instrument is also
well documented.”®

The construction of a cylindrical dial (Ch. 106) is absolutely identical to
that of the “locust’s leg”: one makes the same markings on a rectangular sur-
face, wider than high, which is then rolled around the cylinder, hence defining
its delimiting surface (Mantelfliiche).”" al-Marrakushi describes two versions

64 al-Marrakushi, Jami, T, pp. 236-239 and Sédillot, Traité, pp. 440-444 and fig. 74.

65 This is thus equivalent to the ‘ham dial’ of Portici (see p. 146, n. 59). Cf. Delambre 1819,
p. 520.

66 al-Marrakushi, Jami<, II, p. 132:18-21 [part of fann 3, bab 1]; Sédillot, Traité, p. 447; cf.
Delambre 1819, p. 520.

67 al-Marrakushi, Jami<, 1, p. 239; Sédillot, Traité, p. 446.

68 Arnaldi & Schaldach 1997.

9 See Drecker 1925, pp. 84-85; Bergmann 1985, pp. 168—172. This work is transmitted in
the manuscripts along with Hermann’s treatises on the astrolabe De mensura astrolabii and De
utilitatibus astrolabii: on the latter texts see Bergmann 1985, pp. 163-168.

70" See Drecker 1925, p- 85, Zinner 1956, pp. 50-51, 122-125, and Kren 1977.

71 Since the width of this surface corresponds to the circumference of the cylinder, the ratio
width:height should be sufficiently large.
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of this sundial — one for a particular latitude, the other universal’? — which he
calls al-ustuwana (‘the cylinder’). In the title of Ch. 106, however, Najm al-
Din employs the curious expression of a “flat conical dial” (mukhul makhrit
mustahi), but this should be understood as a generic term referring to a ‘cone
with inclination zero’.”> There follows a reference to “columns” (a‘mida),
“small boxes” (ahgdq) and “portable boxes” (al-‘ulab al-naqqala), all of them
with movable gnomons. While the ‘columns’ are simply cylindrical dials, the
‘boxes’ are presumably in the form of cubes, with the markings of a “locust’s
leg” distributed on each four vertical face. It is also conceivable that such
a ‘cubic’ dial carries markings on three vertical faces, each provided with a
longitude scale covering one third of the ecliptic, and each with a movable
gnomon, possibly of different lengths in order to better distinguish the hour-
lines. Najm al-Din’s instructions for constructing the cylindrical dial are more
complete than those for the “locust’s leg” (Chs. 97, 98 and 64), but the idea is
the same.

Conical dial with movable gnomon

The conical sundial (Ch. 90) was usually called mukhula in Arabic because its
shape resembles a container for eye cosmetic (kuhl).”* The earliest mention
of this instrument is in an anonymous short tract, probably from ninth-century
Baghdad, giving instructions for constructing it as though it were a cylindrical
sundial.” al-Birani (Shadows, Ch. 15) gives a geometrical procedure for find-
ing the altitude of a shadow cast on an inclined plane — a problem whose solu-
tion could be applied to the construction of a mukhula, but he does not pursue
the matter any further. He does, however, mention the mukhula on one oc-
casion, without specifying the details of its construction, in his discussion of
the vertical shadow. He says that this shadow (i.e., the tangent function) “is
useful in operations with hours by instruments which are raised up, like the
mukhula and the sawr”.’® The late tenth-century encyclopaedist Abii “Abd
Allah Muhammad al-Khwarizmi lists the mukhula amongst the horary instru-

72 al-Marrakushi, Jami®, pp. 231234 [fann 2, gism 3, fasl 3] and pp. 234-236 [fasl 4]; Sédillot,
Traité, pp. 433437 and 438-440. Cf. Schoy 1923, p. 55, and Delambre 1819, p. 517.

73" Although the first line of this chapter is partly illegible in D, it is possible to reconstruct its
title as follows (free translation): “On the construction of the flat mukhul whose coneness is such
that its head has the same size as its base.”

74 See the article “al-Kuhl” in EI?, V, pp. 356-357.

75 The text, entitled Amal al-mukhula li-I-sa‘at wa-huwa yasluhu li-1-‘umid wa-l-sawt wa-
I-‘akkaza “Construction of the conical sundial, which is (also) suitable for (constructing) the
column, the whip and the stick”, is preserved in MS Istanbul Aya Sofya 4830, f. 192r-v. It is
accompanied by a table of the vertical shadow at each hour, for each zodiacal sign (one column
missing) for latitude 33°. (Cf. King, SATMI, 1, § 4.) The instructions given are indeed suitable for
a cylindrical sundial, as stated in the title, but not for the truncated cone that is referred to in the
text, the diameter of the upper side being five-sixths of the lower one. An edition and translation
of this treatise is included in Charette & Schmidl, “Khwarizmi”

76 a]-Birani, Shadows, p- 99, and p. 44 of the commentary.
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ments.”’

An otherwise unknown thirteenth-century author named Ibn Yahya al-
Siqillt wrote a short and incompetent treatise on the mukhula, which has been
edited by L. Cheikho, translated and analysed by E. Wiedemann and J. Wiir-
schmidt and discussed more recently by J. Livingston.”® al-Siqilli does not
explain the details of the construction.”® al-Marrakushi’s account, however,
provides an accurate construction method. His approach, based on a table of
altitudes at the hours, involves determining graphically the length of shadows
falling on the cone. He describes the construction of a conical sundial (called
makhriit — the term mukhula does not appear in his treatise) for latitude 30°
and a second one “for all inhabitable latitudes” based on the standard universal
formula.®

Najm al-Din proceeds differently, by calculating the distance between the
end of the shadow and the base of the gnomon on the surface of the cone.
The contents of Ch. 90 can be summarised as follows. The conical dial con-
sists of a truncated cone standing vertically, either with its thicker side at the
bottom, sitting on a horizontal surface (called al-makhriit al-qa‘id ‘the seated
cone’), or with the thicker side at the top, this being called a “suspended cone”
(al-makhrit al-mu‘allag) because it is suspended by a thread. These situ-
ations shalled be called ‘upward cone’ and ‘reversed cone’. The inclination
of the cone is defined as half the angle made at the tip of the (non-truncated)
cone (see Fig. 3.25). Najm al-Din gives the following formula for finding this

inclination i:
arcCot <12 u) =90° -1,
z

where r, and r; are the radii of the base and head of the truncated cone, and
z is its height.3! A movable gnomon, perpendicular to the side of the cone, is
attached near the top; on the upward cone enough space should be left above
the gnomon so that a horizontal shadow will actually fall on its surface.??

77 al-Khwarizmi, Mafatih, p. 235.

78 See Cheikho 1907; Wiedemann & Wiirschmidt 1916; Livingston 1972.

79 Wiedemann’s sound commentary gives a reconstruction of the instrument together with a
computation of an appropriate numerical table. Livingston’s paper presents interesting remarks
about the relationship between al-Siqill’s treatise on the mukhula and a second treatise in the
same Beirut manuscript, on the distance earth-sun by “Abbas al-Sa“id, about whom nothing is
known. Otherwise Livingston does not add anything new to the matter: the well-known ana-
lemma construction he proposes for finding the altitudes at the hours is unrelated to the conical
dial itself; also, his graphical determination of the shadow lengths falling on the inclined cone is
equivalent to al-Marrakusht’s procedure.

80 al-Marrakushi, Jami, 1, pp. 241-245 [fann 2, gism 2, fasls 7 and 8]; Sédillot, Traité, pp. 450—
456; cf. Delambre 1819, pp. 520-521 (the formula given by Delambre is not mentioned by al-
Marrakushi).

81 The reader is actually asked to assume z = 12 and to measure r, and r; in terms of this scale.

82 This orientation of the gnomon — although not clearly mentioned in the text — is implicit
from the calculations.
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F1G. 3.25. Principle of the conical dial

The distance between the ‘horizon’ (i.e., the projection of horizontal shadows
on the cone) and the base of the gnomon (markaz al-shakhs) is given by the
(horizontal) shadow of the complement of the cone’s declination (or more
simply Tani). The length of the gnomon g in relation to the size of the cone
has to be such that the midday shadow at summer solstice will intercept the
base of the cone. This means that the side of an ‘upward’ cone has a length
equal to the sum of Tani and the maximal shadow; on reversed cones this
length is the maximal shadow. The gnomon length will correspond to 12
units of that scale. The day-lines are drawn exactly as on the cylindrical dial.

The next step is to calculate the distance o(h) between the base of the
gnomon and the extremity of a shadow. First assume that the cone is upward
(i.e., i >0). Calculate the quantity 90° + 1 — i (i.e., 90° — h+i). If this quantity
is smaller than 90°, take its horizontal shadow, which will give the distance
sought for underneath the gnomon. If the quantity is larger than 90°, subtract
it from 180° (which yields 90° + h — i), and the horizontal shadow of the result
will be the distance sought for above the gnomon. This is equivalent to the
following formula:

o (h) = Cot(90° — h+i) if h > i (shadow falling underneath the gnomon),
| Cot(90° +h—1i) if h <i(shadow falling above the gnomon).

If the cone is reversed (i < 0) the shadow will always fall below the gnomon.
In this case the above distance is given by Cot(90° —h —i). If i > h, then
it is not possible for the shadow to fall on the cone.®3 Najm al-Din finally

83 The choice of a gnomon perpendicular to the side makes the formula slightly simpler that
if it were horizontal, in which case we would have ¢ = g sinh/cos(h —i). The latter situation,
however, has the advantage that one does not need to determine the direction of the shadow.
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gnomon

F1G. 3.26. Rolled out surface of an upward conical dial (¢ = 36° and
i = 25°); the dashed circle indicates where the gnomon should be inserted

mentions the possibility of representing altitude circles on the cone.?*

3.2.2 Horizontal dials using polar coordinates

These sundials are circular horizontal plates on which the shadow length is
represented in polar coordinates. A vertical gnomon stands at the centre,
from which straight day-lines are radiating. The earliest known description
of a sundial of this type is contained in ‘Abd al-Rahman al-Suft’s (fl. tenth
century) treatise in ca. 400 chapters on the use of the astrolabe,®> he describes
how to construct a “plate with hour-lines resembling a lemon” by means of
an astrolabe.8® On this circular plate the zodiacal signs are represented as
twelve radii going from the centre of the plate (where the gnomon stands)
to equidistant division of the circumference, beginning with Capricorn at the
top and displayed anticlockwise. It bears six curves for the seasonal hours.

On inclined plane sundials, gnomons are likewise perpendicular to the plane of the sundial (see
Section 4.3.4).

84 Instead of simply saying that their construction is obvious, the text repeats the above formula
for o(h), but for an upward cone it gives only the procedure for a shadow falling above the
gnomon.

85 This treatise is entitled Kitab al-‘Amal bi-l-asturlab. al-Safi composed at least three treatises
(or recensions thereof) on the use of the astrolabe: see Kunitzsch 1990, pp. 153-155.

86 The construction is described in bab 361, entitled fi ma‘rifat ‘amal safthatin tujCu sa‘atuha
mithl atrujatin min al-asturlab idha kana al-zill ma‘miilan ‘ald al-asturlab (“On the construction,
by means of an astrolabe, of a plate whose hour(-lines) are set up in the form of a lemon, when
the shadow (scale) is marked on the (back of the) astrolabe”). The next bab (362) is devoted to
its use. I have consulted al-Suf1, Kitaban (Text 1 = MS Istanbul Topkapt Ahmet III 3509/1, 676
H, ff. 1r-261r), pp. 460-469 (construction) and pp. 469-470 (use).
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F1G. 3.27. al-Safr’s ‘lemon’ dial

The very schematic representation of the hour-lines in the Topkap1 manu-
script gives a very distorted picture of the actual curves.®” al-SGft explains
how to find the shadow lengths for each hour and each zodiacal sign with the
astrolabe by means of a combined use of the hour-lines on the front (yielding
the altitude of each hours at a specific latitude) and the shadow square on the
back. al-SufT calls this “the plate whose hour-lines are set up in the form of a
lemon”. The hour-lines are thus represented in polar coordinates, with

p =uj = Coth; and 6=2.88

To use this sundial one needs to align the gnomon and the appropriate degree
of the ecliptic towards the sun.

al-Marrakushi describes a similar sundial called al-hdfir ‘the hoof’, be-
cause of the shape of the hour-lines, especially that for midday.?® On this
sundial the centre of the circular longitude scale, instead of coinciding with
the gnomon, is located on the diameter which joins the solstices, midway
between the shortest and longest shadows at the first hour. The construction
procedure is as follows. Determine these shortest and longest shadows as
r1 = Cothj(6 =€) and r, = Coth} (6 = —¢), and find r = (r; +r»)/2. Trace

87 Ibid., p. 469.
8 On al-Sifi’s plate the angular coordinate is measured anticlockwise.
89 al-Marrakushi, Jami®, I, pp. 225-229 [fann 2, gism 2, fasl 1]; Sédillot, Traité, pp. 423-430.



HORARY QUADRANTS AND PORTABLE DIALS 155

F1G. 3.28. al-Marrakusht’s hafir

a circle of radius r, and divide its circumference into twelve equal divisions.
Open the compass to | and place one leg on the upper extremity of the ver-
tical diameter: the intersection of the other leg with the diameter will give the
position of the gnomon. From this point trace straight lines radiating to each
of the twelve divisions of the circle: these will be the day-lines, according to
the configuration illustrated in Fig. 3.28.%°

Given this geometrical construction of the day-lines, it can be shown that
the hour-lines are expressed in polar coordinates with p = u} and

r r+rsin7L>

rcosi

9(1) = arctan (

In the older literature on the subject the hafir was misunderstood as if its
longitude scale were uniform (i.e., 8 = 1), as on al-Safi’s plate.”!

Because of the symmetry u} (A1) = uj(180° — 1), the display can be restric-
ted to the range of arguments —90° < A’ < 90°, by using a double scale. This

% In the manuscript the instrument is shown with the summer solstice below the centre; but
since the sundial has no particular orientation, this detail is irrelevant.

' This misinterpretation first occurs in Delambre 1819, p. 516; Schoy 1913, pp. 13-17 re-
peated Delambre’s error, as well as Wedemeyer 1916 (based on Schoy), and again Schoy 1923,
pp. 57-58. Schoy 1913 contains an incorrect mathematical analysis of the hour-lines, which was
corrected by Wedemeyer, whose presentation is, however, of no historical interest. I am not aware
of any mention of the instrument hdfir in the subsequent literature, with the exception of King
1999, p. 299.
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gnomon

F1G. 3.29. al-Marrakushrt’s halaziin

is the configuration adopted for the instrument which al-Marrakushi calls al-
halaziin ‘the snail’.%% al-Marrakushi does not describe the instrument beyond
referring his reader to the accompanying illustration, from which it is clear
that he defines the angular coordinate as @ = 2A’. The form of the hour-lines
is indeed suggestive of a snail (see Fig. 3.29).

The horizontal circular dial featured in Ch. 86, erroneously called hdafir
by Najm al-Din,”? is in fact a universal variant of the halaziin, with meridian
altitude scale along its circumference; only three curves are represented on it:
that for the zuhr, i.e., midday, and those for the beginning and end of the ‘asr
prayer. The equation of these curves, in polar coordinates, will be given by:

Pm = 12coth, = 12cotf/4 (0<0 <2m),
Pa = 12coth, = 12+ 12coth,, = 124 12cot0 /4,
pp = 12cothy, =24+ 12coth,, =24+ 12cotb /4.

Note that radius of the plate is limited to 60 units (with gnomon length 12);
also the meridian altitude scale is numbered anticlockwise. On Fig. 3.30 I
have added to the above three curves also those of the seasonal hours (dashed).

92 al-Marrakushi, Jami, I, pp. 229-230; Sédillot, Traité, p. 430.

93 Compare the following statement by al-Marrakushi: “Some people call the halaziin a hafir,
which is incorrect. It is called hafir because its shape resembles a hoof, while the halazin is
different.” al-Marrakushi, Jami<, 1, p. 230:2-3; Sédillot, Traité, p. 430.
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90

gnvon

F1G. 3.30. Najm al-Din’s universal halaziin (with hour-lines 1-5 added)

45

In Ch. 63 a similar universal dial is described, this time with curves for the
seasonal hours and the beginning of the ‘asr. On the illustration the graph is
limited to a quadrant, with the angular coordinate 6 = h,,. Najm al-Din notes
that a representation on a whole circle is also usual: this is equivalent to the
dial featured in Ch. 86. There is a problem with the scale on the illustration
of Ch. 63 in both manuscripts, and only hour-lines 2—6 have been traced. On
Fig. 3.31 the same scale as in Fig. 3.30 has been chosen (namely, radius 60 and
gnomon length 12), so that all hour-lines can be represented on the quadrant.

Najm al-Din’s hafir dial with circular “asr curve
The hafir with the zuhr and ‘asr presented in Ch. 88 provides another example
of a scale defined in reverse from the particular shape assigned to an otherwise
irregular curve. In this case, the usually ‘hoof-shaped’ curve for the ‘asr is
drawn as a perfect circle, with eccentric gnomon.

The construction can be explained with reference to Fig. 3.32. Draw a
circle centred at O with vertical diameter AB, which should measure the sum
of the ‘asr shadows at both solstices; with a gnomon of length 12, this gives:

AB = (Cotmin(hy) + Cotmax(h,)) = 12 (2+cot(¢p —€)+cot(¢p +¢)) .

Find C on line AB so that AC measures the ‘asr shadow at winter solstice
(so that CB will measure the same quantity at summer solstice). With the
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F1G. 3.32. Construction  FIG. 3.33. The hafir with circular ‘asr curve
procedure in Ch. 88
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compass at C open it to the ‘asr shadow at each zodiacal sign, and mark point
L on the outer circle; trace line CL, which will represent the corresponding
day-line. Once all zodiacal lines are traced, open the compass to the gnomon
length. Put one leg on the intersection of each zodiacal line with the outer
circle and the other one where it meets the corresponding zodiacal line, and
find point M on line CL so that LM = 12. Do this for all signs and join
these marks. The resulting figure will not be a circle, despite the misleading
announcement in the title of Ch. 88. But the last sentence lets us realise that
Najm al-Din had some doubts about the possibility of tracing the curve of the
midday shadow as a complete circle, because he also leaves open the option
of tracing it ‘pointwise’. However, the figure in the manuscript has this curve
drawn as a circle. The correct graph is shown in Fig. 3.33.

The angular function underlying the longitude scale, instead of being a
linear function of the longitude as on the standard hdfir, is now given by:

riry — (124 12 cothy,(1))? }
(r; —r1) (124 12 cothy, (1)) | 7

6(A) = arcsin {

where
r=AC=12+12cot(¢+¢€) and r,=CB=12+12cot(§ —¢).

On the above diagram the thick lines correspond to those drawn in the manu-
script. Most angles for the zodiacal signs are incorrect in the illustration, and
in one case the symmetry with respect to the vertical axis is not respected.

The hafir and halaziin in Renaissance Europe and Safavid Persia

Several dials from late sixteenth-century Prague (and possibly also Nurem-
berg) are identical in conception to the Islamic dials described above; of
course they display the equal hours instead of the seasonal ones. A hori-
zontal ‘hdafir’ dated 1587 is preserved in the Germanisches Nationalmuseum
in Nuremberg;’* since its angular coordinate is @ = A, it is thus equivalent
to al-Sufr’s horizontal dial. Four types of vertical dials signed by Erasmus
Habermel (instrument-maker at the court of Rudolf II in Prague, d. 1606)
also feature polar coordinates.The first type is equivalent to al-Suf1’s dial (with
p = Tanh¢ and 6 = 1),% and the second one to al-Marrakush’s halaziin (with

94 Tnv. no. WI 1805; square plate 135x 135 mm, unsigned. See Zinner 1956, p. 334 (where the
remark “Der Schattenstab steht zugleich im Brennpunkt der Kegelschnitte der Stundenkurven” is
meaningless). Photos of this dial are in the Ernst-Zinner-Archiv of the Institut fiir Geschichte der
Naturwissenschaften, Frankfurt am Main.

9 Four examples of the first type signed by or attributable to Habermel are known to me:
Vienna, Kunsthistorisches Museum, inv. no. 726, signed, dated 1586 (see Zinner 1956, p. 333
and Tafel 38b), and a second one, undated, inv. no. 737 (Zinner 1956, p. 333 — photograph in the
Ernst-Zinner-Archiv); Frankfurt, Historisches Museum, inv. no. X 852, signed, dated 1589 (see
Glasemann 1999, pp. 107-108, no. 57). Nuremberg, Germanisches Nationalmuseum, inv. no. WI
1809 (Zinner 1956, p. 333 — photograph in the Ernst-Zinner-Archiv).
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p =Tanh{ and 0 = 22).%6 Another dial of the first type, anonymous and prob-
ably earlier than Habermel’s productions by some decades, is also preserved
in Nuremberg.?” On this dial the midday curve is traced as a perfect circle,
thus defining the longitude scale in reverse (compare Najm al-Din’s hdfir with
circular ‘asr curve described above). On the third type the gnomon stands at
the circumference of the circular dial, whose radius corresponds to the mid-
day vertical shadow at summer solstice. The hour-lines are thus represented
by the coordinates p = Tan(90° — ¢ + &) — Tan(k¢) and 6 = A.%® The fourth
type is equivalent to the latter, with @ = 24 as on the second type.”

A vertical sundial identical to Habermel’s first type (but for seasonal hours)
was devised by the Safavid scientist Qasim ‘Ali Qayini'® (f. Isfahan, ca.
1685), and bore the name lawh al-anwar.'0V Tt is possible that Qasim took
inspiration from European dials which European traders and travellers might
have brought to Isfahan.

3.3 Universal sundials based on the midday shadow

The universal sundials described so far bear a meridian altitude scale; in other
words, their construction is based on a table of the horizontal or vertical

9 At least two examples of the second type are recorded: the first one, formerly in the col-
lection of Henri Michel, Brussels (see Zinner 1956, p. 333), is now probably in the Museum for
History of Science in Oxford; the second one is in Frankfurt, Historisches Museum, inv. no. X
854, undated (see Glasemann 1999, pp. 108-109, no. 58).

97 Germanisches Nationalmuseum, inv. no. WI 24 (see Focus Behaim Globus, 11, pp. 613-614)
— the underlying latitude is ca. 49°20'.

98 The earliest example of this type is signed by Gerhard Emmoser and dated 1571; it is pre-
served in Nuremberg, Germanisches Nationalmuseum, inv. no. WI 1803 (see Zinner 1956, p. 304
and Tafel 38a); Examples signed by or attributable to Habermel are the following: Frankfurt,
Historisches Museum, inv. no. X 853, signed, undated (see Glasemann 1999, pp. 109-110, no.
59); Prague, Technical Museum inv. no. 142, unsigned, undated, made for Franciscus de Paduanis
(see Zinner 1956, p. 336 — photograph in the Ernst-Zinner-Archiv); Utrecht University Museum,
inv. no. UM 302, unsigned, undated, with different coat of arms than on the previous dial (see
van Cittert 1954, p. 21 and plate XIV; the instrument is unhappily described in this catalogue as
an “astrological disc”, and the curves are mistakenly thought to be for hour conversions). Zinner
also lists an example in Traunstein, Sammlung Ehrensperger no. 14, unsigned, undated, “Wahr-
scheinlich in Habermels Werkstatt entstanden” (Zinner 1956, 13th item on p. 345 — photograph
in the Ernst-Zinner-Archiv). NB: The Prague and Utrecht dials display curves for the equal and
seasonal hours (the latter being dashed).

9 Only one dial of this type is known; it is preserved in Munich, Historisches Museum, inv.
no. 1693, unsigned, undated (not listed in Zinner 1956 — photograph in the Ernst-Zinner-Archiv);
on this piece the labelling of the zodiacal signs on the outer scale is incorrect.

100 On this individual, see King 1999, pp. 264, 266-268.

101 Qasim ‘Alf’s treatise in 14 chapters on the construction and use of this instrument, entitled
Matla‘a dar ma‘rifat-i awqat-i salat va samt-i gibla va sa‘at va daqayiq zamani va ghayr dhalika,
is preserved in MS Tehran Majlis 6266/5, pp. 57-93; the dial is illustrated on p. 61. Compare the
remark in King 1999, p. 299.
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shadows computed with the standard universal formula, i.e., with entries of
Coth!(hy,) or Tanh{(h,,). This Section considers universal sundials that bear
a scale of the midday shadow. The horizontal and vertical shadows at mid-
day are given by u,, = Coth,, and v,, = Tanh,,. From the universal formula
hi(hy) a formula for the function u](u,,) can be derived. Using the trigono-
metric identities

cot(arcsinx) =/ 1—x*/x  and sin(arccoty) = 1/y/1+y?,

we find

hi = arcsin{sin(15i°) sinh,,}
= arcsin {sin(15:°) sin(arccot(u,,/12))}

. sin(15°)
=arcsin{ ————=——» ,
1+ (um/12)?

so that the horizontal shadow at the seasonal hours is given in terms of the
midday shadow by

in(15:°
u; (up) = Cothi = 12cot { arcsin __sin(157%) 3.1
VI + (tm/12)?
__ . sin® (15i°) umz_ 122+ u2, 124wy oy
sin(15i°) 1+ ( um/12 12 sin?(15i°)
3.2)

The formula for v(vy,) is easily found by substituting in the above u and u,y,
by v/144 and v,,/144.

3.3.1 Universal halazin

al-Marrakushi presents a version of his halaziin with angular coordinate 6 o<
.92 He divides the circumference of an imaginary circle into 37 equal
parts, for u,, = 0,1,...,36. This configuration leads to the following polar

coordinates:

27 (um+1)

0=—"%

and p = ui(um) 0 <uy, <36),

hence the polar equation of the hour-lines becomes:

1224 (38 -1)°
( )7122 (2r/37<6<2m).

p(6)= sin?(15i°)
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FIG. 3.34. al-Marrakushi’s halaziin in terms of the midday shadow (the
outermost curve is for the first hour, the innermost one for midday, the
dashed one for the ‘asr)
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When i = 6, this simplifies to

376

=——1
2n

p(0)

)

103

which is an Archimedean spiral."”” The instrument is illustrated in Fig. 3.34.

3.3.2 Universal rectangular sundials on the Fazari balance

The multi-purpose ‘ruler’ called the “Fazari balance” (al-mizan al-Fazari)
consists of a rectangular parallelepiped with various tables, sundials and
graphs drawn on its four rectangular faces.!®* Here we shall only concern
ourselves with al-Marrakushi’s and Najm al-Din’s universal sundials based
on the midday shadow which are intended to be displayed on one of the faces
of this instrument. An elegant nomogram is displayed on the third face of
the Fazari balance described by al-Marrakushi. It combines adjacent plots in
Cartesian coordinates of the functions u! (i), vi(u,) and v (v,,), all within
the range 0 < u,, < 12 and 0 < v,,, < 12.19 This principle of this nomogram
should be obvious by considering Fig. 3.35.

al-Marrakushi also mentions in passing the possibility of marking the first
face of the Fazari balance with a double universal sundial of the “locust’s
leg” type. The width of the dial is divided into 36 equal parts, and forms a
midday shadow scale. The dial is provided with two gnomons, one at each
extremity of the dial, and movable along its width. It is intended to be used
as a horizontal “locust’s leg” with one gnomon, and as a vertical one with the
second one.!%

Najm al-Din devotes Ch. 62 to a universal sundial also intended for one
face of the Fazart balance. On his version, the hour-lines are represented by
means of a ‘mixed’ coordinate system. The width of the rectangular face is
also divided into 36 equal parts, and equidistant lines parallel to the length of
the dial are traced. The distance of each parallel line to one side of the dial
corresponds to a midday shadow. The gnomon of length 12 is located at the
centre of the line corresponding to u,, = 0. To construct the hour-lines, the
compass is opened to the shadow lengths u;(u,,), and one leg is placed at the
base of the gnomon; two marks are made on both sides at the intersections of
the other leg with the appropriate line of u,,. If the base of the gnomon is the
origin of the coordinate system and the y-axis is perpendicular to the length

102 a1-Marrakushi, Jami<, 1, pp. 230-231 [fann 2, gism 2, fasl 2]; Sédillot, Traité, pp. 430-432.

103 The curve for the ‘asr, with p(0) = 12+ % — 1, is also an Archimedean spiral.

104 On this instrument see further Section 6.2.

105 al-Marrakushi, Jami<, I, pp. 251:6-254:1 [part of fann 2, gism 2, fasl 9]; Sédillot, Traité,
pp. 465-4609.

106 The version for a specific latitude of this sundial has been mentioned on p. 147 above.
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FIG. 3.35. al-Marrakushi’s nomogram for v{(vy,), v§(u) and u} (u,,)

of the dial, the coordinates y and p defining the hour-lines are as follows:
Y = U and  p=uj(up).

Using formula 3.1 for u(u,,) it is not difficult to show that coordinate x =

—/p? =2 = /u? — u,? can be simplified to yield
x=—\/122+u,? cot(15°i).

The hour-lines are thus half-hyperbola defined by the following equation,
where the x-axis coincides with day-line u,, = 0, and the y-axis with the me-
ridian (see Fig. 3.36):

BE G
(12q)2 122

The ‘asr curve is a section of a parabola, defined by the equation

x=1/24y+ 122 (0 <y<36).

1 Whereacot<%) and i=1,2,...,5.

3.3.3 Universal sundial on a Iunule, with straight hour-lines

Najm al-Din’s instructions on how to construct this instrument (Ch. 61) are
somewhat garbled. The construction described below is an attempt at recon-
structing the original instrument.
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FIG. 3.36. Najm al-Din’s rectangular universal sundial

The surface of this universal horizontal sundial is a ‘lunule’. The circum-
ference of the outer arc of the lunule is %”, the inner arc having the same
radius as the outer one, so that the lunule corresponds to a circle, with one
third of its circumference being folded over. The radius of the lunule is in
principle arbitrary, but Najm al-Din defines it as the shadow at the second
hour when the midday shadow is 36 (with a gnomon of length 12), so that the
second and tenth hour-lines will intersect the circumference. This definition
leads to a radius of ca. 75.'7 The gnomon is located at the intersection of the
vertical diameter (the meridian line) with the lower arc. Assume that the day-
line for u,, = 36 is a horizontal straight line, and that the day-line for u,, =0
coincides with the lower arc of the lunule. Also assume that the day-lines are
to be traced as straight lines, which is confirmed by their shape on the illus-
tration (see Plate 12) and by the instructions in the text. A reconstruction of
the instrument is illustrated on Fig. 3.37.

In Najm al-Din’s treatise, the shadow scale along the meridian is non-
uniform; moreover, the day-lines are straight for u,, > 18, and look like cir-
cular arcs for u, < 18. With such a construction it is possible to construct
hour-lines as irregular ‘curves’ or as piecewise linear segments. But using the
sundial gets arduous since, in order to compensate for the non-uniformity of
the meridian scale, the gnomon must be varied in length for different values
of the midday shadow. This can hardly correspond to the original instrument.

In its original version, this instrument surely featured straight hour-lines,
which is roughly what the illustration in the manuscript suggests. The ‘day-
lines’ for u,,, = 6,12,...,30 thus become complicated curves, constructed by
joining the markings made on those hour-lines for the different values of the
shadow in terms of the midday shadow.

To use this sundial one must rotate it until the shadow falls on the ‘day-
line’ corresponding to the computed or observed midday shadow for the day.

107" Actually u5(36) = 74;56.
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F1G. 3.37. Universal ‘lunule’ dial

3.4 Azimuthal dials

Azimuthal dials are horizontal plates aligned with the cardinal directions; they
carry a vertical gnomon of arbitrary length at the centre. Such dials indicate
time by means of the direction of the shadow: the user simply needs to identify
the intersection of the shadow with the appropriate day-circle and its position
with respect to the hour-lines will indicate the time. It is traditionally thought
that azimuthal dials were invented in Renaissance Europe.'’® We have seen
in Chapter 2 that an astrolabic instrument known in thirteenth-century Egypt,
namely the musatira, can serve as the basis for an azimuthal dial. T am not
aware, however, of any Muslim authors who explicitly considered this pos-
sibility.'” Yet Najm al-Din’s treatise does contain two chapters devoted to
authentic azimuthal dials, which constitute the earliest known descriptions of
such dials.'?

108 On azimuthal dials, see Drecker 1925, pp. 98-102, and Zinner 1956, pp. 128-130.

109 1t is nevertheless possible to use the musatira in a functionally equivalent way, by laying it
on a horizontal surface and aligning it with the cardinal directions. The alidade on the front can
then be aligned so that the shadow of one sight falls exactly over the alidade: the intersection of
the alidade with the appropriate day-circle will tell the time of day. This alternative possibility for
finding time with this instrument is not mentioned by al-Marrakushi; however, he does explain
how to find the cardinal directions with it (see p. 89, n. 124), and even adds a chapter on how to
determine the time since sunrise when the cardinal directions and the altitude are known but not
the solar longitude (al-Marrakushi, Jami, I1, p. 253:4—13 [fann 3, bab 10, fasl 11]).

110" There exists a description of a universal azimuthal dial in the last chapter of an Andalusi
treatise on mechanics by Ibn Khalaf al-Muradi, whose description was edited and analysed in
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In Chs. 84 and 85 Najm al-Din describes two azimuthal dials displaying
curves of the time since sunrise on the eastern half of the plate, and the time
until sunset on the western half. His instructions are not very clear, especially
in Ch. 84, but the overall procedure he gives is sound. Yet in the graphical real-
isation of the instruments he apparently made unreflected assumptions which
led him to seriously impair their design. Before considering the diagrams in
the manuscript, we shall first explain the mathematical principle of azimuthal
dials.

We need a formula expressing the azimuth (measured from the east or
west) in terms of the hour-angle (and hence of the time-arc). The representa-
tion of the curves of the time-arc T will involve polar coordinates, where p is
some function of the solar longitude, and 6 is the azimuth:

o(T,$,8) = arcsin (smh sin¢g — s1n5) ,

cosh cos@
with  h=arcsin{sin¢ sind +cos¢ cosd cos(D—T)}
and D = arccos(—tan¢ tanod)

The radial coordinate p can be expressed in various ways. In Ch. 85 Najm
al-Din considers two possibilities: the radius of the plate is divided into seven
parts, either equal or unequal. In the first case the concentric day-circles are
equidistant. The second case is not explained at all, but to judge from the
illustration we can assume the radii to be proportional to the solar declina-
tion.!'! A third case is presented in Ch. 85, where the radii of the day-circles
are defined by stereographic projection of the associated declination circles,
as on a northern astrolabe. The constructions proposed by Najm al-Din are
equivalent to the following expressions for the radial coordinate:

Lp=%4+3) -90<21<90 (see Fig. 3.38a)
2.p=84+3) —e<ac<e (see Fig. 3.38b)
3.p =Re tan (22H) —90< 2 < 90 (see Fig. 3.38¢)

Azimuth dials corresponding to the above three definitions of the day-circles
are illustrated in Fig. 3.38. They bear curves, as on Najm al-Din’s illustration,
for each 15° (i.e., one equal hour) of the time since sunrise or until sunset. On

details in Casulleras 1996. The design of this sundial, however, is extremely crude, if not absurd;
Casulleras’s hypothesis is that it represents the adaptation of a sundial that was originally set in
the plane of the equator.

11 A European azimuthal dial made ca. 1575 with radii proportional to the declination is pre-
served in the Museum for History of Science in Oxford: see Michel 1966, p. 161 and pl. 71.



168 CHAPTER THREE

the dials described in Ch. 84 the innermost day-circle is Capricorn, whereas in
Ch. 85 the situation is reversed, with Cancer being the innermost day-circle.

At the end of Ch. 84 there is a laconic remark about the day-circles of the
musatira being the best possibility: this proves that the use of the horizontal
stereographic projection for an azimuthal sundial was indeed considered by
Muslim astronomers prior to Najm al-Din (who does not present this idea as
new).

The errors made in the diagrams of Chs. 84 and 85 are of interest, be-
cause they reveal how the author’s temerity in dealing with complex mathem-
atical instruments sometimes turned into foolhardiness.'!? He seems to have
assumed that the markings on both halves could be connected with circular
arcs, as if the underlying curves were continuous. But obviously the time
elapsed since sunrise 7 = D —t is a not the same as the time left until sunset
2D —T = D +t, and their respective curves on both halves, although they
meet on the meridian, do not connect smoothly (see Fig. 3.38). Only three
construction points were marked on both sides of the plate, which were then
joined as circular arcs: as a consequence, the curves are erroneous, especially
on the dial featured in Ch. 84.113

A rudimentary shadow instrument

A most simple type of shadow instrument is presented by in Ch. 83. It is
discussed here because it is ‘functionally’ related to the azimuthal dial. It
consists of a horizontal disk with vertical gnomon at the middle. Its only
markings are azimuthal lines — which are simply radii drawn at each 10° —
and altitude circles, that is, concentric circles with radii p (h) = Cot(h), drawn
for 90° > h > 10°. Even though the instrument is universal, Najm al-Din
limits the markings to the domain of the azimuth which is valid at the latitude
of the construction: the southernmost azimuth lines will correspond to the
maximal rising amplitude (on the illustration this is given as ca. 30°, which
corresponds to a latitude of ca. 36°). One can also trace the circles of shadow,
he adds, which are equidistant. But this would make the markings on this
simple instrument too crowded.

112 Tt is hardly possible that these errors be solely due to the copyists, and I therefore assume
that Najm al-Din’s original drawings were already problematic.

13 The illustration of Ch. 85 (together with Ch. 86, that is, D:49v—50r) was featured in the
exhibition catalogue Europa und der Orient, p. 654 to illustrate Muslim scientific achievements
in instrumentation.
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gnomon’ length

F1G. 3.39. Horizontal sundial for finding the solar altitude and the azimuth

3.5 Representing the “asr on various instruments

We have seen in the previous sections various quadrants and portable dials,
most of them with markings for the seasonal hours. On each of these in-
struments it is also possible to represent a curve for the ‘asr prayer, although
Najm al-Din did not always explicitly mentioned or illustrated this possibil-
ity. In this section we shall consider various instruments specially designed
for determining the time of the ‘asr, and we shall also explore the various
ways of representing ‘asr curves on sine quadrants.

3.5.1 A simple disk with gnomon for finding the “asr

A simple and efficient instrument for finding the time of the ‘asr is presented
in Ch. 89; it is called the “arc of the ‘asr which is a complete circle”. This
circle is in fact extrapolated from the usual curve for the ‘asr on a standard
horizontal sundial (basita), which can be very well approximated as a circu-
lar arc (see Fig. 3.41). Although Najm al-Din’s instructions are limited to
explaining the construction of that circle with respect to a first ‘invisible’” aux-
iliary circle centred at the gnomon, its physical realisation and use are not
difficult to imagine. The instrument is a flat disk (of some material like wood)
with eccentric gnomon (see Fig. 3.40); on this plate the cardinal directions
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are marked, and the plate should be aligned properly with them. When in the
afternoon the shadow of the gnomon falls exactly on the circumference of this
circle, the time for the ‘asr prayer begins.

gnKon

\ \ VILEL)/

F1G. 3.40. Circle for finding FI1G. 3.41. Representation thereof over a
the ‘asr horizontal sundial

3.5.2 Representing the “asr in tropical latitudes

Najm al-Din devotes Ch. 101 to the particular case of representing the ‘asr
on astrolabic plates and sundials for latitudes smaller than the obliquity. In
such latitudes, the sun reaches the zenith at midday for a certain value of the
declination &, = ¢ (since Ay, (0;) = 90° — ¢ + 5, = 90°). The solar longitude
corresponding to &, is called “zenithal degree” (darajat al-musamata). The
meridian altitude will then be decreasing in the interval 6, < 6 < €. This leads
to an irregularity in the function %,(A); Figure 3.42 illustrates this situation
for latitude 21° (a value commonly used in the medieval period for the latit-
ude of Mecca). Several medieval astronomers did not realise this irregularity
and drew ‘asr curves on astrolabic plates or sundials for tropical latitudes as
circular arcs joining three construction marks. Such is the case with some
astrolabes from al-Andalus, which frequently include a plate for latitude 0° or
21°.'1% Najm al-Din tells his reader to erase such erroneous asr curves on as-
trolabic plates and to engrave them anew. He also adds having heard from an
eminent colleague that the treatise by al-Marrakushi contains a drawing of an
‘asr curve for a latitude of 0° that is represented as a circular arc with a single
concavity towards the east. Najm al-Din expresses his doubts about whether
this should be imputed to the author, and suspects that a copyist might be re-
sponsible for this error. Consultation of al-Marrakushi’s treatise reveals that
a horizontal sundial for latitude 0° is indeed illustrated with an erroneous ‘asr

114 An astrolabe by Muhammad ibn al-Saffar, dated 420 H [= 1029/30], preserved in Berlin,
includes several plates for latitudes smaller than the obliquity, all of which display erroneous
‘asr curves. This astrolabe was described in Woepcke 1858 (without illustrations of the plates in
question or mention of the particular shapes of the ‘asr curves).
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FIG. 3.42. Plot of h,(A') for ¢ =21°

curve exactly as reported by Najm al-Din. This mistake not only occurs on
the illustration, but is in fact explicit in al-Marrakush1’s textual instructions
on how to construct the ‘asr curve.!' It is thus imputable to the author him-
self, contrary to Najm al-Din’s respectful opinion for his eminent predecessor.
al-Marrakusht’s error — exactly as on the astrolabic plates mentioned above —
stems from his computing only three points of the curve at the solstices and
equinox and joining them by a circular arc. Exactly the same error was made
by none other than Ibn al-Shatir on the sundial for latitude 0° engraved on his
‘compendium box’ called the sanditiq al-yawagit which he made in the year
767 H [= 1365/6 AD].!'® On Fig. 3.43 the erroneous arc is shown dashed,
next to the accurate curve.

Najm al-Din’s solution to this problem simply consists in computing ad-
ditional points of the ‘asr curve in order to trace two circular arcs from two
triplets of points. Five points are needed to make these two triplets: the first
segment covers the interval —€ < § < ¢ and the second one ¢ < § < g, so the
five points should be computed for these limiting values and for intermediate
declinations within each interval. This is not exactly what Najm al-Din sug-
gests doing. Although his instructions are partly confused (even after making

15 gl-Marrakushi, Jami, 1, p- 267:1-10 and figure; Sédillot, Traité, p. 486 and Fig. 85. The
same error is repeated with vertical sundials for latitude zero: see e.g. al-Marrakushi, Jami“, 1,
pp. 275-277 (figure on p. 277); Sédillot, Traité, pp. 499-501 and Fig. 91.

16 Tllustrated in Reich & Wiet 1939-40, p- 201, and King & Janin, plate 3 (with discussion on
pp. 201-202, where Ibn al-Shatir’s error is missed). The ‘asr curve as such is not visible on the
published illustration, but its shape is indicated by the position and curvature of its corresponding
kufic inscription ‘asr afaqr; in fact the curve might not have necessarily figured on the original
instrument, as it could simply have been defined as the upper side of that inscription. The sliding
plate on which the sundial is engraved has been lost since 1938, when it was described by S.
Reich and G. Wiet.
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FIG. 3.43. ‘Asr curve on a horizontal sundial for latitude 0°
(al-Marrakushi’s erroneous curve is dashed).

some necessary emendations to the manuscript), we can see that he computes
the azimuth and shadow length at the ‘asr for the following declinations —¢,
—¢, 0, ¢ and &, as if he assumed that the singularity occurs at the equinox,
whilst in fact it does at & = ¢, as we have seen. Obviously, this set of points
will not provide optimal results. But let us examine the tables which Najm
al-Din compiled in order to trace irregular ‘asr curves. Ch. 101 indeed con-
tains two tables of the quantities Cot/i,(¢, ) and a(hy,@,0), the first one for
¢ = 0° and the second one for ¢ = 12°. These provide the polar coordinates
of selected points of the ‘asr curve on the sundial. The table for latitude zero
is computed for the following declinations: €, §(45°), 0, —6(45°) and —e.
This yields, contrary to the procedure advocated in the text, five points which
allow us to properly construct two circular arcs approximating the ‘asr curve.
The accompanying illustration of this curve is also drawn correctly. The table
for ¢ = 12°, however, agrees with the problematic instructions given in the
text, the polar coordinates being computed for declinations: —¢g, —12°, 0, 12°
and €. The diagram of the corresponding curve is not successful at all: one
arc is drawn with concavity towards the east in the interval € < § < —12°,
and the second one is a straight line from there to the day-line of Capricorn.
This is surprising, since the first four entries of the table cannot be joined as a
circular arc, even approximatively, and the diagram, if it indeed corresponds
to the author’s original drawing, leaves the impression that the coordinate for
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F1G. 3.44. Najm al-Din’s unsuccessful ‘asr curve for latitude 12° (the
accurate one is dashed)

0 = 0 has not been taken into consideration. In Fig. 3.44, the entries of the
table are represented on the eastern half of a sundial for latitude 12°, and the
diagram of the curve in manuscript D is shown as a continuous circular arc
joined to a linear segment; the accurate curve is shown for comparison with
dashes.

3.5.3 Two “locust’s legs” with non-standard gnomons

We shall examine here two unusual “locust’s legs” specifically designed for
finding the ‘asr, presented in Chs. 87 and 92. Taken alone, the instructions on
how to construct these dials are so obscure that a proper understanding of their
underlying principle is not possible. But a consideration of both the text and
the illustrations allows us to reconstruct both instruments with confidence. In
the text of both chapters it is clearly referred to a gnomon of variable length,
casting a vertical shadow on the appropriate day-line when the dial is oriented
toward the sun. The only possible interpretation is that the gnomon is a right
triangle, as shown on Fig. 3.45.

Let rectangle ABCD be the surface of the dial, and let BG be a perpen-
dicular to this surface, with BG = XI\B; then the gnomon will be the diagonal
AG. For any day-line EF, a perpendicular at E will meet the gnomon at H,
and EH will represent its actual ‘gnomon’, since the shadow will be cast on
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D

FIG. 3.45. Principle of the universal ‘asr dials

day-line EF from point H when the dial is oriented towards the sun, and the
height of point H above the dial will be given by EH = AE. In Ch. 87, the
meridian altitude scale runs from A to B, and in Ch. 92 it runs from B to A.
Hence we have an actual gnomon length proportional to the meridian altitude
in the first case, and proportional to its complement in the second case. The
Cartesian coordinates of the ‘asr curve (A being the origin, AB the positive
x-axis and AD the positive y-axis, assuming AB = 90) will be given by:

hy .
x=h, and y=h, tanh, = T ool +cgthm (in Ch. 87)
90 —h .
x=90— hm and y= (90 — hm) tanha = ﬁ (1n Ch. 92)

On both instruments the midday curve is also represented. With a vertical
coordinate of y = h,tanh,, in the first case, it is clear that it can only be
represented up to a certain value of 4,,, which depends of the length of the
dial (see Fig. 3.46a — note that the midday curve is omitted on the illustration
in the manuscript). On the second dial, however, the function (90 — &) tan i,
does converge to a value smaller than 90, namely

lim (90— hy,) tanh, = 180/m =57.2958...,

m—

so that the whole midday curve can be represented on the dial (see Fig. 3.46b).
My reconstructions of these curves based on the above formule agree well
with those in the manuscript.
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FIG. 3.46. Najm al-Din’s “locust’s legs” with diametral gnomon

3.5.4 “Asr curves on sine quadrants

A particularly interesting case of ‘nomographic combinatorics’ is presented
in Ch. 77, in which five different ways of representing the altitude at the ‘asr
on a sine quadrant are discussed (see Plate 15). The first kind of marking for
the ‘asr is based on a simple geometrical procedure that is directly inspired by
the geometric definition of the ‘asr in terms of shadow increase. On quadrant
OAB (see Fig. 3.47) with altitude scale AB, a horizontal line CD is drawn at
a distance of twelve radial units from the side AO, i.e., OD = 12 measures
the gnomon length. Najm al-Din calls line CD the ‘duodecimal shadow scale’
(masatir al-zill al-ithna ‘ashart). When the thread is placed on the meridian
altitude at Q, it intersects CD at T, which projects vertically on the radial scale
OA at U. Since TU represents the gnomon, OU will measure the shadow
length at midday. Adding twelve units to this distance will yield the ‘asr
shadow OV. Projecting V on CD at P and placing the thread upon P, one can
read off the altitude at the ‘asr at S on the altitude scale. This ‘duodecimal
shadow scale’ is frequently found on Ottoman sine quadrants. Najm al-Din
tells us that it was well known (mashhiir) in his days, which explains his
laconism. As far as I know, this is nevertheless the first appearance in textual
sources. But Najm al-Din’s indication that it was well-known is confirmed
by its being featured on a sine quadrant made by his Damascene colleague
al-Mizz1 in 730 H [= 1329/30] and now preserved in the Davids Collection,
Copenhagen.!'” On this particular quadrant two such lines are found, one
horizontal and the other vertical.

117" The quadrant is described in King 1993b, p. 438, with illustration of the astrolabic side only.
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FIG. 3.47. Principle of the ‘duodecimal line’ for finding the ‘asr

The four other methods necessitate a numerical table of A, (hy,), in order
to represent this function graphically on the sine quadrant. Najm al-Din in-
forms us that whereas there are numerous possible ways of representing the
arc of the ‘asr, those few he chose to describe are sufficient. Before examin-
ing these in details, let us consider the problem in its generality. The purpose
of marking an ‘asr curve on a sine quadrant is, of course, to make possible
to find graphically the quantity /4, by feeding in the argument 4,,. On a sine
quadrant, any angular quantity can be input or output in five different ways:
as an angle or as a radius, the latter measuring either the Sine or the Cosine
of the argument, or even as a rectangular (Cartesian) coordinate. These five
coordinates depending upon some argument ¢ are:

p=Sina, p=Cosa, O=a, x=Cosa, y=Sino.

A combination of two of these coordinate expressions for arguments #,, and
hga, will yield a possible coordinate system for the graphical representation of
the function A, (hy,) (and this is obviously true for any function of a single
parameter). This makes up a total number of theoretical combinations of 18.
Eliminating those pairs of coordinates which are meaningless''® reduces to 9
combinations that effectively correspond to a graphical representation of the
‘asr altitude on the surface of a quadrant. Since Najm al-Din’s sine quadrant

The front and back are illustrated in the sale catalogue of Sotheby’s, London, 13 April 1988,
p- 122, lot no. 267. I have also consulted photographs kept in the Institut fiir Geschichte der
Naturwissenschaften, Frankfurt am Main.

18 The reader will easily see that it is not possible, for example, to have y = Sinh,, and 6 = h,,
or to have p = Coshy, and x = Cosh,.
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o (@) ©) @
FIG. 3.48. Geometrical construction of four ‘asr curves on a sine quadrant
in Ch. 77 only displays markings for the sines, and not the cosines, he limited

his discussion to those four possibilities that do not involve cosines:

0=hy ,[0=hy [p=Sinh, , [p=Sinh,
y = Sinh, p = Sinh, 0 =h, y = Sinh,.

The following five remaining combinations would require the inclusion of
cosine markings (i.e., vertical lines) on the sine quadrant:

5 06=h, 6 y = Cosh,, 7 x = Cosh,,
p =Cosh, 0 =h, y = Sinh,
x=Cosh,, 9 p = Coshy,
p =Cosh, 0=h,.

Given the conditions (implicitly) assumed for the problem of representing the
‘asr on a sine quadrant, Najm al-Din indeed exhaustively covered all pos-
sibilities. His construction of the ‘asr curves 1-4'1% is easily explained with
reference to the four diagrams in Fig. 3.48, on which the meridian altitude 4,
is constantly represented by arc AQ, and the altitude at the ‘asr h, by arc AS;
the segments OU and OV represent Sinh,, and Sinh,. The coordinate sys-
tem underlying those simple geometrical constructions yield a point P on the
curve of the ‘asr, which is represented in Fig. 3.49. Fo the sake of comple-
tion I have represented in Fig. 3.50 the ‘asr curves resulting from coordinate
systems 5-9.

119 1 have numbered the curves in Fig. 3.49 in correspondence with the set of equations given
above. The numbering of the ‘asr curves within Ch. 77 begins with the duodecimal shadow line
as ‘number 1°.
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CHAPTER FOUR

FIXED SUNDIALS

4.1 Historical introduction

A historical survey of gnomonics and of the practice of dialling in Islam still
needs to be written.! Fixed sundials, unlike any other variety of astronomical
instruments, are public scientific objects, which are of some concern to a relat-
ively large group of people. Contrary to astrolabes, quadrants or even portable
dials, their use does not require any technical knowledge beyond a minimal
level of ‘literacy’. In Islamic civilization, sundials are intimately associated
with a religious context, which can partially be explained by the fact that the
times of day prayers were traditionally defined in terms of shadow increases.?
Archaeological findings inform us that sundials were indeed standard features
of medieval religious architecture.> Technical treatises on gnomonics from
the Mamluk and Ottoman periods are largely authored by muwaggits or other
specialists working in a religious context.

The earliest extant Islamic treatise on sundials is by al-Khwarizmi,* who
included elaborate numerical tables for constructing horizontal sundials for
various latitudes. al-Kindi (fl. ca. 850) also composed short treatises on sundi-
als that are of great interest, because they feature graphical methods probably
of Indian or Hellenistic origin.> Ibn al-Nadim’s Fihrist lists numerous treat-

! The only available studies are Schoy 1923 (outdated and with some errors) and King 1996b,
pp. 157-170 (brief survey).

2 King, SATMI, 11 and IV.

3 For examples of sundials in mosques and madrasas, see e.g. Janin & King 1978, King &
Walls 1979; Janin 1972.

4 “Amal al-saat fi basit al-rukhama, extant in Ms Istanbul Aya Sofya 4830, ff. 198v—200r,
where it is attributed to al-Khwarizmi. A Russian translation is available: Rozenfeld 1983,
pp. 221-234. David King (1999, p. 350) has questioned this attribution, suggesting that Habash
would be a more likely candidate, “because Ibn al-Nadim mentions a treatise on sundial construc-
tion by Habash and none by al-Khwarizmi. ..” and because “the most elaborate tables in the set
are for latitude 34°, serving Samarra”, where Habash is known to have been active. Against this
one could reply that 1) Ibn al-Nadim (Fihrist, p. 333) does credit al-Khwarizmi with a work on
sundials entitled Kitab al-Rukhama, and 2) other scholars were also active in Samarra, such as
the Banii Miisa and al-Mahani: see further Charette & Schmidl 2001, pp. 110-111.

5 Two short texts by al-Kindf are published in Luckey & Hogendijk 1941/1999, pp. 208
219. A more substantial treatise by him entitled Risala fi ‘Amal al-sa‘at fi safthatin tunsabu ‘ala
sathin muwazin li-l-ufuq is extant in the unique copy MS Oxford Bodleian 663, pp. 190-195, and
remains unstudied (a facsimile edition was published in Baghdad by Z. Yiasuf in 1962).
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ises on sundials by early Islamic authors that are lost, including al-Fazart (late
eighth century)® Habash al-Hasib,’ al-Farghani, Muhammad ibn al-Sabbah,’
Muhammad ibn ‘Umar ibn al-Farrukhan,'® and Abi Abd Allah al-Shatawi.!!
al-Battan1’s Zij contains one chapter devoted to the construction of horizontal
sundials, with a note on the meridional vertical sundial.'?> The sundial table
included in Nallino’s edition, found on the last folio of the only extant copy,
might not be original to the Zij.'> There also exists some anonymous works
of interest from the early period.!*

The few available works in the above list are characterised by their prac-
tical character; they provide graphical and numerical procedures for con-
structing sundials, usually horizontal ones, without mathematical proofs. A
much different impulse to the science of gnomonics was given by Thabit ibn
Qurra (210-288 H [= 826-901]), who composed one of the finest treatises on
sundial theory in Arabic language. Fortunately his treatise has been published
and analysed in the 1930s by Karl Garbers and Paul Luckey, and again more
recently by Régis Morelon."> For all possible planes (vertical, declining and
inclined), Thabit gives (without proof) the horizontal (altitude and azimuth)
and Cartesian coordinates of the shadow on this plane, by operating successive
coordinate transformations between each plane. Thabit’s grandson Ibrahim
ibn Sinan also composed a work on gnomonics, which is also of interest, es-
pecially because of the (aborted) attempt to prove that seasonal hour-lines are
not straight,'® a topic which also motivated the important theoretical contri-
butions of Abu Nasr Mansur ibn “Alf ibn “Iraq (fl. ca. 1000 AD in Khwarizm)
and al-Saghani (late tenth century), who produced the earliest proofs concern-

6 Kitab al-Migyas li-I-zawal, “On meridian gnomons” (Ibn al-Nadim, Fihrist, p. 332; cf.
Sezgin, GAS, VI, p. 124).

7 Two works: Kitab al-Rakha’im wa-l-magayis, “On plane sundials and gnomons” and Kitab
‘Amal al-sutith al-mabsita wa-1-q@’ima wa-I-ma’ila wa-I-munharifa, “Construction of (sundials
on) horizontal, vertical, inclined and declining surfaces” (Ibn al-Nadim, Fihrist, p. 334; cf. Sez-
gin, GAS, V, p. 276).

8 Kitab ‘Amal al-rukhamat, “Construction of plane sundials” (Ibn al-Nadim, Fihrist, p. 337,
cf. Sezgin, GAS, VI, p. 151).

9 Risala [fi San‘at al-rukhamat, “On the construction of plane sundials” (Ibn al-Nadim, Fihrist,
p. 335; cf. Sezgin, GAS, V, p. 253).

10" Kitab al-Migyas, “On the gnomon” (Ibn al-Nadim, Fihrist, p. 332; cf. Sezgin, GAS, VI,
p. 137).

" Two works: Kitab ‘Amal al-rukhama al-munharifa, “Construction of the declining sundial”
and Kitab ‘Amal al-rukhama al-mutabbala, “Construction of the drum-shaped sundial” (Ibn al-
Nadim, Fihrist, p. 339; cf. Sezgin, GAS, VI, p. 205).

12 al-Battani, Zij, 11, pp. 203208 (text); I, pp. 135—138 (translation). Cf. Schoy 1923.

13 al-Battani, Zgj, 11, pp. 188, 296.

14 See for example the short text in MS Aya Sofya 4830, f. 193r, referred to on p. 205 below.

15 See Garbers 1936; Luckey 1937-38; Morelon 1984, pp. 131-164. Another, shorter treatise
by Thabit on the conical sections defined on a horizontal sundial is also included in Morelon’s
edition of his ceuvres on pp. 118-129.

16 pyblished in Luckey & Hogendijk 1941/1999.
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ing the nature of these lines.!” An important theoretical treatise devoted by
Ibn al-Haytham to this very question — presenting a valid demonstration — is
extant and awaits study.'® Ibn al-Adami (or al-Samarqandi'®) wrote a lengthy
treatise on the construction of declining vertical sundials, which includes sev-
eral auxiliary tables serving to compute the Cartesian coordinates of various
points on the hour-lines.?"

From al-Andalus only one treatise of any consequence is known on the
topic; it was written by Ibn al-Raggam, a well-known astronomer, who also
reveals himself as an able gnomonist; his constructions are based on ana-
lemma constructions. The treatise is available in an edition with translation
and commentary.>! The Maghribi émigré in Cairo al-Marrakushi presented
in his Jami“ the most comprehensive treatment of gnomonics ever written be-
fore the Renaissance.””> Some sections were analysed by Delambre in his
Histoire de I’astronomie du moyen-dge in his usual condescending style.”> A
century later Karl Schoy analysed other sections with more enthusiasm and a
sound historical judgment.?* Yet, as with the rest of his monumental work, al-
Marrakushi’s treatment of gnomonics has remained largely and unjustifiably
neglected, and still awaits the investigation it deserves. Here I refer only in
passing to those sections that are relevant to Najm al-Din’s presentation.

A contemporary of al-Marrakushi, Shihab al-Din al-Magqsi, inaugurated
the very practical Mamluk tradition of compiling a set of ready-made numer-
ical tables for constructing various sundials for a specific locality, in this case
Cairo.”> A recension of this work was written by the Damascene muwaqgqit
Ibn al-Majdi (fl. second half of the fifteenth century), who added tables for
Damascus.”® Ibn al-Majdi also wrote an important and influential work on

17" See Hogendijk 2001.

18 See Hogendijk’s remarks in Luckey & Hogendijk 1941/1999, p. x, n. 10. Ibn al-Haytham
also wrote a treatise of a less theoretical nature on horizontal sundials: see ibid., pp. 25-26 and
Sezgin, GAS, V, p. 368, no. 20.

19" The copyist of the unique manuscript was unsure of the authorship, but see the next note.

20 Takhtit al-saat, MS Paris 2056, ff. 1-37; cf. King 1996a, p. 160-161. The following argu-
ment could be advanced in favour of the authorship of Ibn al-Adami: Ibn al-Nadim lists among
the books by Ibn al-Adami a Kitab Inhiraf al-haytan wa-‘amal al-saat, which fits perfectly well
with the contents of the above treatise.

21" Carandell 1988.

22 Material on gnomonics is contained in the first three fanns: fasls 72-82 of fann 1 concern
trigonometric calculations relevant to gnomonics; mugaddimas 34-43 of fann 2, gism 1, con-
cern graphical constructions (including analemmas); and fann 2, gism 3, in 42 fasls, concern the
construction of fixed sundials. See al-Marrakushi, Jami, I, pp. 162:18-175:1, 211:12-225:17,
258:17-357:14; Sédillot, Traité, pp. 326-342, 404422, 475-619.

23 Delambre 1819, pp. 523-526, 533-534, 544.

24 Schoy 1923.

25 His work entitled Shifa> al-asqam fi wad® al-sa‘at “ala al-rukham exists in several manu-
scripts; see the brief remarks in King 1996b, p. 163.

26 Ms Vatican Borg. 105, ff. 18r—19r.
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sundial theory;?” in a different work he informs us that Ibn al-Sarraj had also
composed a treatise on the topic, alas lost. Other late Mamluk authors on the
topic include al-Muhallabi, al-Karadisi, Sibt al-Maridini, and Ibn Abi ’1-Fath
al-Safi.?

4.2 Theoretical introduction

The following is intended as a supplement to Olaf Pedersen’s article “A Few
Notes on Sundials”, with special considerations for medieval Islamic gno-
monics. The purpose is to provide the modern reader with the mathematical
formula and concepts which facilitate the understanding of the procedures
presented by medieval authors.

Assume a Cartesian coordinate system with the x—axis towards the south,
the y—axis towards the east and the z—axis towards the zenith. If the surface of
the sundial is a plane of declination D (deviation of the vector normal to the
plane with respect to the meridian) and inclination / (deviation of the normal
vector with respect to the zenith), then the plane of the sundial will be defined
by the equation

xcosD sinl +ysinD sinl +zcosI = 0. 4.1)

Furthermore, assume a gnomon of length unity perpendicular to the plane. If
O represents the base of this gnomon and G its extremity, then

0G = (cosD sinl,sinD sin/,cos]).

If € is a unitary vector giving the direction of the shadow cast at G and if P
gives the coordinates of the shadow intercepted on the plane of the sundial

OP = (x,3,2) = 0G+ e,
which can be written as
x=cosDsinl+ A e,
y=sinDsin/+ 1 e, 4.2)
z=cosl+Ae;.
Solving the systems of equations (4.1) and (4.2) for the parameter A yields:
B cos? I + cos? D sin® I + sin® D sin’
~ cosDsinl ex+sinDsinl ey +cosl e,

27 See King, Survey, p. 73.

28 This treatise was entitled al-Miftah: see MS Damascus Zahiriyya 4133, f. 101r.
2 See King, Survey, nos. C67, C90, C97 and C98.

30 pedersen 1987.
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Before substituting this result in (4.2), introduce a coordinate transformation
by rotation (x,y,z) — (&,M,{) in order to have the n-axis correspond to the
line of steepest descent on the sundial plane, the &-axis to the line parallel
to the horizon and the {-axis perpendicular to the plane. This is achieved by
applying to the vector OP the rotation matrix < defined by the Euler angles
¢=2%2+D,60=1Iand y=0:!

—sinD cosD 0
o/ = | cosDcosl coslIsinD sin/
cosDsin/ sinDsinl cos/

The equation (£,1,¢) = <7 - OP will then yield:

E=—AsinDe,+AcosD e,
N =—A (cosD cos! ex+cosl sinD e, —sinl ¢;) (4.3)
{=1+AcosDsinl ex+AsinDsinl e,+ A cosl e;.

which becomes, after substitution of A :32

g

sinD ey —cosD ey
cosDsin/ ex+sinD sinl ey +cosl e,

~cosDcos/ ex+cosl sinD ey, —sin/ e, (4.4)

~ cosDsinl ex+sinD sinl ey +cosl e,
{=0.
Now, if A represents the solar azimuth measured from the positive x-axis

(i.e., anticlockwise from the south33) and 4 the solar altitude, the coordinates
of € follow:

ex = —COSA cosh
ey = —cosh sinA
e; = —sinh.

Substituting these in equation (4.4) we obtain
£ cosh sin(A — D)
~ cos/sinh+cos(A — D) coshsinl
_cos(A— D) coshcosI —sinhsin/
~ cosl sinh+cos(A — D) coshsinl

(4.5)

31 The second term of the right-hand side of equation 14b in Pedersen 1987 should read
—ycos/ sinD instead of —y sin/ sinD.

32 Pedersen (1981, p. 300) substitutes A in the equation for oP before applying the rotation
matrix; our method leads to simpler analytical expressions (but is not necessarily superior from a
purely analytical point of view).

33 Note that in Islamic astronomy the azimuth a is usually measured from the east, so that
a=90°—A.
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When I = 90°, the special case of a vertical sundial,

& =—tan(A—D)

4.6
My = —sec(A — D) tanh. (46)
Equation 4.5 can be expressed in terms of £, and 7,
R -
sin/ —cosIn, 4.7)

_cosl+sinln, cot/+mn,

~ sin/—cosIn, l—cotlin,’

The coordinates in terms of the equatorial parameters ¢, § are given in Ped-
ersen 1987, where the analytical equations of the hour and declination curves
are derived.

Muslim authors on sundial theory frequently considered inclined sundials
with a gnomon parallel to the horizon. On a surface of inclination / consider
a perpendicular gnomon with length g and a horizontal one with length g’.
If the tip of both gnomons coincide then g = g’sinl. Moreover the distance
between the bases of both gnomons will be given by g’ cosI. The coordinates
(&, n’) measured from the base of the horizontal gnomon will be given in
terms of & and 7 (representing the coordinates measured from the base of a
perpendicular gnomon of unitary length):

sin(A — D) cosh
cos(A — D) cosh+sinh cotl

§'=gC=¢sinlg=—¢

cos(A — D) cosh cosI sinI — sinh sini
cos(A — D) coshsinl +sinhcosl COSI)

, sinh

cos(A — D) coshsinl +sinh cosI

n’=gn—g/cosl=g’(

=—8

&’ and 1’ can again be expressed in terms of &, and 1,,:

&/ _ év
1 —cotln, 4.8)
R
sinf —cosIm,
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4.3 Najm al-Din’s approach to gnomonics

The generic appellation for sundials in general is rukhama, “marble slab”,
which refers to the material out of which sundials were usually constructed.*
All further specific designations are built from that word, keeping only the
adjectival part. Thus, a horizontal sundial, which al-Battani calls al-rukhama
al-basita “the flat, horizontal sundial [plate]” or al-ala al-basita “the flat in-
strument”,?® is simply called a basita by later authors.>® In the present treat-
ise, a vertical sundial is called a ga’ima, “the (sundial) which stands up vertic-
ally”. This term is employed in Chs. 107 and 122, where the sundials featured
are called [al-rukhama] al-qa’ima “ala khatt nisf al-nahar and al-qa‘ima ‘ala
khatt al-mashriq wa-al-maghrib. This translates literally as “the (sundial)
which stands vertically upon the meridian (or east-west) line”, that is, which
is parallel to it.

The declination (inhirdf) d of a wall or marble plate, is defined as the
angle made between its southernmost extremity and the meridian line (in the
theoretical part above we rather defined the declination D as the angle between
the normal to the sundial plane and the meridian, which is the complement
of Najm al-Din’s inhiraf). When the southernmost extremity of the wall or
plate is in the eastern quadrant, the sundial is declining towards the east, and
likewise when it is in the western quadrant (which is again the opposite of the
modern definition). The Arabic term designating a declining sundial is built
with the active participle of the verb inharafa (‘to decline’): munharifa.

On vertical or inclined sundials the vertical axis is called khatt al-watad,
“pivot line”, and the gnomonic projection of the horizon is called khatt al-
ufgq, “horizon line”. The inclination (mayl) of the sundial is defined as the
angle made between the line of steepest descent on its surface and a vertical
line. In Ch. 102 a horizontal sundial is thus defined as a sundial of inclination
90°. It is further necessary to specify the direction towards which the surface
is inclined and the side on which the sundials is made. For example, for a
sundial of declination 90°, Najm al-Din will indicate whether it is inclined
towards the east or towards the west, and whether its markings are on the side
which faces the sky or on that which faces the ground.

4.3.1 Description of Najm al-Din’s sundial tables

In the sole manuscript source of Najm al-Din’s table for constructing sundials
(D:47r), the azimuth, oddly enough, is lacking. It is difficult to assume that

34 This word is attested in the context of gnomonics already in the early-ninth century in a
treatise by al-Khwarizmi, on which see p. 181, n. 4 above.

35 See al-Battani, Zgj, III, pp. 203-208.

36 The earliest occurrence seems to be in Ibn Yiinus’ Zij: see Schoy 1923, p. 27. This is also
the term used by al-Marrakushi and standard thereafter.
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the azimuth was already missing in his original table, since in his introduc-
tion (D:26v-27r; cf. translation p. 233) Najm al-Din informs us that he has
compiled a sundial table in which “the shadow for each hour and its azimuth
(are tabulated for) each sign of both solstices”. Presumably there was a third
column for the azimuth under the heading ‘Cancer’ and ‘Capricorn’, which
was omitted by a copyist.

In addition to a table for the seasonal hours, there was a second one for
the equal hours. This equal-hour table is not extant in D. The third sundial
table mentioned in the introduction corresponds exactly to the table found in
D:95v. Finally, a table giving the horizontal and vertical shadows as functions
of the altitude for each 5° or 6° of argument (these are simply the cotangent
and tangent functions to base twelve) was also compiled by Najm al-Din, but
it is not found in D.3’

4.3.2 Horizontal sundials

The construction of horizontal sundials presents no difficulty once the neces-
sary numerical tables have been compiled. In Chs. 79-82, Najm al-Din gives
the procedure for constructing various markings on horizontal sundials with
the help of such tables. In the standard case (Ch. 79), the declination curves
for each zodiacal sign and the hour-lines for the seasonal hours 1-11 are rep-
resented. The text assumes a table in which the horizontal shadow (Coth)
and the azimuth (a) are tabulated for each seasonal hour (from 1 to 6) and for
both solstices. For the remaining zodiacal signs, only the horizontal shadow
is tabulated for the same seasonal hours.

Najm al-Din’s construction consists in tracing a basic circle with gradu-
ated circumference on the ground with the meridian and the east-west lines as
diameters. The centre represents the base of the gnomon. A ruler is placed
at the centre and on the circular scale upon the opposite of the azimuth at the
desired hour and declination. The compass is then opened to the value of the
corresponding horizontal shadow and one leg is put at the centre; a mark is
made with the other leg at the side of the ruler. Such marks are made for both
solstices only, and are then joined to form the solstitial declination curves; the
hour-lines are traced as straight lines between them. For the equinoctial line it
is only necessary to mark the midday shadow at the equinox on the meridian
line, and to trace a straight line perpendicular to the meridian. The remain-
ing declination curves are then traced by opening the compass to the shadow
length for this declination at each hour, and by making a mark on the respect-
ive hour-lines. The construction of the curve for the ‘asr is not mentioned in
the text, but the procedure is straightforward. Three marks on the solstitial
and equinoctial day-lines are constructed by means of the polar coordinates

37 The tables accompanying Chs. 63 and 64 include entries of Coth,, and Tanh,,, with h,, =
10°,20°,...,90°, but these are certainly unrelated to the tables referred to here.



FIXED SUNDIALS 189

(shadow and azimuth) and are joined to form a circular arc. The special case
of ‘asr curves on horizontal sundials for latitudes smaller than the obliquity is
treated in Ch. 101 (see Section 3.5.2). The illustration in D, which is not in
the hand of the main copyist, erroneously shows the ‘asr curve on the western
side.

Ch. 80 introduces a sundial which, in addition to the standard markings
presented in Ch. 79, bears circles indicating the altitude of the sun. These
are concentric to the gnomon and their radii are given simply by Cot/ (cf.
the simple instrument of Ch. 83, presented in Section 3.4). In Ch. 81 a pro-
cedure for constructing lines of the hour-angle is presented, which is similar
to the procedure for drawing seasonal hour-lines. Najm al-Din does not give
any indication about the outer limits of the sundial, but these appear to be as
usual the first and eleventh seasonal hour-lines. For hour-angles larger than
the hour-angle corresponding to the first or eleventh hour at winter solstice,
the hour-angle lines will intersect these two boundary hour-lines at a certain
value of the declination. In such cases, in addition to the mark placed on the
declination curve of Cancer, a second mark will be placed on a declination
curve chosen so that it occurs within the range of the sundial. The same reas-
oning applies in Ch. 82, which describes the construction of the equal hours
on a sundial whose boundaries are again not specified. Those equal hours
are counted either from sunrise or from midday. In the treatise (D:48r) the
illustration reveals lines of equal hours since sunrise: nine hour-lines intersect
the declination curve of Capricorn, and fifteen intersect that of Cancer. The
western boundary of the sundial is the first equal hour-line, and the eastern
one is the vertical right-hand side of the frame containing the illustration.

A remarkable horizontal sundial featured in Ch. 113

A remarkable horizontal sundial, illustrated on two facing pages in Ch. 113
(D:32v-33r — reproduced on Plate 13), includes on one instrument all the
markings that are described above (Chs. 79-82). The incomplete illustration
bears in addition to seasonal hour-lines a set of declination curves for each
10° of solar longitude (represented only in the intervals between the first and
second, and the tenth and eleventh, seasonal hour-lines), lines of the hour-
angle for each 5° (numbered along the eleventh hour-line), and altitude circles
(not numbered, perhaps for each 6° of altitude?). Along the eleventh hour-
line there is a longitude scale with divisions for 10° of each zodiacal sign,
and subdivisions for each 2°. The symmetric longitude scale along the first
hour-line is left blank. The sundial is bound by a trapezoidal scale on which
divisions for the azimuth are inscribed incompletely. Finally, four straight
lines with a ca. 45° slope towards the centre are traced within each half of the
sundial: these seem to be degenerate and incomplete representations of equal
hour-lines since sunrise and until sunset. Fig. 4.1 presents a reconstruction
of Najm al-Din’s complex horizontal sundial (displaying the seasonal hours
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1-11, lines of hour-angle at each 5°, curves of the beginning and end of the
‘asr, day-lines for each 10° of longitude, azimuth lines at each 5°, and altitude
circles at each 6°).

The text gives no hint about the nature of the markings displayed on the
sundial. It simply enumerates all problems of timekeeping which can possibly
be solved with it. The first part of the list contains 30 items: 1 solar longitude,
2 declination, 3 meridian altitude, 4 time elapsed (of daylight) in seasonal and
5 equal hours, 6 hour-angle, 7 altitude at the (beginning of the) ‘asr and 8 at
its end, 9 altitude at the seasonal and 10 equal hours, and 11 their azimuth
and 12 direction, 13 number of equal hours (during daylight), 14 altitude in
the prime vertical, 15 (time) between the zuhr and the ‘asr, 16 (time) between
the (beginning of the) ‘asr and sunset, 17 (time) between the beginning and
end of the ‘asr, 18 (time) between the (end of the) ‘asr and sunset, 19 (time)
between the zuhr and the end of the ‘asr, 20 durations of the (seasonal) hours,
21 (solar) azimuth at the beginning of the ‘asr and 22 azimuth at its end, 23
azimuth (corresponding to) any altitude, 24 direction of the sun, 25 time-arc,
26 altitude of the sun in the gibla, 27 azimuth of the gibla and 28 its direction,
29 time-arc (of the sun when it is in the azimuth) of the gibla, 30 hour-angle
(of the sun when it is in the azimuth) of the gibla. The rest of the list con-
cerns operations which can be performed when supplementary markings are
added to the sundial illustrated. These are: 31 half arc of daylight, 32 ortive
amplitude, 33 ascension of the ascendant and 34 of the descendant, 35 midday
shadow, 36 shadow at the beginning and 37 end of the ‘asr. The text claims
that the total sum of operations is 41, which is somewhat too optimistic.

This sundial is an important testimony of an otherwise unknown tradition
of making sundials with complex superpositions of markings, to which be-
longs the splendid sundial made by Ibn al-Shatir for the Umayyad Mosque in
Damascus in 773 H [= 1371/2], which has been rightly described as “the most
sophisticated sundial of the Middle Ages”.3

In Ch. 102 an alternative procedure for constructing horizontal sundials is
presented, which is of little practical interest but quite interesting from other
points of view. It consists in determining the Cartesian coordinates on the
horizontal sundial in terms of the Cartesian coordinates on a vertical sundial
facing the south, by regarding the horizontal sundial as a sundial with inclin-
ation i = 90°. It is thus a special case of inclined sundial, discussed at the end
of Section 4.3.4 (p. 202).

38 The sundial is described in Janin 1972. The original archaeological report by A. K. Ri-
haoui [Annales Archéologiques de Syrie 11/12 (1961-62)], of its discovery in 1958 is reprinted in
Kennedy & Ghanem 1976, pp. 69-72. The quotation is from King, SATMI, VIII.
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4.3.3  Vertical sundials

Najm al-Din’s procedure for constructing vertical sundials combines the use
of a single numerical table with simple geometrical constructions. This has
the advantage that only one sundial table — the jadwal al-basita introduced
above — is used for all vertical sundials. The only entries needed are the
vertical shadows and azimuths at the seasonal hours, for the solstices and
equinox.

In the plane of the meridian

A construction procedure for a vertical sundial in the plane of the meridian is
presented in Ch. 107; we summarise it with reference to Figure 4.2. On the
vertical surface of the wall (or marble plate — rukhama), line CD represents
the base of the wall and E the position of the gnomon, which is always con-
sidered perpendicular to the surface of the sundial. Line AB passing through
E represents the gnomonic projection of the horizon on the sundial, and is
hence called the “horizon line” (khatt al-ufuq). The perpendicular EF to AB
at E is called the “earth-axis line” (khatt watad al-ard or khatt al-watad); it
represents the gnomonic projection of the prime vertical. Trace semicircle
AGB centred at E and divide it into 180 equal parts. On line EF mark point /
so that the distance EI measures the gnomon length, and trace line XY parallel
to AB passing through /. To construct the mark corresponding to the extremity
of the shadow when the sun has azimuth a and vertical shadow Tan#, count
the azimuth a on the graduations of the semicircle, starting from G, either
towards the right when the azimuth is southerly, or towards the left when it
is northerly, and make a mark on the circumference at H. Trace radius EH,
which intersects line XY at J. Draw KL through J perpendicular to AB. The
segment EK is called the “distance” (al-bud), i.e., the horizontal component
of the shadow expressed in rectangular (Cartesian) coordinates. Hence point
K is called “place of the distance of the hour” (mawdi bu‘d al-sa‘a), and line
KL “line of the distance of the hour” (khatt bu‘d al-sa‘a). Then a new con-
struction scale has to be made on which the distance /K = EJ will measure
12 parts, which is the gnomon length. The compass is then opened on this
scale to the vertical shadow Tan/. One leg is put upon K and a mark is made
at point M on line KL. Segment KM is called the “auxiliary shadow” (al-zill
al-musta‘mal) and represents the vertical component.>® Point M thus gives
the position of the shadow. This procedure is repeated until all marks have
been constructed on the surface, which are then joined to form the declination
curves of both solstices and the seasonal hour-lines.

Najm al-Din does not mention the construction of the equinoctial declina-
tion curve, which is a straight line as always. It can be constructed by putting

39 The same terminology for rectangular coordinates is used by al-Marrakushi.
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F1G. 4.2. Construction of a vertical sundial in the plane of the meridian

aruler at the centre E and upon the southernmost azimuth of the sundial (this
would be the fifth seasonal hour in the case of an eastern sundial) on the
graduation of the semicircle. Because this type of sundial cannot intercept
the midday shadow, Najm al-Din suggests to add markings on the ground to
indicate the midday shadow of the gnomon. For this purpose the tip of the
gnomon is projected vertically on the ground, and from there a line parallel
to the wall is traced in the northern direction to represent the projection of
the meridian (see Figure 4.3). The horizontal midday shadows (presumably
at each zodiacal sign, but the text is silent about this detail) are marked on this
line, whilst assuming a ‘gnomon length’ that equals EF, which is the height
of the gnomon above the ground.

In the plane of the prime vertical

No chapter of Najm al-Din’s treatise considers the case of a vertical sundial in
the plane of the prime vertical with gnomon oriented towards the south. This
was perhaps featured in either Ch. 117 or in Ch. 118, which are lacking in the
unique copy. It is easy, however, to imagine the procedure for this case, which
is almost identical to that given above. The only difference is that the azimuth
should be counted on the graduation of semicircle AGB from B instead of G.

In Ch. 122 — which closes manuscript D — the case of the northern side
of such a sundial is considered. Unfortunately, the page containing the text
of this chapter is severely damaged, so that only fragments are legible. Yet
it is not difficult to reconstruct the underlying construction procedures on the
basis of previous chapters. On this sundial, only the markings corresponding
to a northerly solar azimuth can be represented, that is, the declination curves
for Gemini and Cancer and the hour-lines 0-2 and 10-12.
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FIG. 4.3. A three-dimensional representation of the sundial in Ch. 107

The beginning of Ch. 122 is incomprehensible, but the legible fragments
do not give the impression of being related to the specific problem of a north-
ern vertical sundial. The construction of such a sundial is mentioned from line
8 onward. First it is stated that the construction is only possible for southern
declinations of the sun. There follows a numerical procedure for determining
the gnomon length, assuming that the given size of the sundial will encompass
the desired markings. The reader is asked to consider the smallest northerly
azimuth, which Najm al-Din gives as the azimuth of the third seasonal hour
at summer solstice, with numerical value 0;54° (north) [error: +13]. Take the
Cotangent thereof: Cot0;54° = 763;[50] 40 Twice this value will be 1527;40,
and twelve parts thereof will correspond to the gnomon length. Thus, 1527;40
is considered as the width of the wall (or sundial plate), from which a gnomon

40 This is the corresponding entry in Najm al-Din’s Cotangent table (error: —3).
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length is derived which allows us to mark the third seasonal hour at summer
solstice on the sundial. But the reader can imagine that with such a ratio
(12 : 1527;40) the gnomon would be minuscule and most of the markings
would be cluttered around it — unless one really intends to install a sundial on
a wall of huge proportions. The rest of the construction in Ch. 122 is identical
to the general procedure for declining sundials, to which I now turn.

Declining sundials

The procedure presented in Ch. 109 — similar to that described above — can
be used for constructing vertical sundials with any declination with respect
to the meridian. A circle (see Fig. 4.4) is traced on the ground in front of
the vertical surface of the sundial and tangent to it (at O), with a radius CO
corresponding to the gnomon length. The point of contact of the circle at the
bottom of the wall should also be underneath the gnomon J. On the surface
of the sundial the “horizon” AB is traced as usual. The cardinal directions
are then determined and are traced as the diameters of the circle (NS and
EW), whose extremities on the side of the sundial are extended until they
meet the bottom of the vertical surface (at W’ and N'). For a given azimuth, the
corresponding “distance” can be constructed on the surface of the sundial by
marking this azimuth on the circle, e.g. at M, and by projecting it on line XY
through the centre O of the circle at M’. The ‘distance’ will be given by CM’
and line M’H will represent the “line of the distance”. To find the “auxiliary
shadow” one has to consider OM’ as a gnomon, and to compute the vertical
shadow at the time sought with this gnomon length. Najm al-Din suggests
doing this graphically by dividing OM’ into 12 parts and by constructing a
new scale from these divisions on which the shadow will be taken with the
compass. This distance will be transferred as segment HK on line HM’', and
point K will be the position of the shadow on the sundial. These marks are
made for each seasonal hours at both solstices. Then the mark for the sixth
hour at the equinox is made on line QN’, with OR representing the midday
vertical shadow when the gnomon length corresponds to ON’. Line FR will
represent the equinoctial line on the sundial. The marks for the intermediate
hours at the equinox are easily constructed as the intersections of the ‘distance
lines’ corresponding to their azimuths with the equinox line. The solstitial
curves and the hour-lines are then traced by connecting their respective marks.

Najm al-Din’s illustrations of vertical declining sundials

The following is a description of the declining sundials illustrated in the treat-
ise (all of them for a latitude of 36°). I use the declination D as al-Marrakushr;
when positive the sundial is declining toward the east, and when negative to-
ward the west. Note that Najm al-Din employs d = 90° — D instead. (We
prefer D for the following descriptions because it allows us to distinguish
between eastern or western declinations.)
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FIG. 4.4. Construction of a declining vertical sundial

— Ch. 109: D = —40°, seasonal hours 6-—12, ‘asr(see Fig. 4.10).
— Ch. 110: D =50°, seasonal hours 0-6 (see Fig. 4.10).
— Ch. 114: D = —45°, equal hours 7-0 before sunset, ‘asr.

— Ch. 116: D = —45°, seasonal hours 6-12 [incomplete: only hours 6 and
12 are traced], markings for the altitude (unnumbered) and the azimuth
(30 north, 25, ..., 90 south) — see Fig. 4.5 (with hour-lines and ‘asr
added, azimuth and altitude markings at each 10°).

Sundials on columns

The procedure for constructing sundial markings on a column with fixed gno-
mon (Ch. 93) is identical to that for declining plane sundials. One should
be aware, however, that on the surface of a column it is not possible to draw
markings with the same range as on a plane surface. The range of azimuths
for which the shadow can fall on the column will be a function of the ratio
between the gnomon length g and the radius of the column r. It is easy to
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FI1G. 4.5. A declining sundial (d = —45°) with altitude and azimuth
markings, illustrated in Ch. 116

show that limit values of the azimuth will be given by

p
aim = arcsin| —— | £ D.
lim (r+g>

A three-dimensional representation of a cylindrical sundial for latitude 36°,
with gnomon declining 25° toward the east, is shown in Fig. 4.6.
al-Marrakushi describes a different kind of cylindrical sundial, on which
the gnomon is movable but the cylinder is fixed with respect to the cardinal
directions.*! The hour- and day-lines are constructed by dividing the circum-

41 al-Marrakushi, Jami<, 1, pp- 334-336 [fann 2, gism 3, fasl 30]; Sédillot, Traité, pp. 586-589;
cf. Schoy 1913, pp. 38-39, Schoy 1923, pp. 73-74, and Delambre 1819, p. 517.
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FIG. 4.6. Cylindrical sundial for latitude 36° with gnomon deviating
eastwards from the meridian by 25°. The radius of the cylinder is three times
the gnomon length.
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ference of the cylinder into 360 divisions corresponding to the azimuth, and
by marking the vertical shadow lengths for each hour at the equinox and sol-
stices underneath the appropriate azimuth division. Najm al-Din describes
the construction of an identical sundial in Ch. 94, and refrains from including
an illustration because he judges impossible to represent a three-dimensional
figure on the page without distortion of the hour-lines.

To use this sundial the gnomon, with a plumb-line attached at its base, has
to be rotated towards the sun until the shadow falls exactly on the plumb-line:
the extremity of the shadow will indicate time as well as the solar declination.
Other variants are described in which the cylinder is perpendicular to various
planes (meridian, prime vertical or a plane of arbitrary inclination with respect
to either of them, or both of them).42

4.3.4 Inclined sundials

Before considering Najm al-Din’s surprisingly simple method, a succinct sur-
vey of the methods proposed by several of his predecessors is appropriate.
The first author to treat inclined sundials in the Arabic literature was probably
Habash, but his treatise is lost. The earliest extant work giving a full treatment
of inclined sundials is the treatise by Thabit ibn Qurra already mentioned.
Thabit gives the horizontal coordinates (altitude and azimuth) of the sun in
the plane of an inclined sundial in terms of the horizontal coordinates in the
plane of the corresponding vertical sundial which is perpendicular to it.*> He
also gives the Cartesian coordinates on the inclined sundial in terms of those
on the declining sundial (equivalent to equations 4.8 above).** A third possib-
ility is also mentioned, namely, that of considering the surface of the sundial
as the horizon of a different locality, and to determine, through spherical tri-
gonometry, the latitude and longitude difference of the locality in question.*>
The problem is then reduced to that of constructing a horizontal sundial for
that locality; one must however take into account the longitude difference in
order to accordingly shift the time of day corresponding to each hour-line. But
Thabit preferred not to pursue the idea, because the other methods he presents
are “simpler and more appropriate”. Ibrahim ibn Sinan decided to follow the
lead suggested by his grand-father Thabit. He derived cumbersome formula
for the latitude ¢’ and longitude difference AL of the locality whose horizon
is parallel to a given sundial plane, by achieving a laborious demonstration
through spherical trigonometry (using the Chord function and the theorems of

42 al-Marrakushi, Jami®, 1, pp. 337-345 [fann 2, gism 3, fasls 31 to 35]; Sédillot, Traité,
pp. 586-601.

43 Morelon 1984, pp. 156-157, 281-282.

4 Ibid., pp. 164, 290-291.

45 Ibid., pp. 150-151.



200 CHAPTER FOUR

Menelaus).*

Now to al-Marrakushi’s mathematical treatment of inclined sundials.*’
For inclined sundials with perpendicular gnomons al-Marrakushi adopts the
idea already proposed by Thabit and Ibrahim of computing ¢’ and AL, but
his formulz are much more elegant than those given by Ibrahim.*® One
should successively find o = arcsin(sinisinD), 3 = arcsin(cosi/cos ), and
y=|B — ¢|. The latitude ¢’ and longitude difference AL are then simply given
in terms of these quantities as:

sing’ =siny cosa  and sinAL =sin o/ cos¢’.

A different approach is proposed by al-Marrakushi for inclined sundials
with gnomons parallel to the horizon,*® which involves computing the posi-
tion of the shadow on the inclined surface in terms of the Cartesian coordin-
ates on the corresponding vertical sundial. In Fig. 4.7 ABHE is a vertical
plane, and ACGE a plane of inclination /BAC = i. Consider a horizontal gno-
mon EF of length 12. We have EH = 12 coti and EG = 12 csci. The shadow
falls on the vertical surface ABHE at L and on the inclined surface ACGE at
P. Sought is the position of point P in terms of the Cartesian coordinates of
the shadow on the vertical surface £, = EK and 1, = KL. Clearly, point P is
located in plane KF GM. Furthermore,

KF =VEF?+EK?*= /122 + &2

and

KG = VKF 1 FG = \/122 4+ &2 + (12coti)?.

4 See Luckey & Hogendijk 1941/1999, pp. 158—163 (text and translation), 52-54 (comment-
ary). The equivalent formul® for ¢’ and AL, using modern trigonometric functions instead of
chords, and assuming the same definition of the declination D and inclination i as al-Marrakushr,
would be:

sing’ = cosi cos(¢ +x)/sinx where tanx = coti/cosD
tanAL =tany/sin¢ where y should be solved in  siny/sin(D—y) =tan¢ tani.

Ibrahim does not explain how to solve this, but the reader will easily check for himself or herself
that y can be expressed as
tan¢ tani sinD
tany = ——————.
I +tan¢ tani cosD

47 The simple cases of sundials parallel or perpendicular to the plane of the celestial equator,
which al-Marrakusht treats in details, are omitted.

4 al-Marrakushi, Jami<, I, pp. 171:12—173:5 [fann 1, fasl 80]; Sédillot, Traité, pp. 338-340.
Concrete applications of this method are found in fann 2, gism 3, fasl 7 (Sédillot, pp. 531—
532), fasl 8 (ibid., pp. 533-534) and elsewhere. Schoy misunderstood the procedure and gave an
erroneous demonstration (see Schoy 1923, p. 69, equations I to V).

49 1In practice al-Marrakushi also uses this second method for sundials with perpendicular
gnomons (e.g. in fann 2, gism 3, fasl 9).
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For the distance KP, prolonging line KM to M’, with MM’ = KL, gives a
parallelogram FLM'G. Triangle KPL is similar to triangle KGM’, so that
KP:KL=KG:KM' =KG:(KM+KL). Hence

KG  ny /122+E2+ (12 coti)?
EH+KL My + 12 coti ’

KP=KL

which is the formula given, without proof, by al-Marrakushi.>® The coordin-
ates KE and KP are called the “distance” (bu‘d) and “auxiliary shadow” (al-
zill al-musta‘'mal).

An almost identical procedure is presented in an extract of an anonymous
treatise on gnomonics appended to the unique copy of Thabit’s treatise.>! For
the sake of convenience its author is called ‘Pseudo-Thabit’. This extract
concerns the construction of an inclined sundial called the maknasa. In order
to construct this sundial, Pseudo-Thabit considers the distance GP instead:

KL ~ 12coti \/122+E2 + (12 coti)?
KM+KL) 12 coti+1, '

GP=KG—-KP=KG (1

Najm al-Din’s method

Najm al-Din determines, as Thabit already did,>> the Cartesian coordinates
on the inclined sundial in terms of the Cartesian coordinates of the corres-
ponding vertical sundial with the same declination, with the difference that he
considers a perpendicular gnomon instead of the horizontal one of his prede-
cessor. The vertical coordinate 1 can be computed from the coordinate 1, on
the corresponding vertical sundial:

n = Cot{arcCotn, £}, 4.9)

the idea being the same as with a conical sundial (see Section 3.2.1). The
formula for the horizontal coordinate is given in the first paragraph of Ch. 112

as
N, + Coti

= 4.10
é év CSCi 9 ( )
which is erroneous. It should be
Csci
=86 ———
1, + Coti

50 al-Marrakushi, Jami, 1, pp. 173:5-174:8 [fann 1, fasl 81]; Sédillot, Traité, pp. 340-341.
Applications of this method are given in fann 2, gism 3, fasl 8 (Sédillot, pp. 535-537), in fasl 9
(ibid. pp. 541-545), and elsewhere.

31 Morelon 1984, pp. 165-167.

52 Morelon 1984, pp. 164, 290-291.

53 The sign is positive when the shadow falls below the gnomon (90° — arcCot 1, > i) negative
when it falls above (90° — arcCot 1, < i).
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F1G. 4.7. Construction of an inclined sundial with horizontal gnomon

instead.>* In Ch. 111 a graphical construction of this quantity is given, but it
is twice faulty.>

Astonishingly, most diagrams of inclined sundials in Najm al-Din’s treat-
ise are correctly drawn. This means that the erroneous formula given in the
treatise was not used by the person who made the illustrations. Could it be that
more than one person was at work? Or that some assistants, students or later
copyists have completely corrupted a text which, originally, contained the cor-
rect procedure? In any case, we observe that a systematic error affecting the
text cannot be detected on the illustrations.

Application to horizontal sundials. An application of the above procedure
is found in Ch. 102, where a horizontal sundial is treated as a sundial of in-
clination i = 90° with respect to a vertical sundial facing south. Najm al-Din
gives for this sundial 1 = Tan(arcCotn,), which derives from his formula
4.9, but he could have expressed it more simply as 122/7,. For the distance
he gives £ = {5 &,, which derives directly from his erroneous formula 4.10.
Ch. 102 also includes a table of the Cartesian coordinates of a horizontal sun-
dial, which was not computed by means of the above formule, even though

% Tt is not difficult to demonstrate its equivalence with equation 4.7 above.
35 The procedure is equivalent to & = &, w which is absurd.
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its entries are particularly crude. The axis of the £-coordinate, from which n
is counted toward south, is displaced from the location of the gnomon toward
the north by a certain distance, which is such that the northernmost corners
of the sundial are located on this axis. The use of ‘displaced functions’, i.e.,
the addition of a constant to make a particular function always positive, is
frequently attested in Islamic zijes.>®

Najm al-Din’s illustrations of inclined sundials
— Ch. 108: (1) D =90°, i = 45°, seasonal hours 0-6; (2) D = —90°,
i =45°, seasonal hours 6-12, ‘asr (see Fig. 4.11).

— Ch. 111: D= —40°, i = 50°, seasonal hours 6-12, ‘asr.
— Ch. 112: D =40°, i = 10° facing the ground, seasonal hours 0-3.

— Ch. 115: D= —-45°,i=130°, equal hours 8-0 before sunset (see Fig. 4.8
and Plate 14).

— Ch. 119: D = 80°, i = 10° facing the ground, equal hours 0—4 since
sunrise, markings for the altitude (6, 12, ..., 54 [! in fact 42 is the
limit]) and the azimuth (30 north, 20, ..., 60 south) (see Fig. 4.9).

— Ch. 120: purports to be for D = —45°, i = 60°, seasonal hours 6—12
[numbered 6-0!], azimuth lines (30 north, 20, ... 90 south). The illus-
tration, however, diverges not only from the sundial corresponding to
these parameters, but also from any other possibility.

— Ch. 121: D = —45°, i = 30° facing the ground, seasonal hours 11-12
[the angle between both hour-lines is much too large].

4.3.5 Composite sundials on adjacent surfaces

Compositions of two sundials on ‘diptychs’, i.e., on two adjacent surfaces
making a certain angle to each other, are mentioned by several Muslim au-
thors on gnomonics. Not fanciful creations, they are very useful applications
of gnomonics. Two vertical sundials can be found on both sides of the ex-
terior walls of a building, near the southernmost corner, or, inversely, in the
northernmost corner of the walls enclosing an open courtyard. al-Marraku-
shi calls the first kind, where the eastern surface is facing eastward and the
western surface westward, a “winged” (mujannaha) sundial, and the second
case a “mutually corresponding” (mutakafi’) sundial.’’ The latter will only

% See King & Samsé 2001, pp. 38, 41, 61 and esp. p. 80.
37 al-Marrakushi, Jami<, pp. 350:13-352:8 [fann 2, gism 3, fasl 41]; Sédillot, Traité, pp. 609—
612. Cf. Schoy 1923, pp. 70-71.
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F1G. 4.8. Aninclined sundial (with D = —45°, i = 30°) displaying equal
hours before sunset, as illustrated in Ch. 115

FI1G. 4.9. A sundial inclined toward the ground (with D = 80°, i = 10°)
displaying equal hours since sunrise, altitude curves and azimuth lines, as
illustrated in Ch. 119
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need one gnomon fixed at the corner and oriented toward the meridian: in
this way the markings of both sundials will meet each other exactly at the
corner.>® Najm al-Din considers composite vertical sundials of the mutakafi’
variety in Ch. 110, and calls them simply mawsiila, “connected”. Three kinds
are mentioned: those making an angle of 90°, those making an obtuse angle,
called maftitha, “opened”, and those making an acute angle, called maghliiga,
“closed”. The sundial illustrated in Ch. 110 is chosen to complement that
of Ch. 109, so that together they make a right angle. In Fig. 4.10 these two
sundials are illustrated in a three-dimensional perspective.

The maknasa

Another interesting type of composite sundial is the maknasa, literally a “place
in or under which wild animals shelter”, which consists of two rectangular
surfaces of the same inclination, adjacent at the top, thus resembling an in-
clined roof.>® The most common variety has the junction of both surfaces
aligned with the meridian, so that each inclined surface faces the east and
west. al-Marrakushi mentions varieties set ‘upside-down’, with the eastern
surface facing westward and the western surface eastward, and also includes
maknasas declining from the meridian.°

The earliest mention of the maknasa in Islamic sources is a short an-
onymous text probably from the ninth or early-tenth century entitled ‘Amal
al-rukhama al-maknasa (or perhaps better: al-mukannasa, shaped like a mak-
nasa), which is preserved in Ms Istanbul Aya Sofya 4830, f. 193r. This text —
obviously extracted from a larger work on sundials — describes the construc-
tion of a maknasa aligned with the meridian and whose sides are inclined by
45°. Each side bears a gnomon of length 33 (!) perpendicular to the surface.
The text is accompanied by a table which gives the polar coordinates (‘azi-
muth’ and ‘shadow’) with respect to the base of the gnomon of a series of
points on the day-lines of Capricorn and Cancer, for seasonal hours 0 to 6 and
for all quarters. The table is designed for the eastern side of the maknasa; the
western side is symmetric. The entries in the tables are not extremely accurate,
but in view of the mathematical complexity involved, the table is nevertheless

58 Such a sundial is also described by Ibn al-Raqqam, with both surfaces declining by 45°:
see Carandell 1988, pp. 285-286, 82—84, and 173-174 (with incorrect sundial markings on the
illustration of p. 174).

3 Sédillot (Traité, p. 611) — and after him Schoy (1923, p. 71) — read the word iuiSs as
miknasa and accordingly translated it as “balai”, i.e., “broom”, which makes no sense in this
context. Régis Morelon (1984, p. 291) has convincingly argued that the correct reading is in fact
maknasa, feminine form of maknas, which means “covert, hiding-place into which wild animals
enter to protect themselves”. This word is related to the verb kanasa, one meaning of which is
“to hail to its abode”, speaking of wild animals. See Lane, English-Arabic Lexicon, sub u“"{
The two surfaces of the sundial form a sort of triangular tent, similar (in shape or function) to a
maknas.

60 See the reference in n. 57.
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meridian

F1G. 4.10. Two connected (rmawsiila) declining sundials at a right angle
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F1G. 4.11. The maknasa: a double sundial on a roof

remarkable, and it allows the construction of a fairly correct sundial. A first
investigation reveals that the best fit occurs with a latitude of 34°, while 33° is
also possible.®! The only Muslim author prior to Thabit who is known to have
composed a work on gnomonics dealing with inclined sundials is Habash, so
perhaps this text is an extract of his treatise listed in the Fihrist.5>

A second testimony is the anonymous extract mentioned above by ‘Pseudo-
Thabit’. His maknasa is also oriented with the meridian, but its gnomon is
horizontal. The table accompanying the text gives coordinates equivalent to
EK and GP in Fig. 4.7.

Najm al-Din treats this sundial in Ch. 108. Unfortunately, the text is hope-
lessly corrupt, and the formule given for calculating the Cartesian coordinates
in terms of those of a corresponding vertical sundial are incorrect. Yet the
diagram of the markings on both sides, filling two folios, is excellent. On
Fig. 4.11, I have represented them in three dimensions on the maknasa.

61 T propose to publish the text together with an analysis of the table in a separate publication.
62 See n. 7 above.
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4.4 Miscellaneous three-dimensional sundials

4.4.1 Hemispherical sundials

Hemispherical sundials were widespread in Antiquity.®> However, there are
surprisingly few accounts concerning them in the Arabic technical literature.
al-Marrakushit presents a sound, simple geometrical method for constructing
some standard kinds. Najm al-Din could easily have reproduced the words of
his predecessor. But blindly adhering to his philosophy of instrument-making,
he chose instead a superfluous numerical procedure.

In the simple case of a concave hemispherical dial resting on its pole,
Najm al-Din naively advocates constructing the hour-lines by marking on its
inner surface the altitude and azimuth of each hour, for each zodiacal sign.
He also describes a wooden quadrant whose radius coincides with the inner
radius of the hemisphere, which facilitates the marking of those hour-lines on
the spherical surface. His instructions end with the usual remark about the
impossibility of illustrating a three-dimensional object.

The method put forward in the next chapter for constructing sundial mark-
ings on the outer surface of a convex hemisphere is, however, justified, as
it can no longer rely on a ‘natural’ configuration. Najm al-Din employs a
rather empirical method for constructing the markings on it, which is, as
usual, requires a table of shadows and azimuth (on the horizon) and a three-
dimensional geometrical construction. A ruler, which can be rotated freely, is
fixed at the base of the gnomon on top of the cupola and is held horizontally.
A thread is also attached at the top of the gnomon. To make a mark on the
cupola corresponding to a certain shadow and azimuth, the ruler is rotated in
the direction of this azimuth and the thread is stretched so that it intersects
the graduation of the ruler at the shadow. The extension of this thread to the
surface of the cupola will yield the desired mark.

4.4.2 Staircase sundial

An unusual sundial is described in obscure prose in Ch. 99. It consists of a
series of stairs which are laid out in such a manner that whenever one hour
passes before noon, the shadow of the gnomon jumps one step, and inversely
in the afternoon. Unfortunately, Najm al-Din does not precisely tell us how
to construct such a sundial, so we will not attempt at reconstructing one. The
procedure may have been empirical rather than mathematical. This sundial
calls to mind the ancient Egyptian ‘zikkurat’ time-telling device now pre-
served in Cairo.®*

63 See Drecker 1931, pp. 21-36; Gibbs 1976; Schaldach 1997.
64 See Schaldach 1997, p. 22.
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TRIGONOMETRIC INSTRUMENTS

5.1 The sine quadrant and the dastur

Although the morphology and use of the standard sine quadrant and of the
related dastar are relatively well-known,! their development in the Mamluk
and Ottoman period, and the new applications of the instrument devised by
later authors (mostly in a didactical context) are virtually unexplored. The as-
tonishingly large number of non-standard trigonometric instruments of con-
siderable ingenuity invented in these later periods are either unknown or have
been largely ignored by specialists of instrumentation and of the history of
Islamic science.” A new survey of Islamic trigonometric instruments is a de-
sideratum, which cannot adequately be provided in the present study, for two
reasons. First, Najm al-Din’s treatment of trigonometric instruments is rather
narrow and does not reflect the multiplicity and ingenuity of all kinds of tri-
gonometric quadrants and grids invented by his contemporaries Ibn al-Sarraj,
Ibn al-Ghuzili and Ibn al-Shatir. Second, the literature on those non-standard
instruments is unpublished and merits a separate study. I have, nevertheless,
conducted a preliminary analysis of all available Mamluk texts on such instru-
ments, which will be included in a forthcoming publication.

The sine quadrant (al-rub al-mujayyab, or simply al-jayb) was invented
in early ninth-century Baghdad and is probably to be associated with the well-
known scientist al-Khwarizmi. A hitherto unpublished short treatise attribut-
able to him describes its construction and use.® al-Marrakushi’s testimony
that some people referred to the sine function as “the khwarizmi sine” al-jayb
al-khwarizmi, i.e. the sine (quadrant) of al-Khwarizmy, lends credence to this
attribution.* The sine quadrant appears to have originally been intended as a

! The only available general study of the dastiir and the sine quadrant is still Schmalzl 1929,
pp. 62-99, which contains some errors and is much outdated. The use of the sine quadrant is also
treated in Wiirschmidt 1918, Wiirschmidt 1928, and Worell & Rufus 1944.

2 Some of them are described, not always accurately, in Schmalzl 1929, pp. 100-112; some
are also mentioned in King 1988. A trigonometric quadrant by Ibn al-Sarraj is investigated in
Charette 1999a.

3 See Charette & Schmidl, “Khwarizm?”.

4 al-Marrakushi (Jami, 1, p. 39 [fann 1, fasl 10]; cf. Sédillot, Traité, p. 120) informs us that
“some people call this table the table of the khwarizmi sine (wa-min al-nas man yusammi hadha
al-jadwal al-jayb al-khwarizmi)”. His summa contains other instances where it is referred to the
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graphical device for finding the time as a function of the altitude by means
of the universal approximate formula.> The original sine quadrant that was
invented in the ninth century bore an altitude scale along its rim and a set of
parallel lines, either horizontal or vertical, drawn from equal divisions of the
altitude scale to one of the radii, parallel to the other radius. Later authors
often called this type the “nonagesimal sine quadrant” (al-jayb al-tis‘ini), be-
cause its radial scale has 90 divisions. Another variant of the sine quadrant
is characterised by an orthogonal grid of 60 equally-spaced horizontal and
vertical lines, like modern graph paper; this was called the “sexagesimal sine
quadrant” (al-jayb al-sittini). A trigonometric grid of this kind is illustrated in
the Zij al-safa’ih of Abu Ja‘far al-Khazin (fl. tenth c.), and corresponds to one
side of the European instrument called the sexagenarium.® The instrument
can also bear various other markings, such as semicircles for finding the sine,
quarter circles for finding the declination, lines for finding the shadow, curves
of the altitude at the beginning and end of the ‘asr (see Section 3.5.4 above)
or for the solar altitude in the azimuth of the gibla. We should also mention a
complex universal instrument by Habash al-Hasib, which features numerous
sine quadrants and other trigonometric scales.’

Radial lines or quarter circles were sometimes added to the basic design of
the sexagesimal sine quadrant (see Fig. 5.4): these markings, however, were
common features of the closely related trigonometric instrument called the
dastir, which is simply a circular grid containing the markings of four sine
quadrants (see Fig. 5.2). Some authors interpreted it in a less abstract sense as
representing an orthogonal projection of various circles of the sphere.® Many
authors use the terms ‘dastiir quadrant’ or ‘sine quadrant’ indiscriminately.

Najm al-Din’s sine quadrant (Ch. 58 — see Fig. 5.4) is more akin to the
dastir than to the classical sine quadrant: it bears indeed the same markings
(lines of sines and cosines, radial lines and concentric arcs with radii corres-
ponding to the sines) as al-Marrakushi’s dastiir (see Fig. 5.1).° Yet Najm
al-Din’s version of the dastiir (Ch. 60) is lacking the concentric circles and
radial lines. al-Marrakush1’s sine quadrant (called rub“ al-dastiir) is very sim-
ilar to that of Najm al-Din, with the exception of lacking radial lines and the
addition of curves for the beginning and end of the ‘asr prayer and a circular

sine, shadow and declination (scales) of al-Khwarizmi: see al-Marrakushi, Jami, I, p. 250 [fann
2, gism 2, fasl 9] (= Sédillot, Traité, p. 465), and ibid., 11, p. 200 [fann 3, bab 5].

5 The earliest texts on the sine quadrant give procedures for finding the time that are derived
from the approximate formula: the oldest text, probably attributable to al-Khwarizmi, contains,
however, an erroneous procedure (see Charette & Schmidl, “Khwarizm1”). A Latin text from the
late tenth century also describes a form of sine quadrant for finding the time in seasonal hours:
see Millds 1932. See also Lorch 1981, Lorch 2000a, and King, SATMI, VIla, §§ 8-10.

6 See King, SATMI, VIII, § 6.1.

7 See Charette & Schmidl 2001.

8 Schmalzl 1929, pp. 63-68.

9 al-Marrakushi, Jami<, I, pp. 374:16-375:12; cf. Sédillot, Mémoire, pp. 87-88.
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arc of radius 24 for finding the declination (see Fig. 5.3).!° One unusual and
interesting feature of al-Marrakush1’s sine quadrant is the marking on its sur-
face of fixed stars represented by dots with positions defined in polar coordin-
ates by (p = CosA, 8 = o').!! al-Marrakushi describes another trigonometric
instrument of considerable interest.!? It consists of a semicircular plate of
hard wood, which bears on one of its faces an orthogonal equidistant grid and
equidistant concentric semicircles; the outer scale is numbered anticlockwise
from O to 180, and a scale along the diameter is accordingly numbered from 0
to 120 (see Fig. 5.5). A movable cursor (al-majra) with a small index (ziyada)
runs along the horizontal axis. A thread is attached at the centre and a second
one at the tip of the index of the movable cursor. Two sights (hadafa) are fixed
at both extremities of the diameter. Between them, on the lateral rectangular
surface of the instrument, a sundial is drawn as on the ‘Fazari balance’, each
sight serving as a gnomon (see Section 3.3.2). The back of the instrument
displays a table of oblique ascensions as on the “Fazar1 balance” (see Sec-
tion 6.2); it also bears two altitude scales and a series if dots representing the
fixed stars, marked in the same manner as on the sine quadrant.'3

5.2 Universal horary quadrants

Universal horary quadrants are graphical devices specifically designed for
finding the time of day in terms of the instantaneous and meridian altitude by
means of the universal approximate formula for timekeeping given in equation
1.1 (p. 22). But trigonometric instruments in general are perfectly well suited
to solve formula of this type, and we have seen in the previous section that
the sine quadrant probably originated out of an attempt to solve graphically
the problem of finding the time from the instantaneous altitude by means of
the above formula. They can thus be considered as instruments that yield the
quantity arcsin (sin 0; / sin 8;) when fed in with arguments 6; and 6,, which
is indeed one of the basic operations performed by sine quadrants. This is
the reason why universal horary quadrants appear in this chapter. Universal
horary quadrants, as for the sine quadrant, were apparently devised in ninth-

10" a]-Marrakushi, Jami, I, pp. 371:3-374:15; cf. Sédillot, Mémoire, pp. 82-87.

1" As far as T know, such marks for the stars are not found on any surviving sine quadrants.
The reason is simply that sine quadrants were usually featured on the back of astrolabe quadrants,
which already include markings for the fixed stars. al-Marrakushi’s sine quadrant, probably fol-
lowing some otherwise unknown Andalusi tradition, featured on the back of an horary quadrant.

12 al-Marrakushi, Jami, I, pp. 377-378 [fann 2, gism 4, fasl 4]; cf. Sédillot, Mémoire, pp. 107—
109.

13 The use of the instrument is explained in al-Marrakushi, Jami*, II, pp. 201-202 [fann 3,
bab 6]; cf. Sédillot, Mémoire, p. 109. The procedure for finding the hour-angle, especially the
first operation for constructing the quantity VersD, is not quite clear. Sédillot’s paraphrase is
moreover lacunary.
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F1G. 5.5. al-Marrakusht’s trigonometric semicircle

century Baghdad, and the earliest text on its use has recently been published
for the first time.'*

There exist two types of universal horary quadrants. On the first one the
hour-lines are circular arcs whose centres are located on the meridian line
or its extension, intersecting the outer scale at each 15° and converging at
the centre of the quadrant. This type is very well-known, for it figures on
the back of countless astrolabes, especially those originating from Western
Islam and Europe, and on several other instruments, especially the quadrant
known in the medieval West as quadrans vetus."> At least one author from
the fourteenth century, namely Ibn al-Sarraj, classified this universal horary
quadrant, or more generally its underlying design, as one particular kind of
sine quadrant.'® It has been suggested that the universal horary quadrant of
this type could have been derived from the sine quadrant.!” The second variety
of universal horary quadrant is fully equivalent to a sine quadrant on which
the hour-lines are radii to each 15° of the altitude scale.'® The use of both
quadrants is illustrated in Fig. 5.6.

Both versions of the universal horary quadrant are described by Najm al-

14 See King 2002 and King, SATMI, VTIb.

15 On this type of horary quadrant, see King 2002, and idem, SATMI, VIII, and the references
there cited; see also Lorch 1981 (where the underlying formula is unhappily derived in terms of
the hour-angle) and Archinard 1990.

16 Ms Princeton Yahuda 296, ff. 8v—10v. Cf. Charette 1999a, p. 27, n. 18.

17 Lorch 1981.

18 See Millds 1932; Lorch 1981, p. 118; King 2002 and idem, SATMI, VIIa, § 9.4.
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FIG. 5.6. The use of both types of universal horary quadrants

Din. His version of the first type (Ch. 57) also includes circular arcs for each
third of an hour (drawn in red in D): see Fig. 5.7. It is possible to construct
these circular arcs by trial and error with the compass, but Najm al-Din also
gives the radii of the corresponding circles for hours 1 to 6. This radius can
be found with the formula

R2
~ 2Sin(15°)

Najm al-Din gives the radii for hour-lines 1 to 6 as 120, 60, 42;25, 37;4, 31;4
and 30, whereas the accurate values are 115;55, 60, 42;26, 34;38, 31;03 and
30.!° His values for the first and fourth hour-lines are clearly in error. For
the first hour he obviously used the approximation Sin 15° ~ 15 (as 60% /30 =
120), but the approximations for other multiples of 15° do not yield the other
entries. He claims that his value for p4 = 37;4 corresponds to Chd(90°/5),
whereas it actually corresponds to Chd(% 90°) = 37;5; yet it is not apparent
what motivated this computation. He also claims that ps = 31;4 corresponds
to Chd(90°/6), but this value corresponds to Chd(90°/3) = 31;3 instead.?”

The universal horary quadrant with radial hour-lines in Ch. 74 has a semi-
circle for finding the sine of the meridian altitude, labelled ‘arc of the meridian
altitudes’ (gaws al-ghayat), as well as a curve of the ‘asr. The semicircle fa-
cilitates the task of setting the bead to the Sine of the meridian altitude: if
the thread is placed on the outer scale at the meridian altitude and the bead is
set at its intersection with the semicircle, the distance of the thread from the
centre will be the Sine of the meridian altitude. The rest of the operation is as
in Fig. 5.6.

pi =30csc(15:%).

19 al-Marrakushf also gives such a table, whose entries are accurate apart from the first entry,
given as 115;53: see al-Marrakushi, Jami*, I, p. 363.
20 The latter yields the correct value for ps because of the identity 1/cos(15°) = 4 sin(15°).
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FI1G. 5.7. Universal horary F1G. 5.8. Universal horary
quadrant with circular hour-lines quadrant with radial hour-lines

The construction of the curve for the ‘asr is not explained in the text, but
its form on the illustration suggests that it is identical to curve no. 2 described
in Ch. 77 (see Fig. 3.49 on p. 179). Another marking for the ‘asr is mentioned
in the text, consisting of a straight line from the beginning to the end of the
outer scale. Its use is not clear.

5.3 The quadrant with harp markings

The unusual quadrant presented by Najm al-Din in Ch. 56 is in fact a simple
variant of an instrument whose construction and use are already described
in detail by al-Marrakushi in his summa. Since it has never been explained
appropriately in the secondary literature, I shall first examine the standard
version of the instrument according to the thirteenth-century Egyptian source.

5.3.1 al-Marrakushi’s ‘figure for finding the hour-angle’

The trigonometric ‘figure for finding the hour-angle’, as al-Marrakushi calls
it (shakl yu‘lam bihi al-d@’ir min al-falak), is a ‘materialization’ of a standard
graphical procedure for finding the time from the altitude on a sine quadrant.?!
The instrument facilitates the graphical computation of the hour-angle from
the altitude and the meridian altitude, using the following accurate formula of

21 gl-Marrakushi, Jami, 1, pp. 357:16-359:20 (construction) [fann 2, gism 4, fasl 1] and II,
p. 150:1-12 [fann 3, bab 3]; cf. Sédillot, Mémoire, pp. 59—-64.
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Indian origin:??

Verst = VersD {w} )

Sin Ay,

Construction. al-Marrakush1’s instructions can be summarised as follows:

FI1G. 5.9. al-Marrakusht’s construction of the quadrant for finding the
hour-angle

1. Take a rectangular plate with ratio length : width ~ VersD : R (when
¢ = 30° this ratio is about 6 : 5), and leave some extra space in width and in
length in order to draw the scales. Let the extra length be AB and the extra
width be AC.

2. Trace CD parallel to AB and BM parallel to CA, cutting CD at M. Divide
MD in as many equal parts as the Versed Sine of the maximal half-arc of
daylight. Number the scale from M to D at each 5 divisions. Make also a
scale for the Sine from H to M with sixty numbered divisions.

3. Trace arc ME centred at H, E being near the right-hand margin of the
plate, and divide it into as many parts as the maximal half-arc of daylight.
Number this scale from M to E, and number also the arc of altitude from N to
M.

4. Trace vertical lines parallel to DE for the Sines, from each subdivision
of segment MD up to arc ME.

22 On this formula, see Debarnot 1985, p. 37 and Charette 1998, p. 27.
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5. On scale MD measure Sin /1, (8 = €) and trace an “invisible” (wahmi**)
vertical line parallel to DE.

6. Trace an arc of radius MD centred at M and going from D to the “invis-
ible” line, and let this arc be DZ. Trace line MZ. We have MZ = VersD(¢).

7. Likewise measure Sin#,,(0) on MD and trace an “invisible” vertical
line. Draw an arc centred at M of radius 60 from H to that vertical line, and
let it be arc HT. Trace line MT (we have again MT = VersD(0)). Repeat this
operation for intermediate values of the declination, for any interval desired.
Join the extremities of the declination lines to form a curve ZT.

8. Trace circular arcs centred at M going from each fifth subdivision of
scale MD to line MZ (optional, but useful when the thread is missing).

9. Mark some fixed stars in the same manner, that is, with a dot whose dis-
tance from M measures Vers D(A) and whose horizontal coordinate is Sin 4, (A).
Indicate also the value of their right ascensions next to them.

On this instrument, a day-line for declination & also serves declination
—0. Whereas al-Marrakushi omits this important property, the day-lines on
the figure in both copies of Najm al-Din’s treatise are labelled with all appro-
priate zodiacal signs. To see the validity of this point, observe that

R Sinh,, Cos¢ Cosod

COSZQMPZWZB((P,S): R ,

which is a symmetric function of §.24

Use. To determine the hour-angle ¢ from the meridian altitude 4, and the
instantaneous altitude /, measure arc h,, = NL on the scale of the quadrant,
and also h = NK, so that HX = Sinh,, and HY = Sinh (see Fig. 5.10). Then
on scale MH subtract HY from HX so that M'S = XY measures Sin 4, — Sin A.
Let MP = VersD be the corresponding day-line, with MQ = HX = Sinh,,.
From point S project vertically up to point R on line MP. With the thread,
report the radius MR on the horizontal scale at W and from there, project
vertically up to point Z on arc ME. Arc NZ will then measure ¢. It is not
difficult to verify this, for

MR :MS=MP:MQ

and MR = VersD w = Verst,
Sin A,y

and since MW = Verst we have NZ =t. The same construction on a sine
quadrant is described in an anonymous text from the ninth or tenth century.?

23 See the remark on p. 254 , n. 1.

24 On the auxiliary function B(¢,0), see King, SATML, 1, § 6, and Charette 1998, pp. 27-28.

25 Published and analysed in Lorch 2000a, pp. 267-270. The procedure in this text assumes
Vers D < R (equivalent to 6 < 0 for northern latitudes); no word is said about situations when this
is not the case.
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F1G. 5.10. Principle of the quadrant for finding the hour-angle

5.3.2 Najm al-Din’s version

The procedure proposed by Najm al-Din in Ch. 56 is essentially the same as
that of al-Marrakushi, even though it is expressed — as should be expected —
in a much more concise manner. Najm al-Din did, however, introduce a slight
(and optional) modification to al-Marrakushi’s device by folding the markings
that fall outside of the quadrant MHN over the inner surface of the quadrant,
by reflection about its vertical side HN (see Fig. 5.12). Since the marking of
radii greater than 60 with the thread is no more possible, the concentric arcs
on the folded portion are now represented for each unit of radius.

Presumably because of the resemblance of the declination lines with those
of the horary quadrant of Ch. 69 (or vice versa), which is called “horary quad-
rant with the harp” (sa<t al-junk),”® Najm al-Din called this instrument the
mujannak quadrant, which can be best translated as “quadrant with (markings
reminiscent of) a harp”.

26 See pp. 129-130 above.
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5.4 The shakkazi quadrant as a trigonometric grid

A remark on the shakkazi quadrant is appropriate. In Chapter 2 it was ob-
served that instruments based on a universal stereographic projection oper-
ated conversions from one celestial coordinate system into another, by virtue
of the properties of stereographic projection and the spherical configuration
of the celestial sphere. The shakkaziyya was eventually restricted to a quad-
rant and lost the markings corresponding to the projection of the ecliptic co-
ordinate system. The result is the shakkazi quadrant,”” which is identical to
a particular kind of ‘meteoroscope’ designed by the early sixteenth-century
German mathematician and astronomer Johannes Werner and illustrated by
Peter Apian in his magnificient Astronomicum Caesareum.”® Historians of
mathematics have stressed that the use of the meteoroscope as an abstract
graphical device for solving spherical triangles represents a new and original
chapter in the history of trigonometry.

In summary, Werner and Apian had shown how, equipped with a met-
eoroscope of the saphea kind, a person without mathematical knowledge
could solve any spherical triangle.?

What until now has remained virtually unknown, however, is that the shakkazr
quadrant was also used by Mamluk astronomers as an abstract grid in a way
not unlike that of Werner and Apian, and Mamluk authors even consciously
classified this quadrant among the trigonometric instruments.>* Unpublished
treatises by Ibn al-Sarraj, Ibn al-Shatir and many others demonstrate this tra-
dition, which I treat fully in a separate study currently in preparation.’!

27 Several authors also name it after the nature of its markings as the mugantarat khatt al-
istiwa’, “‘altitude circles at the equator”.

28 See North 1966-67.

2 Ibid., p. 64.

30 See for example Ibn al-Sarraj, MS Princeton Yahuda 296, ff. 8v-10v and Ibn al-“Attar, Kashf
al-gina“, MS Vatican Borg. 105, f. 5v:6-15 [gism 2, fasl 2].

31 Listed in the bibliography as King & Charette, Universal Astrolabe. See already the insight-
ful remarks in Samsé 1971.
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CHAPTER SIX

MISCELLANEOUS INSTRUMENTS

6.1 Observational instruments

In a treatise concerned almost exclusively with nomographic instruments,
Najm al-Din thought it appropriate to describe the construction of three purely
observational instruments: the armillary sphere, the parallactic rulers (in Ar-
abic “[instrument] with the two rulers”) and a third one called simply the
“ruler”, which is a simplification of the second. His descriptions merit little
comment, as they are incomplete and hardly intelligible.

The armillary sphere (al-asturlab al-rasadr, or dhat al-halag), is only un-
willingly presented in Ch. 30, as the author himself confesses; even the reason
given for including it, namely, that it is “a basic (form) to all (instruments)”,
is quite puzzling. Nevertheless, Najm al-Din would have been better advised
to omit it altogether, for he does not describe it at all, apart mentioning that
it has seven rings, although some people say it should have nine. His foolish
instructions on the geometrical construction of a ring deserve no comment.
More interesting is the reference in the title and the caption of the illustration
to the alternative appellation of the armillary sphere as an “observational as-
trolabe”, which is clearly related to Ptolemy’s terminology (Almagest, V.1),
where this instrument is called an astroldbon orgdnon.

As for the parallactic rulers (dhat al-shubatayn) (Ch. 59), the text, un-
clear enough in itself, has been rendered yet more obscure by a completely
erroneous diagram. What is intended is an instrument like Prolemy’s, slightly
modified in order to measure the altitude through sines instead of chords: a
thread is attached at the lower extremity of the movable ruler, and the position
of the plumb-line on a cosine scale (with base 60, the length of the rulers and
of the vertical mast being likewise 60) will readily yield the altitude. This
notwithstanding, the text also refers to a chord-scale, so that the cosine scale
on the ground may have been intended as an additional feature to the standard
Ptolemaic instrument, which would retain its second ruler fixed at the base
of the mast. The illustrations in both copies show the thread attached to the
junction of the vertical and movable segments, which is absurd.

' On this instrument, see Nolte 1922 and Celentano 1982.
2 Ptolemy, Syntaxis Mathematica, p. 350.
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What appears to be intended as a simplification of this instrument is pres-
ented in Ch. 105. Yet Najm al-Din’s description of it is hopelessly sibylline.
A ruler divided into 60 equal parts on its face and into 30 more (equal?) parts
on its back — said to correspond to 25 of the parts on the face (?) —is (presum-
ably) provided with sights. A thread is attached to it and, as on the previous
instrument, is to fall on a scale at the time of observation, to indicate the alti-
tude.

6.2 The Fazari balance

The name of this multi-purpose instrument is possibly related to the eighth-
century astrologer and astronomer al-Fazari, who might be its inventor. It
consists of a wooden parallelepiped with four identical rectangular faces and
square extremities; each of its four rectangular surfaces bears different mark-
ings, either sundials, graphs or tabular data. We have already described the
various sundials associated with this “balance”.> As far as I am aware, the first
extant description of this instrument is by al-Marrakushi, who described its
construction and also explained its use in 50 chapters.* There is an anonym-
ous treatise on the “Fazart balance” attributable to Nasir al-Din ibn Sam‘un,
a contemporary of Najm al-Din, and which deserves investigation.’ Najm al-
Din’s description of this instrument in Ch. 95 is incomplete and incompetent.

6.3 The badahanj

The device featured in Ch. 91 is not, properly speaking, a scientific instru-
ment. It is one of the most curious features of Najm al-Din’s treatise. In
this chapter, a method for properly aligning a badahanj (i.e., a ventilator or
“wind-catcher”) in the city of Cairo is described, which is directly related to
folk astronomical and meteorological traditions. This text has been edited,
translated and analysed by David King in a study on the ventilators of medi-
eval Cairo.® A particularly interesting aspect of this chapter is that it pertains
to the ‘folk astronomical’ tradition, while integrating methods from mathem-
atical astronomy (cf. Section 1.4.1).

3 See pp. 147 and 163.

4 al-Marrakushi, Jami<, I, pp. 251:6-254:1 [part of fann 2, gism 2, fasl 9]; Sédillot, Traité,
pp. 465-469.

5 Itis preserved in MS Cairo QM 2/5, ff. 92r-98r.

6 King 1984, pp. 109-111 and 128-129.
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6.4 The mubakkash

This instrument (Ch. 32), which at first sight makes as mysterious an impres-
sion as does its curious name, serves as a graphical device (i.e., a nomogram)
for converting between equal and seasonal hours. It is absolutely unique in
the medieval literature, being featured neither in manuscripts nor on extant
instruments. The word mubakkash (or mubakkish) escapes explanation: even
its root b-k-sh is not found in classical Arabic dictionaries. In Egyptian Ar-
abic, the verb bakkish means “to fool, bluff, act fraudulently”.7 Could the
mibakkish or mibakkash instrument be intended to defraud? I think the mean-
ing is in fact semantically related to the term hila (pl. hiyal) (trick, artifice),
which designates “ingenious mechanical devices” in classical scientific Ar-
abic.® The mubakkash was then probably intended as a wondrous (mathemat-
ical) device, the result of an ingenious ‘trick’. The text, however, gives solely
the construction procedure; there is not a hint of the way the instrument is to
be used.

Construction. First, the basic elements of a northern astrolabic plate are
traced: two perpendicular diameters NS, EW and the circles of Cancer, equa-
tor and Capricorn (see Fig. 6.1). Then two marks X and Y are made on each
tropic in such a way that the lines OX and OY define an angle of 30° with re-
spect to the horizontal diameter EW. Then a circular arc XY is traced, which
also passes through the intersection of the equator with radius OS. Arc XY
is divided into 60 parts on each side of the meridian OS, so that each of its
divisions x; defines an angle /SOx; = i, with i = 6,12,...,60: this scale is
labelled “arcs of the (positive or negative) excesses”.” These divisions in turn
define the radii Ox; of a series of concentric arcs, traced from line ON to arc
XY, the length of each arc being within the range 120°-240°; the length of
each arc represents the duration of daylight for a particular solar longitude.
The tropics and the equator are then divided into 180 equal parts (in fact 30
parts, since they are marked with 6-unit increments on the diagram). For each
division of the daylight arcs, the three points hence defined are joined through
a circular arc. The latter are labelled along arc XY 6,12,...,90, beginning
from line ON, in both directions. Najm al-Din’s mubakkash also features a
trigonometric quadrant (with vertical lines for the cosines and corresponding

7 See Badawi & Hinds, sub “b-k-sh”. In the Maghribi dialect, however, the word bukkiish
is attested as meaning “dumb”: see Dozy, Supplément, s.v. A link with the Persian word <2<
(“swelling, tubercle”) seems very unlikely.

8 The two most important Arabic treatises on mechanics, by the Banii Musa and al-JazarT,
have indeed the word hiyal in their titles; see Hill 1974 and idem 1979.

9 The text has “arcs of the excesses (whose signs) is the same as the sign of the latitude” for
the positive ones, and “arcs of the excesses (whose signs) differ from the sign of the latitude”.
But this formulation implicitly assumes a terrestrial latitude in the northern hemisphere.
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F1G. 6.1. Construction of the mubakkash

concentric arcs) in the lower left quadrant. The resulting instrument is depic-
ted in Fig. 6.2: see also the illustration in manuscript P reproduced on Plate
16.

Use. The mubakkash presumably achieves the conversion

, T before noon,
180°—T after noon,

where T is the equatorial time since sunrise, and 7’ is the ‘seasonal time’
since sunrise, 15 times 7, the time since sunrise in seasonal hours (recall the
definition of 7 as 67 /D). In the text of Ch. 32, the mubakkash has a thread
attached at the centre. To use the instrument, determine 7’ (or 180° — 7’ if it
is larger than 90°) as well as the value of the maximal half-excess for a given
latitude. Put the thread at the intersection of the appropriate concentric circle
with the curve corresponding to 7’: the angle made between the thread and
the radius ON will yield the time since sunrise 7. The converse operation is
obvious.

On the illustration accompanying Ch. 32 the scales on the outer rim of all
four quadrants are numbered 0-90, starting from the east and west points. It
would have been a wiser choice to label the three quadrants of the mubakkash
continuously from O to 270, starting at N, in order to directly enter 7" on the
scale.!” It is likewise odd that on the illustration the arcs of 7/ are numbered
at each 6°: a choice of 5° intervals would indeed correspond to one-third

10" Alternatively one could have added an hour scale, one equal hour at each 15°.
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FIG. 6.2. The mubakkash device

of a seasonal hour and would then facilitate converting hours, which here is
achieved only in a rather awkward manner.

A note at the bottom of the illustration claims that the instrument is uni-
versal and works for all solar longitudes up to a terrestrial latitude of 60°, and
thereafter (up to 89°) only for a restricted part of the ecliptic. Two problems
arise. First, for ‘60’ one should read ‘66[;25°]’, the complement of the ob-
liquity, since up to that latitude the length of daylight is smaller or equal to
360°. Second, the scale for the excess of daylight is limited to a maximum
of 60°, which corresponds to the maximal daylight for latitude 48°, roughly
equal to the upper limit of the seventh climate, which is the ‘limit of universal-
ity’ adopted by the author. For latitudes higher than 48°, the scale of excesses
should be extended to £90°, but then the concentric arcs would crowd very
close to each other.
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Mathematical analysis. Circular arc XY is defined in such a way that it is
equivalent to a section of the horizon on an astrolabic plate for some latitude
¢* whose maximum excess of daylight is 60°. (Here this astrolabic plate
would be seen sideways, with the south coinciding with the west point of the
mubakkash.) From the formula for the half excess of daylight this latitude is

sin 60°
¢* = arctan (
tan€

> ~ 63.25°.

The centre of this ‘horizon’ is located on radius OW at a distance a from the
centre O, its radius being r; these quantities can be expressed as

_ 9" 9" _ ¢ 9"
a=— > (cot2 tan 5 and r— 2 cot2 + tan A

where R is the radius of the equatorial circle. If Rg = 60, then a = 30.25 and
r =67.19. The divisions on arc XY define the radii of a family of concentric
arcs, which can be expressed in terms of the half-excess of daylight d by the
formula:

p(d) = \/,z — a2+ a?sin’(2d) — asin(2d) .

The second family of curves represents the ‘seasonal time’ 7’ as a function of
the excess of daylight 2d. The instructions suggest drawing these curves as
circular arcs through three points marked on the ‘tropics’ and the ‘equator’.
This procedure only approximates the exact curves, whose equations can be
expressed in polar coordinates as

p=1\/r?—a?+a?sin>y — asiny  with y=180° <%1>

where f3 is the polar angle measured from line ON, and with

ﬁmm = % and ﬁmaX = %T/-ll

' When 1/ = 180° (i.e., at sunset), the above becomes the polar equation of a circle of radius
r centred at (a, 0). When T= & (n > 2), the equation, whose basic form can be expressed
as p> —2psin(nf) — 2 =0, deﬁnes very nice curves of order > 4, resembling sea-stars with n
branches.
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[Last chapter of the first part on the use of Najm al-Din’s
auxiliary tables and conclusion thereof]'?

Chapter 130. On finding the radii of the altitude circles and parallel circles
(on the astrolabe).

When you want the smallest distance from the ‘pole’,! take the difference
between the altitude argument and the terrestrial latitude. Take the tangent?
of half of it, and keep it in mind. And if you want the largest distance, add both
(quantities), take half of the sum, and keep it in mind. Then take its cotangent
from the shadow table. Add to each of the two memorised (quantities) two
thirds of them. Subtract from this sum, for each degree, one second of arc.
What remains is the desired radius (of the altitude circle). If the sum is greater
than ninety, subtract it from hundred and eighty. Take the tangent of half of
the difference and add two thirds of it, as you first did. If you want to place
it in a tabular form, then you will be able to construct the altitude circles
with it, provided that the radius of the plate has thirty (parts). That is for the
northern region.3 On the southern one, the procedure is the reverse (of what
has previously been described).

If you want the prime vertical, add the terrestrial latitude* to ninety, take
the tangent of half of the sum, and keep it in mind. Then subtract the terrestrial
latitude from ninety, take the tangent of half of the difference, and keep it in
mind. Add to each of the two memorised (quantities) two thirds of them.
Subtract from (each of) the (two) sums, for each degree, one minute (of arc).
What remains are the farthest and nearest distances® (of the prime vertical).
Add them together and take half of the sum: this is the distance of the centre
of the circle of the prime vertical from the ‘pole’.

< Another method: > If you wish, add together the cotangent and the tan-
gent of half the (meridian) altitude at equinox (nisf irtifa“ al-hamal). Add
to this sum its two thirds and subtract one second (of arc) for each degree
< thereof >. The result is the distance of the centre of the (projected) circle of
first azimuth. God knows best.°

12 On Part 1 of the Dublin manuscript see pp. 27ff. of the introduction.

! Ie., from the centre of the astrolabic plate, which coincides with the projection of the north-
ern/southern celestial pole on a northern/southern astrolabe.

2 1In the translation, the terms tangent and cotangent will always refer to the trigonometric
function Tan and Cot to base twelve, and sine and cosine to the functions Sin and Cos to base
sixty.

3 Le., the projection of the northern hemisphere.

The text has ‘complement of the terrestrial latitude’.
The text has ‘radii’.
This second method is equally wrong!

SRV N

p. 51
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< Conclusion of Part 1 >

The Shaykh — may God be pleased with him — said: The chapters on the
operations (with the tables) are finished, with the help of God full of Majesty
(dhit I-jalal). We have composed 130 chapters, among which 127 do not
refer to (the operations of) multiplication, division, square root extraction or
proportions. All of them can be artfully (resolved) with the tables, and three
chapters require (the use of) multiplication, division and proportions. I did
not place (these arithmetical operations) in the chapters, except when they are
indispensable (illa li-kawn alla ghana’ ‘anha). Most of their determination
(i.e., of the solutions to the operations of spherical astronomy) are artfully
achieved by means of the tables and by two (other) methods (bab), the first
one being (exemplified) in Chapter 119, and the other one <in> Chapter
120. The third method is in Chapter 128. I only mentioned them in this book
of mine because they are (really) needed. I composed (the chapters on the
operations) without consideration of their methods (abwab). 1 do not know
anybody who has mentioned them in these times of ours, and for this reason I
mentioned them in my book.

Iindeed turned myself to the already mentioned (operations of) multiplic-
ation, division and proportions; and whoever understands them will like to
forbear us for having mentioned them according to the method of multiplica-
tion, division and proportions, because these operations are the common ones.
God shows the path to the Truth.

There follows the table of declinations and equations,! God Almighty
willing. God is sufficient for us! And how sublime a Guardian is He!?

< Interlude on the tables of proportions >
In the name of God, Merciful and Compassionate

The learned and venerable Shaykh, author of this book — may God be pleased
with him and may the Muslims benefit from that which he has left (them in
this book ?) — said: We need to present the evidence about the correctness
of the operations by the way of calculation that was mentioned to the eminent
men amongst the people of this science. I have chosen (to do) this in the
easiest way and the most straightforward approach of tabulation, attributed
to the eminent Shaykh Abu “Ali al-Marrakushi — may God have mercy upon
him. It is the table known as the ‘Table! of Proportions’, which consists of 62
operations along the length of the table and four entries along the width of the
table.2 He has mentioned that each entry is in one of the four cells (bayt).

! This table is found in D:24v. See Appendix A.

2 al-Qurian 111, 167.

! “Tables’ in the text.

2 al-Marrakushi’s ‘Table of Proportions’ consists indeed of 62 entries. See al-Marrakushi,
facsim., pp. 180-182 and Sédillot, Traité, pp. 351-359.
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The use thereof: Multiply one of the extreme (horizontal entries) with the
other one. Divide the resulting product by one of the intermediate ones. There
results one of the intermediate (entries). Or multiply one of the intermediate
(entries) with the other one. Divide the resulting product by one of the extreme
ones: there will result one of the extreme (entries).

Explanation of this: Multiply the first (horizontal entry) with the fourth
one and divide it by the third one, and there results the second one. Or divide
it by the second one, and there results the third one. Or multiply the second
(entry) with the third one and if you divide the resulting product by the first
one, there results the fourth one; and if you divide it by the fourth one, there
results the first one. I have taken fifteen operations from those attributed to
the Shaykh Abu “Ali, and I have completed them with fifteen (more) oper-
ations, which makes up thirty operations, for establishing the proof of the
exactness of the operations mentioned (in the treatise), which are (in) hun-
dred and twenty-five chapters. With these thirty it is possible to determine
923 problems (bab). There remains thirty-five that need nothing (?). This is
clearly explained from their chapters. God knows best that which is obsure
<and > (He is) most wise. It is this table which is on the back of this sheet.*
May God bless our Prophet Muhammad, his family and companions, and may
He grant them salvation.

3 Read 90?
4 These tables are reproduced with modern mathematical symbolism in Appendix B.
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[Part 2 — On Instrumentation]|

< Introduction >

The learned and venerable master, most excellent and distinguished (among
the men) of his time and author of this book — may God be pleased with him
— said: Whoever wants to determine one of the operations (described in the
book) can find it from its (appropriate) chapter, and do what we have men-
tioned. If he wants to check it (tastamhanahu), its operation (may be taken)
from the list of proportional relations tabulated on the back of this page. But if
you do not find it there, be aware that it is clearly explained in its chapter (and
that) no multiplication, division, square root or ratio are needed. Know (also)
that all the yield (thamara) of this art that you are seeking is found in (this
book) except the basic principles of a few chapters. And (these principles) are
not found (in the commentary), because if an orphan (al-.. . 1 al-yatim) would
come, all doors would be open (i.e., all methods would be known).2 (Further-
more) no auxiliary quantities (al-muwassil) are required for that (purpose),
like the ‘argument of the azimuth’ (hissat al-samt), the ‘directed sine’ (jayb
al-tartib), the ‘hypothenuse’ (qutr) or anything like that. The azimuth may
be found from the altitude without (using) the ‘argument (of the azimuth)’,
and the time-arc may be found from the altitude without (using) the ‘direc-
ted sine’. As for (determining) the altitude from the shadow, one cannot save
himself from the use of the hypothenuse, because the hypothenuse is the basic
(quantity for finding) the altitude (from the shadow). (But) whenever we can
determine the altitude from the shadow without (using) the hypothenuse, then
its hypothenuse is no more needed. For what is the purpose of all things, if
not the benefit they can yield? May God who helps be praised.

‘We have compiled two (sets of) tables: the first of these is for the construc-
tion of the altitude circles and azimuth circles for all instruments involving
these. As we desire that they be (made) at each six or three (degree of inter-
val) or otherwise, we have determined the time-arc for the altitude argument
according to Chapter 21, and we have subtracted it from the half arc of day-
light, thus obtaining the hour-angle. We have placed it (in the table) vis-a-vis
the corresponding argument of the altitude circle, for the desired latitude, and
for the two solstices. When the meridian altitude is attained, we determined
it for the equinox, and whenever the meridian altitude is again attained, we
determined it for Taurus, Gemini or for a star whose declination is equal to
the latitude of the location.

For the azimuth circles, when you want that they be (made) at each ten
or five (degree of interval) or otherwise, determine the altitude correspond-
ing to the azimuth argument according to Chapter 25, for the solstice whose

U Hegible word
2 This seems to be a proverbial pun.
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TABLE T.1. For constructing altitude < and azimuth > circles
for latitude 36°

h | Cancer h | Aries h | Capric.
0 | 108;21 0 | 90;00 0] 71;39
6 | 100;20! 6 | 82;36 6 | 62;50
12 | 92;00 12 | 75;07 12 | 52;47!
18 84;10 18 | 67;35 18 | 42;51
24 | 76;34 | 24 | 59;49 24 | 30500
30 | 69;08 30 | 51551 30 | 7;20
36 | 6136 | 36 | 43;26 — —
42 | 54,05 | 42 | 34;15
48 | 46;38 | 48 | 23;16 Aries
54 | 39;08 54 | 0;00 az h T
Taurus 10 | 13;36 16;53
60 | 31;36 | 60 | 18;36 20 | 25;21 31;58
Gemini | 30 | 34;35 4434
66 | 23,50 | 66 | 21;34 40 | 41;31 55,00
72 14,57 | 72 | 11;23 50 | 46;28 63;39
A=36 A=30 | 60 | 50;08 71;37
78 14;50 | 78 | 12;22 70 | 52;14 77;51
84 7,26 84 | 0;00 80 | 53:;26 84;00
90 — 90 — 90 | 54;00 90;00

direction is opposite to that of the terrestrial latitude, running from the rising
amplitude to 90 degrees. What is smaller than the rising amplitude, determine
it for the equinox, and place it (in the table) vis-a-vis the azimuth argument.
We determined the time-arc from the altitude and the azimuth and we have
likewise place it (in the table) vis-a-vis the azimuth argument. This is what
is required for the construction of the lines of azimuth. If you want, you may
determine the altitude for those azimuths at the equinoxes as we (just) men-
tioned, or you may (also) enter the (table of) half excesses with the azimuth
for the desired latitude. Take the declination you find: this will be the altitude
for that azimuth, specifically at the equinoxes. A time-arc is obtained for it
according to its (appropriate) chapter; place it in the table, which is the one
we have compiled.

For the day-circles, determine the meridian altitude for that degree accord-
ing to Chapter 4. Understand it. For the division of the ecliptic, determine the
(right) ascension of all signs of the zodiac from the table of right ascension
and keep it in mind for the time (when it will be) required.

The other (set of) table(s) is for the construction of the hour-lines of hori-
zontal, vertical, inclined, conical, hemispherical, cylindrical and other sun-
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dials involved with horizontal or vertical shadows, or with auxiliary ones
(musta‘mal) or with shadows that are inclined with respect to the surface of
the sundial or otherwise. We have determined the (horizontal and vertical)
shadow(s) for each hour and its azimuth, from its altitude, according to the
(appropriate) chapters mentioned before. We have placed it (in the table) un-
der each sign of both solstices for the latitude we desired: this is the sundial
table (jadwal al-basita).>

As we want both the seasonal and equal hours, we have disposed them in
two tables, (one) for the seasonal (hours) and (the other) for the equal ones.
Since we want to mark the time-arc (on some sundials), we have (also) com-
piled for it a table (designed) in terms of the time-arc at each three (degrees)
for latitude 36°. We determined the altitude (corresponding to) that time-arc
according to its chapter, and we have placed it in the table. Then we have
found the horizontal and vertical shadows and the azimuth corresponding to
that altitude, (each operation) according to its (appropriate) chapter, and we
have (likewise) place it in the table for the time (when it will be) required.
Since we (also) want (to construct) the altitude (markings) on the horizontal
sundial, it is required to compile for it a table in terms of the altitude at each
five or six (degrees). We find the horizontal and vertical shadow of that alti-
tude from the (appropriate) chapters (min babihima) and we have written the
two (in a table) for the time (when it will be) required. Praise be to God the
Only One.

1 On the construction of the altitude circles of northern astrolabes.

(The construction) is indeed related to the construction of the ecliptic of the
rete. If Capricorn is the largest of the circles of the rete, the (astrolabe) is
northerly, and if it is the smallest one, then it is southerly.

Trace a circle and divide (its circumference) into 360 equal parts. Di-
vide it (also) into four quadrants (defining four radii that) you divide into 30
parts. From this quantity take 19;39” and trace a circle with this opening (of
the compass): this will be the circle of Aries (i.e., the equator). Take from
this opening (a quantity of) 12;54” and trace a circle: this will be the circle
of Cancer. Then take 15;307 for Taurus; 13;42” for Gemini and trace both
circles and have them ready (to be drawn) at the time required. Take 10;2”
for the zenith. For the star whose declination is 30°, take 8;467 (as a distance)
to the nearest ‘pole’, and 11;467” to the farthest one.! Both of them are on the
meridian line on the northern surface (of projection), when the first (circle) is
the circle of Capricorn, and inversely on the southern surface (of projection).
As we want to present the explanation of the way how we can achieve this

3 Tables for constructing sundials are found on ff. 46v—47r. See the commentary on p. 187.
! The latter sentence makes no sense, and the two given values are apparently corrupt.
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with the help of the tables mentioned, which are labelled ‘finding the radii of
the day-circles and of the altitude circles’, we can determine it according to
the procedure (fasl) mentioned in the last of the chapters® and we can place
it in a tabular form. If we want to perform the construction with it, there is
no need for any other table. (But) if we want to do what we have mentioned
previously,? (then let us consider the following operations.)

If you want the altitude circles,* place the ruler on each of these day-
circles: the circle of Aries, the circle of Cancer and the circle of Capricorn,
for which the hour-angle has been calculated (and place the appropriate marks
on their intersection). When the meridian altitude of Aries is reached (as an
argument of the table), the altitude circles are completed for Taurus, and when
the meridian altitude of Taurus is reached, they are completed for Gemini, and
when the meridian altitude of Gemini is reached, (they are completed) for the
two stars mentioned. (This is done) until you reach the zenith.

If you want the azimuths, take the time-arc vis-a-vis the azimuth (in the
table) and do as you did already for the altitude circles, except that you start
from the east-west line (instead of the meridian line). Mark off the intersec-
tions of the ruler with the circle of Aries and retain them (for later use). Place
one leg of the compass on the “pivot line’ > and go forwards or backwards
until you can join together the two ‘poles of projection’® and the zenith (with
a circular arc). With the other leg trace a circle, which will be the circle of
the prime vertical. This was the geometrical method. If you wish (to find the
prime vertical) by the tabular method, determine it in accordance with the pro-
cedure (fas/) mentioned in the last of the chapters (of Part 1). Once you have
drawn the circle of the prime vertical trace a line (going through) its centre
(i.e., of the prime vertical), parallel to the ‘line of the poles’,’ to the left and to
the right: (this line) is called ‘the east-west line of the prime vertical’. Place
one leg of the compass on that line and the other leg on the point of the zenith,
and on each mark made on the circle of Aries for this (purpose of construct-
ing the azimuth circles), until it fits (7).8 Trace a circular arc from the largest
day-circle to the horizon, at the left, and likewise from the largest circle (to
the horizon), at the right. (Do this) until you have completed the azimuths.

If you want the hours, place the ruler on the parts of the hours correspond-
ing to that day-circle and on the centre of the circle.” Make a mark on each
of the three day-circles and join them by successive approximations. (Do it)

That is, Chapter 130 of Part 1.
That is, constructing the altitude circles as mentioned in the title of this Chapter.
The text has erroneously: ‘If you want these three day-circles’
Le., the lower half of the vertical diameter. Cf. p. 49 of the commentary.
Le., the east and west points. Cf. p. 49 of the commentary.
The line going through the two poles of projection is here meant, i.e. the east-west line!
The text has rather ‘if it fits’ (? in ittafaqa).
Le., the centre of the plate.

R RN - " N N VU )
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until the twelve seasonal or equal hours are completed.

If you want the depression circles,'” place (the ruler) on the mentioned
day-circle, according to the table on the back of this page, for that sign of the
ecliptic, and do as you did previously.!! When you place them it is necessary
that you (also) complete the azimuths above the altitude circles and under-
neath them.'> You have thus completed the construction of the astrolabic
plate (al-safiha).

If you want to make the rete, open (the compass) to the radius of the
greatest circle (of the plate). Trace a circle and divide it into four quadrants.
(Open the compass) to the quantity between the largest and smallest circles,
above the altitude circles (i.e., above the horizon ?) and underneath them.!3
Place one leg of the compass at the intersection of the largest circle with (one
of the) diameters and make a mark with the other leg on the line mentioned.
Hold the compass fixed and trace a circle, which will be the circle of the
ecliptic.]4 Trace beneath (i.e., within) this circle three (other) circles, and
write on the first of these' the names of the signs of the ecliptic, and on the
other one their degrees. Once you have done that, place the ruler on the right
ascensions of that sign (on the graduated scale of the rim), taken from a table,
and on the centre of the rete. Trace a line passing through these three circles,
(and repeat this operation) until all signs of the ecliptic are completed.

If you want (to make the pointer of) a star, place the ruler on its mediation
and at the centre of the rete and trace a line connected to the centre. Then
place one leg of the compass on the centre of the plate and the other leg on
the altitude circle of its meridian altitude, and move the compass so that you
place one leg on the centre of the rete and the other leg where it falls on that
line (previously drawn). This will be the location of the star-pointer. Attach
it (fa-shbikhu) to the nearest location on the rete, and engrave its name on it.
If there are negative altitude circles on (the plate) and if the greatest circle is
that of Capricorn, then write on the star (-pointers) that are south of Capricorn
the letter ~, and if is it the smallest one, then write g, in order to recognise
by that its direction, since we have drawn the depression circles because of
these stars with these letters written on them. Then <make > the degree
pointer (muri al-ajza’) at the beginning of the zodiacal sign that is nearest
to the limb. If you want to construct of the hours by geometry, divide each

10 Te., the circles of negative altitude, underneath the horizon.

T Actually, the opposite sign should be used, since negative altitude circles in northern projec-
tion are identical to positive ones in southern projection.

12 T e., above and underneath the horizon.

13 The intended meaning seems to be: the distance from the top of the largest circle to the
bottom of the smallest one.

14 The text is unclear: the two marks actually represent the two extremities of the vertical
diameter of the ecliptic, so that the fixed compass has to be hold at the midpoint between them.

15" Actually, in the space between the first and the second.
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circle of declination in twelve (equal) parts and join them with a circular arc.

You have thus constructed them.
{Diagram}'6

Diagram of the northern astrolabe for latitude 36°.

< Text in the diagram: > Latitude 36°. — Hours: 14;30.!7
{Diagram} 18
Northern rete, Capricorn being the largest circle.

< Text in the diagram: > (Zodiacal signs) — (star names)!?

2 On the construction of the depression circles, namely, the altitude circles
of the southern astrolabe, on their own.

This is related to constructing the ecliptic of the rete: If Capricorn is the largest
of the circles on the rete, it is southerly and if it is the smallest, it is northerly.
If you want that, do what we have mentioned in the first chapter on the con-
struction (of the northern astrolabe) and take (the entries needed) from the
table for (constructing) the depression circles and make it according to what
has been mentioned: the result will be what you want.

{Diagram}
Diagram of the southern astrolabe'

< Text in the diagram: > Latitude 36°. — Hours: 14;30. — East, West. — First, second, ... ., twelfth
(hour).

3 On the construction of the quadrants that are related to the astrolabes
mentioned.

Trace a circle and divide it into four quadrants. Open (the compass) to the
hour-angle (tafadil al-da’ir ), which is written down in the table with which
you constructed the altitude circles. Place one leg of the compass on the
meridian line intersecting the larger circle and with the other leg mark off

16 See Plate 1.

17" The obliquity underlying this value of the maximal daylight is within the interval
(23;48,23;56), so that the most probable underlying obliquity is Ptolemy’s (truncated) value
of 23;51°. With Najm al-Din’s maximal daylight of 108;21° [error —9'], one would obtain 14;27
hours. See also the next Chapter.

18 See Plate 1.

19 The names of the stars featured on the retes are included in the edition of the Arabic text.
They are also listed, chapter by chapter, in Appendix C.2, with reference to Najm al-Din’s star
table.

' On D:99y, there is also the incomplete illustration of a southern plate (drawn upside-down).
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(that amount) on that circle. Repeat that (operation) until you have used all
entries of the hour-angle (in the table) and do it for each of the three day-
circles. Join (each set of three marks) to form circular arcs: these will be the
altitude circles.

Then open (the compass) to the distance of the prime vertical opposite
(the argument) in the azimuth table. Place one leg of the compass on the pole
of projection and the other leg where it meets the ‘pivot line’. Trace it as a
straight line: this will be the eastern line of the prime vertical. Join (the marks
for the azimuths) to the zenith point as you did previously.

{Diagram}
Diagram of the quadrants for latitude 36° north.

< Text in the diagram: > The southern quadrant. — Horizon for latitude 36° north. — The northern

quadrant. — Horizon for latitude 36° north. — The excess is 18;30°.!

4 On the construction of the quadrant called ‘the candied sugar’ (al-sukkar
al-munabbat) (also) known as the (quadrant) marked with azimuths (al-mu-
sammat).

If you want that, trace a circular arc and make a quadrant out of it, which
you (further) divide into 90 (equal) parts. Divide the eastern line in 90 equal
parts, beginning from the centre. Place one leg of the compass at the centre
and the other leg on (the quantity corresponding to) the meridian altitude (for
a particular solar declination) and trace a circular arc from the east line to the
meridian line. (Repeat this operation for all signs of the ecliptic) until you
have completed the day-circles. Write on each of the day-circles the names
of the (corresponding) signs of the ecliptic at the right and at the left. Place
one leg of the compass at the centre and the other leg upon the first argument
of the outer scale.! Hold it there and trace (idrib), with the compass lying
at the centre, a circular arc from the day-circle of Capricorn to the day-circle
of Cancer. There results (?) the arc of the horizon. Place one leg of the
compass on the beginning of the arc (of the quadrant) and the other leg upon
the altitude argument corresponding to the time-arc (da@’ir) for the three day-
circles that are in the table. If you want it for each five or each three (degrees)
or otherwise, make a mark with the compass on the three day-circles. When
you have marked these three day-circles, these will be the marks of the arcs of
the time-arc. In case one of the solstices is completed,” join (the marks of) the
other solstice and of the equinox, and if the equator is completed, determine

! This is the correct value of the half-excess of daylight for an obliquity of 23;35°. Cf. p. 237,
n. 17.

! Literally ‘the first division of the arc of the quadrant’.

2 Le., when all entries in the table have been used.
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(the time-arc) for the point of the ecliptic that is in-between. Continue to do
this until the arcs of the time-arc have been completed.

If you want the azimuth at the solstices, determine the altitude correspond-
ing to this azimuth for the two points of the ecliptic mentioned (the solstices)
and do as you did for the time-arc. Know that the table (of the azimuth) for
Aries has been placed in the table already mentioned. If you have made marks
on the three day-circles, then join them with arcs of circle: these will be the
arcs of the azimuth. In case one of the solstices is complete, join (the marks
of) the other solstice and of the equinox, and if the equinox is complete, de-
termine (the azimuth) for the point of the ecliptic that is in-between. Continue
to do this until the arcs of the azimuth have been completed.

I have constructed this quadrant of my invention (lit., ‘this invented quad-
rant’) in order to supersede the astrolabic quadrant, which has already been
mentioned. We have deliberately (shown) in a treatise (on its use) that all that
can be known from the common astrolabic quadrant can (also) be known from
it, be it (provided) with a thread or with an alidade. We entitled it The candied
sugar on the use of the azimuthal quadrant.® The number of its chapters is one
hundred, and this is sufficient, for otherwise its reader would have been bored,
had we composed it with, say, five hundred (chapters). God is sufficient for
us! And how sublime a Guardian is He!*

These two quadrants were made by the Shaykh Muhammad ibn al-Sa’ih’
out of a quadrant of brass. The first face was fitted with an alidade on which
altitude arguments (muqantarat al-irtifa) were engraved as on the alidade of
the musatira, its centre being the pole. The other face was fitted with an
alidade on which altitude arguments are engraved as on the oblique horizon
on the shakkaziyya, its centre being the zenith.® (This quadrant) was sold after
his death, may God have mercy upon him.

{Diagram }7

< Text in the diagram:> < First quadrant: > For latitude 36° north. — [This quadrant has two
threads; the first one] is (attached) at the centre, and the second one at the zenith. — < Second

quadrant: > For latitude 36° north. — This quadrant has a single thread at the middle.

3 al-Sukkar al-munabbat bi-l-‘amal bi-I-rub® al-musammat; the reading manbat should per-
haps be preferred, since al-sukkar al-manbat has the well attested meaning of ‘candied sugar’.
Even though al-sukkar al-munabbat is not attested in this sense, it is necessary for the rhyme.

4 Quran, M, 167.

3 This individual is unidentified.

6 This statement does not imply that stereographic projection is involved, but simply that the
altitude scales on each alidade are numbered in two directions in each case: on the first quadrant
it is numbered from the extremity toward the centre of the alidade (as with the altitude circles of
a musatira — see Ch. 54), and on the second quadrant from the centre toward the extremity of the
alidade (as with the shakkaziyya — see Ch. 39 and Puig 1986, p. 49).

7 See Plate 18.
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TABLE T.2. Table for constructing the azimuthal quadrant for latitude 36°

north
Cancer Aries Capricorn
T h azs h T h az h T h az h

6 | 417 10 | 5450 6 | 451 0| 0500 6 | [4]:09 | 30 | 000
12 844 | 20 | 66;00 | 12 | 9;38 | 10 | 13536 12 8;16 | 40 | 10;00
18 | 13;14 30 | 70;00 | 18 | 14;30 | 20 | 25;21 18 | 11;29 | 50 | 18;00
24 | 17;54 | 40 | 72;00 | 24 | 19;15 | 30 | 34:35 24 | 15;08 | 60 | 23;00
30 | 22;33 50 | 73;30 | 30 | 23;52 | 40 | 4131 30 | 18;34 | 70 | 27;00
36 | 27;20 | 60 | 75;:00 | 36 | 28;25 | 50 | 46;28 36 | 21;31 | 80 | 30;00
42 | 32,08 70 | 76;00 | 42 | 32:45 | 60 | 50,08 42 | 24,02 | 90 | 30;25
48 | 37,00 80 | 77;00 | 48 | 36;57 | 70 | 52;14 48 | 26527
54 | 41;50 | 90 | 77;30 | 54 | 40:54 | 80 | 53:;26 54 | 28;12

60 | 46;40 | az, 60 | 44,28 | 90 | 54;00 60 | 29;20
66 | 51;30 10 | 30,00 | 66 | 47;37 Pisces 66 | 30;00
72 | 56;12 20 | 17,00 § 72 | 50;17 | T h 71130 | 30:25 |y hm
78 | 60;54 30 0;00 | 78 | 52;20 | 78 | 41;00 10 46
84 | 65;32 84 | 53;30 Taurus 20 38
90 | 69;50 Gemini 90 | 54,00 | T h A hp,
96 | 73;41 T h 96 | 64,00 10 62
102 | 76;14 | 102 | 73;00 20 70
108 | 77,00
10821 | 77;35

This table was compiled from the Tables of Time-arc.

S5  On the construction of the complete northern astrolabe. (It is called
complete) because its altitude circles are complete from south to north.

Trace a circle as (you did it) before. Place the ruler at the centre and trace
a straight line (reaching) both sides of the circle. Find the distance! of the
horizon from the pole as we have mentioned at the beginning, and we (can)
determine (it) as well (by calculation ?) in that we take the vertical shadow of
half the terrestrial latitude from the table. Add to it two thirds of it. Subtract
one minute for each degree of the sum. The remainder will give you the
desired result. Keep it in mind.

Then find the farthest distance of the horizon (from the pole) by taking
the horizontal shadow of half the terrestrial latitude. Add to it two-thirds of
it. Subtract from each degree of the sum one minute. The result will be the
farthest distance of the horizon. Add to it the quantity you kept in mind, and
take half of their sum: divide the radius of the circle (of the horizon) into this
amount. From these divisions take the first quantity you kept in mind, starting
from the (bottom) intersection of the circle on that line: this will be the centre
of the mater. Place one leg (of the compass) at the centre and the other leg at

! The text has ‘radius’ (passim).
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the circumference of the farthest circle,? and trace a complete circle: this will
be the mater. Divide it into 360 equal parts. Trace (also) the equinoctial line.
Place one leg of the compass at the centre and the other one at the intersection
of the equinoctial line with the first circle, which is the horizon circle, and
trace a circle: this will be the equatorial circle. Now trace the circles of both
tropics as you did before. Construct the altitude circles from the table, and in
the same way (construct) the azimuths, the hours, the rete, the ecliptic and the
star (-pointers). There is no need for depression circles.

As we want to do it for latitude 36°, we have determined the shortest
distance of the horizon, and we found 6;24”. We (also) found the farthest
(distance) to be 60;32”. We have divided the radius of the largest circle (of
the plate) by the amount of the farthest (distance) 60; 327, and from these parts
we took 6;247 in the direction of the pivot. We then added 60;32” to 6;247,
and their sum is 66;56”. We took one half of it, which is 33;28”: this gives
the (distance from the) centre of the horizon (i.e., its radius). If you want,
(you can) divide (the distance) from the nearest radius to the farthest one in
two halves, and this will (also) give you the centre of the horizon circle. If
you wish, open (the compass) to half of that sum, that is 33;28”, and place
one leg of the compass on one of the extremities of the horizon, and the other
one where it cuts the line. This (again) will be the centre of the horizon. Trace
a complete circle, which will be the circle of the horizon. Then divide the
circle in four quadrants by another line, that is the equinoctial line. Place one
leg of the compass at the centre and the other one upon the intersection of the
horizon with the equinoctial line, and trace a circle: this will be for Aries. Do
as you first did (for the rest of the construction). Its rete is as before, except
that it should fit into the largest circle. God knows best.

{Diagram}
Plate of the complete northern astrolabe.

< Text in the diagram: > Latitude 36°. — East, West.

6  On the construction of the southern astrolabe called the complete (as-
trolabe), because its altitude lines are complete between the northern and
southern poles.

First trace a circle, then place the ruler at the centre and trace a straight line
joining both sides of that circle. Determine the nearest and farthest distances!
of the horizon as we explained previously on the back of this page. Divide the
radius of this circle by the farthest distance of the horizon, which is 60;327,
and in terms of these parts, open (the compass) to the nearest distance, which

2 Le., at the top of the horizon circle.
! The text has ‘radius’ (passim).

pp. 63, 52
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is 6;24”. Place one leg of the compass at the centre of this larger circle and
make a mark with the other leg in the direction of the suspensory apparatus:
this will be the position of the nearest (distance) of the horizon from the pole.
Add the distances as we have mentioned: their sum will be 66;56”. We take
one half of it, to obtain 33;28”. We then place one leg of the compass on
one of both extremities (of the horizon) and the other one where it cuts the
(vertical) line: this will be the centre of the horizon. Hold (the compass) fixed
there and trace a complete circle, which will be the circle of the horizon. With
another line let the circle (of the plate) be divided into four quadrants: (this)
will be the equinoctial line. Place the compass at the centre and the other
one upon the intersection of the horizon with the equinoctial line. Trace a
circle with the compass, and it will be the circle of the equator. Perform this
operation (according to the entries taken) from the table in which the southern
altitude circles are written down. Whence the three day-circles are completed
as well the marks (made with) the ruler, join them until you have completed
all the altitude circles. Construct the azimuths as you have done in the case of
the northern (astrolabe) and all of them will meet at the zenith.

{Diagram}

T On the construction of the complete astrolabic quadrants.

For the northern one, trace a circular arc and make a quadrant of it delimited
by two lines: the eastern line and the meridian line. Divide one of them by the
farthest distance! of the horizon, which is 60;32” for a latitude of 36°. From
that amount take the nearest (distance), which is 6;24” and place one leg of
the compass at the centre of the quadrant and the other one where it cuts the
divided line. This will be the point of the nearest (distance of the) horizon
from the pole. Add those mentioned radii and (their sum) will be 66;567.
Take one half of this, that is, 33;28”, from that amount with the opening of
the compass. Place one leg of the compass on one edge of the horizon (circle)
and the other one where it meets the divided line: this will be the centre of the
horizon. Hold its leg fixed and trace a circular arc, which will be the arc of the
horizon. Place one leg of the compass at the centre and the other one upon the
intersection of the horizon with one of both lines. Trace a semicircle, which
will represent the day-circles of Aries and Libra. In terms of that quantity,
open (the compass) to the radius of the day-circle of Cancer, which is 12;547,
< and trace a semicircle, which will be the day-circle of Cancer. Open (the
compass) to the radius of the day-circle of Capricorn, which is 607 > and trace
a circular arc from the horizon to the meridian line: this will be the day-circle
of Capricorn.

! The text has ‘radius’ (passim).
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If you wish (to trace) the altitude circles, take the hour-angle correspond-
ing to the altitude arguments from the table. Take this amount in terms of the
divisions of the outer scale,? starting at the meridian line. Place the ruler on
the end of the (corresponding) number on the outer scale and make a mark
on one of the three desired day-circles, namely, Aries, Cancer or Capricorn.
When the marks for all three day-circles have been completed, join them as
circular arcs, each of their arcs being semicircles. If (for a particular altitude
circle) the marks have been completed for Aries (?) do this (same operation)
for Taurus and Gemini, so that you can join the marks of the three day-circles,
(and do that) until the altitude circles are completed.

If you want (to construct) the azimuths, determine the radius of the prime
vertical, as (mentioned) before; its distance is 24;20”. Open the compass (to
this amount) and place one leg on the zenith and the other one where it meets
the ‘line of the pivot of the earth’.? Hold the compass fixed and trace a circular
arc from the zenith to the horizon. Then open (the compass) to the time-arc
corresponding to an azimuth (taken) at each ten degrees, and which is in the
table. Place it on that day-circle for one of the three (and make a mark) in
order (to obtain) all marks (which you join) until the azimuths are completed.

If you want to trace the hour-lines, divide all three day-circles into six
(equal) parts and join the marks (thus produced); make dots on them so that
they cannot be confused with the azimuths. The hour-lines on these two quad-
rants* are (traced) above the altitude circles.

The construction of the southern one is just as you have constructed the
northern one, except that its horizon is above its centre. And for each of the
two (kinds) there is a table for the construction of the altitude circles.

{Diagram}

8  On the construction of the spiral astrolabe.

Trace a circle and divide it into four quadrants. Trace the circles of Aries, Can-
cer and Capricorn as you did previously. Open the compass to the hour-angle
that is (written) in the table. Place one leg of the compass at the intersection
of one of the lines with that circle and the other one where it cuts the circle.
Place the ruler there and on the centre and make a mark on the intersection of
the side of the ruler with that circle, being one of the tropics or the equator.
Join these marks and you will obtain the arcs of the altitude circles. Do this
(operation) as you already did at the beginning.

2 Literally ‘arc of the quadrant’, passim.
3 Elsewhere this is abbreviated as ‘line of the pivot’.
4 Le., the northern and southern ones. But the latter is not mentioned before the next sentence!

pp. 74,79
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If you want the azimuths, trace them as you did before. Omitting them is
(actually) more appropriate than drawing them, (for otherwise the instrument)
would be obscure, as the arcs would run into each other. This (observation),
however, is doubtful (i.e., not obvious) for someone who wants to find the
azimuth from (this quadrant). But better than determining the azimuth from
that figure is (to determine it) from the (scale) of the limb (da@’irat al-hujra).!
It will be mentioned among the entire chapters of the treatise (entitled) The
Astrolabe of the Desirous Which does not Need the Concealed Markings.”
Likewise for the hour-lines: they do not need to be drawn on it. (On this as-
trolabe) each quadrant (of the plate) must differ from another. (Furthermore)
its hours are also determined from the circle of the limb.

For the rete, its construction is similar to what has been mentioned pre-
viously, except that any ecliptic point and its opposite point are only (repres-
ented) at the place of a zodiacal sign on a single ecliptical ring, I mean that
the writing of the names of the twelve zodiacal signs goes forward and (then)
backwards. (But) the best (retes) have two (separate) ecliptic rings.

{Diagram}

9 On the construction of the rimi astrolabe called the shajjariyya.

Trace a circle and divide it into four quadrants. We (could) determine for it
a table (for constructing the markings on it) from the tables (of the time-arc)
mentioned, namely, for a location without latitude at the equinoxes, (but) we
have found that (in this case) the altitude is equal to the time-arc, and for this
reason we have omitted the table. Then (to construct the ‘altitude circles’,) we
place the ruler on the ‘pole of projection’! and on the graduation of the “alti-
tude circle’.> We mark off the intersection of the ruler with the ‘suspension
line’,®> and we keep it. We place one leg of the compass on the north-south
line* and with the other leg we trace a semicircle’ (passing through the mark
on the ‘suspension line’ and whose extremities are) on (each) graduation of
the greatest circle — which is the day-circle of Aries. We continue to do this
until we have completed the ‘altitude circles’.

! It is not clear what is exactly meant by this ‘circle of the limb’ method. The translation of this
sentence is problematic, but the meaning can be interpolated from similar statements occurring
several times in the treatise: cf. Chapters 13, 20, 21, 22, 24, 27, 28, 31, 33, 34, 34, 35, 36, 37.

2 This appears to be a different work by our author dealing with the use of astrolabes.

! Te., each extremity of the horizontal diameter of the plate.

2 Le., the graduation along the rim that corresponds to the argument of each ‘altitude circle’.
Najm al-Din uses the terminology ‘altitude and azimuth circles’ to designate the parallels and
meridians of the universal projection, by analogy with the standard astrolabe, since they are
identical with these markings on an astrolabe plate for latitude 0°.

3 Le., the upper half of the vertical diameter. Cf. p. 49 of the commentary.

4 Le., the line coinciding with, and extending outside of the vertical diameter.

5 These arcs are actually less than semicircles.
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For the ‘azimuths’, place one leg of the compass on the line of the middle
of the circle that intersects the line of the north and south points and trace
an arc of circle with the other leg from north-south line <... >% until you
complete the arcs of azimuth.

To construct the rete, trace a circle of the size of the largest circle (of the
plate) and divide it into four. Construct half of it with arcs like the azimuths
and altitude circles, and the other half in its own way (‘ala halatihi, i.e., as a
standard rete). The index (murT al-ajza’) has to be at the extremity of the line
passing through the centre and intersecting the line of the arcs (at right angle)
(i.e., the horizontal diameter). This design is precisely that of the shakkaziyya
(sic! read shajjariyya).

The altitude circles on this astrolabe correspond to the day-circles on the
shakkaziyya, and the azimuths correspond to the meridians. The shakkaziyya
has no rete; only an inclined horizon or a thread is fitted on it, so it is not
necessary for us to display it at another place (in this book).” This figure (of
the plate) renders the figure (of the rete) superfluous. There is nothing more
on it except the line of the longitude, which is the one on which the names of
the zodiacal signs are written, and it is traced at (an angle to the equator equal
to) the obliquity of the ecliptic.

{Diagram)®

Explanation of the construction of the ‘belt of the stars’ on the rete of the
shajjariyya. Place one leg of the compass at the centre of the plate and the
other leg on the altitude circle corresponding to the declinations of the stars,
and move the compass with this opening, so that you place one leg at the
centre of the rete and the other one where it meets the line of the right as-
cension (of the star). It is necessary that the right ascension be smaller than
90° or greater than 270° if the declination is southerly, or (conversely) if the
declination is northerly. Write on each star (-pointer) its name and direction.
For the ecliptic belt, place one leg of the compass at the centre of the plate
and the other leg on (the altitude circle corresponding to) the obliquity of the
ecliptic (counting from the outer circle). Move (the compass) so that you place
one leg at the centre of the rete and the other leg where it cuts the (meridian)
line above the centre. Make a mark. Widen the compass and place one leg on
that mark and the other one on the (meridian) line under the centre. Move the
leg that is on the mark towards the two points where the circle intersects the

6 The arc must also pass through the mark for each graduation originally made on the vertical
diameter and now transposed on the horizontal one.

7 Le., Ch. 39.

8 See Plate 5
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other line passing through the centre (i.e., the horizontal diameter). If it fits,
trace a circular arc, which will correspond to the ecliptic. If not, try again by
greater or smaller (openings of the compass) until it does fit. Trace another
circular arc (lit., ‘circle’) to encompass (the regions of) the zodiacal signs
(li-tahiizu al-burij).’ Place the ruler on the intersection of Capricorn and on
the centre (of the rete) and trace a line that passes between both (arcs of)
circles. Do this way (also) for Aquarius, Sagittarius and Scorpio. You have
thus completed (the graduations) of the zodiacal signs. Write their names
between both (arcs of) circle, from Libra to Pisces and again in the reverse
direction from Aries to Virgo. Make the graduations of the parts of the ecliptic
on the limit of the arc joining the greatest circle (fi ra’s al-khatt muttasilan bi-
l-d@’irat al-kubra).

The arcs of the rete are called ‘horizons’ on the shajjariyya. It is necessary
that the divisions of the arcs of the rete be different from the divisions of
the arcs of the plate, for if the arcs of the plate are at each six degrees, it is
necessary that the arcs of this rete be at each ten degrees, so that the arcs of the
plates be visible through the arcs of the rete. This arrangement is according to
the choice (ra’y) of the maker (of the instrument). The arcs of the rete are cut
in (a plate of) brass, wood, or otherwise. A thread or an alidade can dispense
with a rete, but the rete is much better, for it (embodies) the principle of the
shajjariyya, which is a universal (instrument).

{Diagram}
Rete of the shajjariyya.'”

9 The verb ;b (first form) is here used in the sense “to encompass, to delimit” each twelve
segments of the ecliptic belt within which the names of the zodiacal signs are engraved; compare
the substantives hawz “espace, plage” and hawza “espace compris entre certaines limites” (Kazi-
mirsky, Dictionnaire Arabe-Frangais, s.v.). The expression (li-)yahiizu (asma’ al-burij) occurs
several times in the treatise (in Chs. 9, 11 [twice], 15, 20, 21, 24, 27, 28, 33-36). Most of the time
(eight occurrences) the subject of this verb is the circle or arc that bounds the ecliptic ring, but in
five cases (Chs. 11 [second occurrence], 20, 21, 27, 28) the subject is a radial line that delimits a
pair of zodiacal signs, i.e., which defines a frontier between them.

19 In D the illustrations of Chapters 9 and 10 have been interchanged. Two notices in the
margins of folios 80v and 81r warn the reader:

This is the universal astrolabe. Its position is on the right page and the descrip-
tion of its construction is above-mentioned. However it has been placed here by
mistake. [D:80r]

This is the rete (mintaqgat al-kawakib). Its position is on the left page and the
description of its construction is above-mentioned. However it has been placed
here by mistake. [D:81r — see Plate 5]
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10 On the construction of the universal astrolabe invented in Mecca (Bak-
ka) — May God Almighty exalt it! —in the year of (my) residence there, namely,
the year 723 (Hijra) [= 1323].!

When I arrived in Cairo, I found (one instrument of this kind) engraved on
brass in the (manner of) construction of the countries of the Maghrib and
attributed to the excellent shaykh Ibrahim ibn Ali ibn Baso al-Andalust. I thus
learned that he had preceded me in this. I got the knowledge of its construction
and its use (risala). I found it equivalent (to my own invention) in beauty and
experience (? li-I-khayr wa-I-khubr).

If you want (to construct the universal astrolabe), trace a circle and divide
it into four quadrants. Divide that circle into 360 equal parts: this will be
the outer rim. Trace the three circles of declination as you did previously
and construct the altitude circles as you did those of the shajjariyya, except
that the equatorial circle on the shajjariyya is the largest one and here it is
the middle one; (also construct) the azimuth circles as you did before, except
that the zenith here is located on the equatorial circle. Half of this design can
dispense with (using) the whole, as the maker sees fit, according to whether
he wants to make one half of it or to make the whole of it.

It is not possible to make the hour-lines, since it is impossible to trace the
seasonal hours on universal figures, except when something of the same kind
is (displayed) together with it (?).?

The rete of that astrolabe is the ordinary rete already mentioned, and its
construction is (explained in) the first Chapter, except that it is necessary to
write on each star (-pointer) the sign of its declination together with its name:
if it is northerly, you write s on it, and if it is southerly, you write ~ on it, in
order to distinguish southern stars from northern ones whilst you are using this
instrument with (appropriate) instructions (wagqt al-‘amal bi-risala hadhihi al-
ala), namely, (as if using an astrolabe with) altitude circles for latitude zero
and (an astrolabe with) altitude circles for latitude 90°. To God we call for
help.

{Diagram}

Diagram of the universal astrolabe. Its rete is like the regular one.

11 On the construction of the cruciform astrolabe.

It (i.e., its plate) is the first northern figure mentioned in the first Chapter. We
do not need to repeat its construction but (to mention that) its rete resembles

' Bakka is an alternative name for Mecca, which occurs once in the Qur’an (III, 96).
2 The intended meaning seems to be: except when these hour-lines are drawn in relation to
one specific horizon and specified to be valid for one latitude only.

pp. 109, 111

p. 79
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a cross' and thus it is called the cruciform (astrolabe). We need to construct
its rete and we (now) explain its design.

If you want (to do) that, trace a circle and divide it into four quadrants
(defined) by four straight lines. Place the compass at the ecliptic pole and
with the other one trace a semi-circle joining both poles of projection and
the radius of the horizon. Trace (another) circle inside it that will encompass
the names of the zodiacal signs.> Place the ruler at the centre and on the
ascensions of the northern signs, and trace a line between both of these circles
and write on them the names of the zodiacal signs. Open the compass to the
meridian altitude (of the sun on the meridian line of an astrolabic plate) at
the beginning of each of the following three zodiacal signs: Libra, Scorpio
and Sagittarius. Place (one leg of) the compass at the centre of the rete and
the other one on the line that passes through the beginning of Cancer in the
opposite direction. Make a mark (there) and trace a line separating each sign
(yahiizu bayna al-burij®).

Make the star-pointers as you made them before, according to their medi-
ations, declinations and directions. Write on each of these stars their name.
Then this rete, not having its circle (complete), will be (like) a cross. Most
astrolabes are named after the design of their retes. Now the rete may be made
according to another manner, since (some of) the zodiacal signs can be writ-
ten along the diameter of the rete. This is better since the (right) ascension
of the signs can be known with this (ecliptic) ring. If (the ascensions) are not
on it,%, it is possible to find neither the right ascensions of the signs nor their
oblique ascensions. And likewise the ascendant, descendant and mediation
can be found with a little bit of ingenuity (ma‘a yasir min al-tahayyul). Other
(operations) are difficult with (this instrument), as we have mentioned.

{Diagram}
Rete of the cruciform (astrolabe), for any latitude for which you have drawn
its plate.

12 On the construction of the crab astrolabe, which is named after the
construction of its rete.

Trace a circle and divide it into four quadrants. Draw the day-circles of the
equator and tropics. Make the marks of the altitude circles using the table we
have mentioned at the beginning and join those marks to the left and to the
right, whereas some of them are northerly and some of them southerly: Its
altitude circles are in correspondence to another: the northern ones are made

! The text has: ‘crossing’ (musallab)

2 Cf. note 9 on p. 246.

3 Cf. note 9 on p. 246.

4 As a table of ascensions engraved on the astrolabe, as advocated by al-Biriini?
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of northern ones and the southern ones of southern ones. Write on them their
numbering and the latitude of the plate for which you engraved it. We mention
its rete on the next page and we illustrate it after the drawing of the plate.
Some of the eminent (scholars) had mentioned that the crab (astrolabe) be a
southern (projection) and that its rete differs from what we have illustrated.
For my part I have looked at an illustration of its rete in the well-known book
of al-Birtint and I found it problematic bi-shay’ min dhahab (?), so 1 chose
to depict on the rete stars which are appropriate instead of (things involving)
dhahab (deceit?). They will be mentioned after this chapter.

{Diagram}
Plate of the crab (astrolabe).

< Text in the diagram: > Latitude 36°. — East, West.

Explanation of the construction of the rete. Trace a circle and divide it into
four quadrants by two (perpendicular) diameters. Place the compass at the
centre of the plate and the other one on the equatorial circle and move the
compass with this opening so that you place it on the centre of the rete. Make
a mark with the other leg on one of both diameters, namely, (the one going) in
the eastern and western directions. Do it also for Cancer and mark the other
diameter in the northern and southern directions. Place the compass on the
north-south line and join the three marks to the right and left (on both sides).
This will be the ecliptic. Then place one leg of the compass at the centre of the
plate already mentioned and the other leg upon the declination of the star on
the day-circles without concern for the direction of the declination, according
to the choice of the maker (of the instrument), whether he wants to make it
inside of the equatorial circle or outside of it. Transfer (this quantity) with the
compass onto the rete and make a mark on the ascension of the star: this will
be its location, so mark (the star-pointer) and write the (star’s) name on it.

{Diagram}

Illustration of the crab rete.

13 On the construction of the northern ‘counterbalancing’ astrolabe.

Trace a circle and divide it into four quadrants. Trace the three day-circles as
you did before. From the northern table which was derived from the Tables of
Time-arc, take the time-arc! for each altitude circle. Mark (it) at the location
of that time-arc, each on its respective day-circle, and fix the marks. Then
place one leg of the compass on the ‘suspension line’ and the other leg upon
the three marks (of some altitude circle), if they fit, and if not, widen or narrow
(the opening of) the compass until you can join the three marks that have been
made: this will be the altitude circle that corresponds to this time-arc.

! In fact the table in Ch. 1 displays the hour-angle.
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The (construction of) azimuth (circles), is as before, and we did not leave
it out, although the component parts (alar) get obscured (by having too many
markings on them?). Better than to determine the azimuth from these figures>
is (to determine it) from the circle of the limb. Its explanation will follow in
this treatise, God Almighty willing.*

{Diagram}

Plate of the northern ‘counterbalancing’ astrolabe.

Explanation of the rete of the northern counterbalancing (astrolabe). 1t is
(also) the rete of the myrtle and anemone (astrolabes), whose explanations
will follow, God Almighty willing. If you want (to construct it), trace a circle
and divide it into four quadrants. Then determine the position of the ecliptic
pole, and trace with the compass a circular arc at the left and at the right. Place
the ruler at the right ascension of each zodiacal sign and leave a mark on that
arc. Place the ruler at the centre and trace a straight line upon that arc: this
will be the position of the ecliptic sign. Write its name on it.

The construction of the stars is like the usual (procedure), which has been
mentioned already, namely, by (using) the declination and right ascension.
Write the name by which it is best known (ismuhu al-malim) on each of
them. The star (pointers) may be drawn in the direction of the zodiacal signs
corresponding to their directions. Or they may be drawn in the direction (of
the signs) opposite to theirs, similarly to what we have illustrated in the dia-
gram. Or the stars with one or the other declination may be drawn on all the
signs with their individual mediations. It can bear many more stars, yet you
have to write their mediations on them.

{Diagram}

14 On the construction of the myrtle astrolabe, which is (also the plate of)
the drum one, each of them having its own rete.

We have already mentioned the rete of the myrtle (astrolabe): it is composed
of the rete of a northern (astrolabe), whereby the stars south of the tropic of
Capricorn are left out on it.! For the rete of the drum (astrolabe), we illustrate
it on the next page.

If you want (to construct the plate), (you should know that) it is the same
as a north-south one, and these have already been mentioned. When you
combine both of them on a single plate, this figure results. If you want to

2 Cf. Chapter 8.

3 Le., the figures of astrolabic plates with mixed projections.
4 See Chapter 31.
! To make sense, the last part of this sentence should actually read ‘whereby the zodiacal signs
south of the tropic of Aries are left out on it’.
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divide it, proceed as before for the construction of the azimuths. You may
likewise draw a special azimuth plate, which can be used on all astrolabes. It
will be mentioned later, God Almighty willing.

{Diagram}
Diagram of the plate of the myrtle astrolabe.
Diagram of the plate of the drum astrolabe.

Explanation of the construction of the rete of the drum (astrolabe). Trace a
circle and divide it into four quadrants. Determine the position of the ecliptic
pole, and place one leg of the compass on it. With the (other) leg trace a circle
from one of the diameters to the other one,? and do the same in the other
direction: this will be the ecliptic belt. Place the ruler upon the right ascension
of each zodiacal sign and at the pole of the rete, and trace a straight line: this
will give the mark of that zodiacal sign. As for the stars, their construction
is (achieved) with their right ascensions and declinations as described above.
Understand this and you will get it right, God Almighty willing.

{Diagram}
Rete of the south-north drum (astrolabe).

15  On the construction of the (complete) south-north astrolabe, without
having to be concerned with looking at the rete.

Trace a circle and divide it into four quadrants. You then divide one of the
diameters into 60;327, which is known from Chapter 6, on the construction
of the complete southern (astrolabe). Then take the diameter of the equator in
terms of these parts, namely, 19;39”. Trace a circle with the compass, which
will be the circle of the equator. Next take 12;547 for the circle of Capri-
corn! and 307 for that of Cancer.” Then take the < nearest > distance® of the
horizon already known, which is 6;24”. Place one leg of the compass at the
centre and make a mark with the other leg in the direction of the ‘suspension
line’. Place one leg of the compass on the meridian line and by successive
approximations with the other leg try to join the two poles of projection* and
the mark for the horizon. Draw a complete circle with the other leg: this will
be the horizon. Make on the day-circles the three marks corresponding to
the hour-angle taken from the northern table, and join the marks until all the

I.e., from one side of the horizontal diameter to the other side.
The text has ‘Cancer’.

The text has ‘Capricorn’.

The text has ‘radius’.

2
1
2
3
4 Le., the two intersections of the equatorial circle with the horizontal diameter.

pp. 63, 52
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northern altitude circles have been completed. Operate in the same way for
the southern altitude circles, their extremities (reaching the circle of) Cancer.

{Diagram}
The (complete) south-north (astrolabe). Its rete has the same size (?
bi-rasmiha).’

< Text in the diagram: > The author of this book invented it.

Explanation of the construction of the rete. Trace a circle as large as the
largest one on the plate and divide it into four quadrants. Open the compass
to the distance between the circles of both tropics with different directions
along the diameter of the plate that has been drawn. Transfer this quantity
onto the ecliptic pole and with the compass trace a circle, after having marked
the positions of both tropics on the rete, their midpoint being the ecliptic pole.
Trace a circle just below it to encompass the names of the zodiacal signs.® To
make the stars, place the ruler upon the ascension of the star. Place one leg of
the compass at the centre of the plate and the other leg on the altitude circle
corresponding to its declination, in its direction, and once again transfer (the
compass) onto the centre of the rete, and the other one where it cuts the side of
the ruler: this will be the position (of the star). Write the name by which it is
best known on it. It is necessary that northern stars be outside of the ecliptic,
and that southern stars be inside of it, as we represented it here. And it can
bear many stars.

{Diagram} 7

Diagram of the rete of the (complete) south-north?® astrolabe.

16 On the construction of the anemone astrolabe and its rete.

Draw a circle and divide it into four quadrants. Trace the circles of the equator
and tropics, and do as you did in the case of the northern altitude circles that
have been first determined from the table. Join the three marks that are on
the three mentioned day- circles, (starting) from the ‘suspension line’ and
underneath it. Likewise for the western line.

{Diagram}
Plate of the anemone. Its rete is like that of the myrtle and the
counterbalancing (astrolabe). Its construction has been mentioned before.

5 Ie., the shape and size of the rete corresponds to that of the plate?
6 Cf. note 9 on p. 246.

7 See Plate 17.

8 The text has ‘north-south’.
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17  On the construction of the solid astrolabe.

It is called solid because its stars (as well as the ecliptic belt) are ‘solidified’
upon the plate. Trace a circle and divide it into four quadrants. You construct
it as you first did the northern one. As for the stars and the ecliptic, you draw
them as before. All of the stars are drawn between the hour-lines,! and the
rete is drawn over the altitude circles and underneath them.

{Diagram}
Plate of the solid astrolabe. Its rete is (replaced by) the alidade.

< Text in the diagram: > Latitude 36°. — First, second, ..., eleventh (hour).

18  On the construction of the skiff astrolabe.

You should know that its plate is related to the shape of the rete. Trace a circle
and divide it into four quadrants with two perpendicular diameters. Make the
circles of equator and of both tropics. Mark the position of the altitude circles
from the table of the time-arc mentioned at the beginning. Place one leg of the
compass at the pole of projection and make each mark of the altitude circles.
Mark the intersection of the ruler with the ‘suspension line’, and trace the arc
of the horizon in the direction of the suspensory apparatus and underneath it.
Join these marks, namely, the marks of the altitude circles, and number them
towards the ‘suspension line’ and underneath it. As for the azimuths, leaving
them out is more appropriate than constructing them. Understand this and you
will get it right.

{Diagram}
Plate of the skiff (astrolabe) for latitude 36°.
< Text in the diagram: > East, West.

For the construction of the rete, determine the position of the ecliptic pole.
Place one leg of the compass upon it and the other leg on the largest circle,
and trace a circular arc within one of the quadrants. Move the compass with
this opening and place one leg upon the pole at the other side, and do the
same operation. Move again (the compass) with this opening and place one
of its legs upon the pole at the other side and trace a circular arc (within a
single quadrant). Move again (the compass) with this opening and do the
operation, tracing a circular arc. The ecliptic is complete. Write the names
of the zodiacal signs on it. As for the stars, (they are to be constructed) as
previously, with their declinations and right ascensions.

{Diagram}
Diagram of the rete of the skiff astrolabe, which has a very nice form.

! 1., underneath the horizon.

pp. 75,79
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19 On the construction of the jar astrolabe.

Trace a circle and divide it into four quadrants. Open (the compass) to the
hour-angle for each altitude circle at the three day-circles, and join (the res-
ulting marks) inside of the equatorial circle, on the side of the suspensory
apparatus and (those that are) underneath it, like the southern altitude circles
are (usually) made, and join (the marks) outside of the equator like the north-
ern altitude circles already mentioned are made. The plate is thus completed.
God Almighty willing.

{Diagram}
Plate of the jar (astrolabe) for latitude 36°.

< Text in the diagram: > East, West.

To construct the rete, trace a circle and divide it into four quadrants. Open (the
compass) to the radius of the ecliptic, and trace two invisible circles (da’ira
wahmiyya)' (the second one with a radius slightly smaller than the ecliptic).
Place the ruler at the centre and upon the right ascension of each zodiacal
sign, and make marks on both circles. Write the names of the zodiacal signs
between both. As for the stars, (they are to be constructed) as previously, with
their declinations and right ascensions. Write their names and directions on
each of them.

{Diagram}
Rete of the jar (astrolabe).

20 On the construction of the bull astrolabe.

Trace a circle and divide it into four quadrants. From the table of northern
altitude circles take the entry corresponding to each altitude circle for Aries
and for Cancer, and mark these time-arcs on each of these two day-circles,
starting at the horizon. Take again from the table of altitude circles the entry
corresponding to each altitude circle for Capricorn, and likewise mark it on
its day-circle. Place one leg of the compass on the ‘suspension line’, and join
the three marks. Number the altitude circles. As for the construction of the
azimuths, it is as (explained) before. But it is nicer to determine (them) with
the circle of the limb or with the azimuth plate, whose explanation will come
later (in this book).!

' The adjective ‘invisible’ applied to a geometrical object means that is should serve as an
auxiliary drawing in the construction, but should not be visible in the final figure. This can
be achieved either by erasing it afterward, or by marking it as a light scratch on the paper. In
manuscript D (and presumably also on manuscript P) such invisible construction lines marked
with a knife or with a sharp point can be seen on some of the diagrams.

! See Ch. 31.
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{Diagram}
Plate of the bull (astrolabe) for latitude 36°.

To construct the rete, trace a circle and divide it into four quadrants. De-
termine the position of the ecliptic pole. Place one leg of the compass on it,
and with the other leg trace an invisible circle. Transfer (the compass) with
their opening onto the other line, and trace (again) an invisible line. Place
the ruler upon the right ascension of each zodiacal sign and at the centre, and
trace invisible straight lines. Place one leg (of the compass) at the centre and
trace another arc with the < other > leg, below the first arc, until the invisible
line that separates each zodiacal sign.> Write on it the name of each sign.
As for the stars, (their construction) makes use of their declinations and right
ascensions. Write its name on each star (-pointer). Give to this rete a shape
resembling that of a bull. The best (kind) has two stars on the two horns.

{Diagram}
Diagram of the rete of the bull astrolabe.

21 On the construction of the tortoise' astrolabe.

Trace a circle and divide it into four quadrants. Draw the three day-circles.
From the table take the time-arc corresponding to each altitude circle. Place
the ruler upon the divisions of the largest circle at the time-arc for that altitude
circle, and at the centre. Make a mark upon each of their day-circles. Once
the marks of the altitude circles are completed, join them with the compass,
inside the equatorial circle, and outside of it. When the altitude circles are
completed, number them. As for the azimuths, (their construction) is as (ex-
plained) before, (but) the best (procedure) is (to determine the azimuth) with
(the scale of) the limb.

{Diagram}
Plate of the tortoise (astrolabe) for latitude 36°.

To construct the rete, trace a circle and divide it into four quadrants. Determ-
ine the position of the ecliptic pole. Place one leg of the compass upon this
point. Trace an invisible circle at the right and at the left < within the first
circle >. Place the ruler upon the right ascension of each single zodiacal sign
and at the centre, and trace straight lines between the two arcs to delimit the

2 Cf. note 9 on p. 246.
! See p. 41 of the introduction.

p.77
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names of the zodiacal signs.> As for the stars, (they are to be constructed)
as previously, with their declinations and right ascensions. Write on each star
(-pointer) the name by which it is best known. The shape of the rete resembles
a tortoise. It is better The best (kind) has two stars.

{Diagram}
Diagram of the rete of the tortoise astrolabe.

22 On the construction of the buffalo astrolabe.

Trace a circle and divide it into four quadrants. Divide the largest circle into
90 equal parts. From the tables take the time-arc for each altitude circle, I
mean from both the northern and southern tables, at the equinox and at both
solstices. Mark the three day-circles, and join the marks at the left and at the
right, until the altitude circles have been completed. Number them. As for
the azimuths, (their construction) is as (explained) before, (but) it is better to
determine (them) from (the scale of) the limb.

{Diagram}
Plate of the buffalo (astrolabe).

To construct the rete, trace a circle and divide it into four quadrants. Determ-
ine the position of the ecliptic pole. Place one leg of the compass upon this
point. Trace an invisible circle and draw an arc from the largest circle to the
ascension of the end of Pisces. And do the same for the other side. With
the compass, transfer its quantity onto the diameter. Do like this for all four
quadrants. Write the names of each zodiacal sign on them. As for the stars,
determine their declinations and right ascensions from the ascension table,
and do as before. Write on each star (-pointer) the name by which it is best
known.

{Diagram}
Diagram of the rete of the buffalo astrolabe.

23 On the construction of the cup (hanabi') astrolabe.
Trace a circle and divide it into four quadrants. Draw the three day-circles.

2 Cf. note 9 on p. 246.

' See Dozy, Supplément, s.v. wla: “coupe [a boire]”. This word of medieval European
origin (cf. old German hnapf and modern German Napf, old French hanap, old Italian anappo),
presumably passed into Arabic at the period of the Crusades; it is frequently attested in Mamluk
sources: see Quatremere, Mamlouks 1.2, p. 211, and Alf layla wa-layla, 49:25.
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Do as you did previously with the southern one. Mark the diameter on both
sides of the centre, and join the altitude circles that you have marked from
calculation of a numerical table for the southern altitude circles. It looks like
the hollow of a cup from (?) the opposite altitude circle. This design is the
first (?) rete that has been invented by the author of this book at the date
(ta’rikh) mentioned.

{Diagram}
Plate of the cup (astrolabe) for latitude 36°.

< Text in the diagram: > This design was invented by the author of this book.

To construct the rete, < trace a circle and divide it into four quadrants. > De-
termine the position of the ecliptic pole. Trace two invisible circles and mark
the right ascension of each zodiacal sign. Place the ruler at the centre and on
the mark, and trace an invisible straight line. Place one leg of the compass
upon the ecliptic pole, and with the other leg trace a circular arc, which will
be what you are looking for. The construction of the stars (is achieved) as
before by using their declinations, directions and right ascensions. Write on
each star (-pointer) the name by which it is best known.

{Diagram}
Rete of the cup (astrolabe).

24 On the construction of the melon astrolabe.

Trace a circle, which will be the circle of Capricorn, and divide it into four
quadrants by two perpendicular diameters. Trace the three circles as before:
these will be the two tropics and the equator. Determine the hour-angle from
the table for the altitude corresponding to the numbering of each altitude
circle. Count this quantity (on the limb), beginning at the suspensory appar-
atus, for each of the three day-circles, < and mark it off on them >. Place one
leg of the compass upon these three marks and the other leg on the ‘suspension
line’. By successive approximations with the compass, try to join these marks
between the day-circle of one of the tropics and that of the equator. Number
the altitude circles and write the terrestrial latitude of your choice. As for the
azimuths, (their construction) has been mentioned before. But it is better (to
determine the azimuth) with (the scale of) the limb or with the azimuthal plate
already mentioned.

As for the hours, determine the altitude of the hours from the Tables of
Time-arc, or from the forthcoming table. Mark each of the three day-circles
with the three entries (found) in terms of altitude. Join these three marks with
the compass: these will be the arcs of the hours, which were first left out.

pp. 77, 82
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I have found some difficulty concerning this (astrolabic) design in al-Birt-
ni,! and there is discrepancy among the scholars (concerning it). I conceived
this after I realised the difference in opinion among them.? I found it (i.e., the
‘classical’ melon astrolabe) to resemble the spherical astrolabe. One curve on
it has the aspect of the horizon. It is not (derived) from the figures of (standard
astrolabic) plates, and it does not have the property of their use. Some of the
eminent men of this art have striven to (understand?) it. Fortune be upon
whoever created it! In this book of mine I have left it out, and I substituted
this figure for it.

{Diagram}
Plate of the melon (astrolabe) for latitude 36°.

< Text in the diagram: > This figure has been invented by the author of this book as a substitution
to the plate of al-Birlin.

To construct its rete, open (the compass) to the distance between the tropics
on one of the diameters. Transfer it with (this) opening, and trace a section of
a circular arc.> Then open (the compass) to the distance between the poles.
Place one leg of the compass at the centre of the arc section and the other one
where it cuts the line parallel to the centre of the arc (?): this will be the pole of
the plate. Then place the ruler on it and on the right ascension of each zodiacal
sign. Make a mark on the arc. Trace < another > circular arc <inside the first
one >, which will encompass the names of the zodiacal signs.*

As for the stars, in some cases they are located on the rete, and in other
cases they are located on the plate, according to the preference of the maker
(of this instrument): but it is better to place them on the rete. This requires
using the declinations, directions and right ascensions of each of them. Write
on each star (-pointer) the name by which it is best known.

{Diagram}
The rete of the melon (astrolabe) of al-Biruni.

' Najm al-Din is obviously referring to the passage on the melon astrolabe that occurs in
al-Birant’s Istrab; this passage is edited and translated in Kennedy, Kunitzsch & Lorch 1999,
pp. 184-201.

2 al-Birdini reports of a controversy between al-Farghani, Muhammad ibn Misa ibn Shakir,
on the one side, and al-Kindi, on the other side. See Kennedy, Kunitzsch & Lorch 1999, pp. 5,
178-211. To this should be added the opinion of al-Marrakushi, who supported al-Farghani
and Muhammad ibn Musa: see al-Marrakushi, Jami‘, 1, p. 2 and Sédillot, Traité, pp. 57-58.
Tronically, al-Marrakushi devoted a chapter on the construction of this instrument: see p. 65 of
the commentary.

3 In fact, a semicircle, as can be inferred from the illustration.

4 Cf. note 9 on p. 246.
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25  On the construction of the spherical astrolabe.

Trace a circle at the middle of the sphere (i.e., a meridian). Mark the two
poles of that circle and mark the circle at each altitude (argument), using the
tables: but the operation turns out to correspond to (finding the time-arc) at
the equinox for a location with no latitude, and we found that the time-arc
is then equal to the altitude. Divide the line of the poles (i.e., the meridian
semicircle) into 180 equal parts. Place one leg of the compass at the centre of
the sphere and the other leg upon each of its divisions, and trace a circle with
the compass: this will be the altitude circle itself. If you want the azimuth,
trace radial lines from the circular divisions of the sphere to the centre. You
thus have made the azimuth lines. Number them. This is the construction of
the sphere set on a supporting ring (? kursi). For the rete of that astrolabe, it
is like the usual one, except that it is spherical (mugabbaba), hence it is not
possible to illustrate it.

Be aware that the sphere actually does not require altitude or azimuth
circles, for the meridian arc serves as a replacement for the altitude circles, and
the movable arc section on the face of the sphere serves as a replacement for
the azimuth circles. It only needs the arcs of the zodiacal signs (i.e., longitude
circles at each 30°), the equatorial circle and their respective poles, as well as
the horizon circle, which is divided on the kurs7 into 360 (parts), each quadrant
having 90 (of these).

{Diagram}

The spherical astrolabe.

26 On the construction of (the plate of) the horizons, which is called the
universal one.

Trace a circle and divide it into four quadrants. Then determine the half excess
(of daylight) at one of the solstices, at each 10°, or otherwise, from the tables
of half excesses. Take its value in parts of the (circumference of the) larger
circle, and do the marks of the half excesses. Place the ruler on each mark
and at the centre of the plate, and make a mark at the side of the ruler on the
circle of Aries. Place the ruler at the pole of projection and on the mark of
Aries, and leave a mark at the side of the ruler on the quadrature line (khatt
al-tarbr?), in all four directions. Place one leg of the compass upon one of
the quadrature lines and the other leg upon the marks falling on the quadrature
line and on the pole of projection. Trace a circular arc from the quadrature line
to the larger circle. And if you want, (simply) join the marks of half excesses
with the two poles of projection: this is easier that the first (method).

! This term refers to the two perpendicular diameters of the plate.

p. 62
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{Diagram}
Diagram of (the plate of) the horizons, from latitude zero to latitude 90°.

27  On the construction of the frog astrolabe, invented (by the author).

Trace a circle and divide it into four quadrants. Trace the three day-circles.
From the table of the altitude circles, take the value (of the hour-angle) corres-
ponding to each altitude circle for Aries. Take this value in terms of divisions
of the equatorial circle. Do the same for the two tropics, and join the three
marks inside of the equatorial circle and outside of it, until the altitude circles
are completed. Number them. As for the azimuths, leaving them out is more
appropriate < than constructing them >. It is better to determine (them) from
the azimuthal circle or from the (scale on the) limb, (as described in) < one
of > the forthcoming chapters of the treatise.!

{Diagram}
Plate of the frog (astrolabe) for latitude 36°.

For the rete, trace a circle and divide it into four quadrants. Determine the
location of the ecliptic pole. Place one leg of the compass on it, then trace an
invisible circle at the right and at the left, and place the ruler upon the right
ascension of each individual zodiacal sign, and upon the centre. < Trace>
straight lines between the two arcs to delimit the names of the zodiacal signs.?
For the stars, place one leg of the compass at the centre of the plate and the
other leg upon the altitude circle of the star’s declination, and transfer it (onto
the rete) so that one leg of the compass be at the centre of the rete and the
other one where it cuts the line of the star’s right ascension: this will be its
location.

{Diagram)?
Rete of the frog (astrolabe).

28  On the construction of the eagle astrolabe, invented (by the author).

Trace a circle and divide it into four quadrants. Trace the three day-circles.
Then from the table for the altitude circles take the entry corresponding to
each altitude circle for Aries, and take this quantity in parts of the day-circle
of Aries. Do the same for both tropics. Join the three marks inside the circle

! The azimuthal plate is featured in Ch. 31. Cf. Ch. 8.
2 Cf. note 9 on p. 246.
3 See Plate 2.
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of Aries and outside of it, until the altitude circles are completed. As for the
azimuths, leaving them out is more appropriate < than constructing them >.
It is better to determine (them) from the azimuthal circle or from the (scale
on the) limb, (as described in) <one of > the forthcoming chapters of the
treatise.

{Diagram}
Plate of the eagle (astrolabe) for latitude 36°.

< Text in the diagram: > Tnvented by the author of this book.

For the rete, trace a circle and divide it into four quadrants. Determine the
location of the ecliptic pole. Place one leg of the compass on it, then trace an
invisible circle at the right and at the left, and place the ruler at the right as-
cension of each individual zodiacal sign, and at the centre. < Trace > straight
lines between the two arcs to delimit the names of the zodiacal signs.> For the
stars, place one leg of the compass at the centre of the plate and the other leg
upon the altitude circle of the star’s declination, and transfer it (onto the rete)
so that one leg of the compass be at the centre of the rete and the other one
where it cuts the line of the star’s right ascension: this will be its location.

{Diagram}
Rete of the eagle (astrolabe).

29 On the construction of the zargalliyya'.

It involves constructing one shakkdaziyya on top of another shakkaziyya, but
the arcs of one do not coincide with the arcs of the other.

If you want to do that, trace a circle and divide it into four quadrants by two
perpendicular diameters. Place the ruler (successively) on the two points of
the intersection of a diameter with this circle? and on each of the divisions of
its (outer scale). Make a mark on the other diameter intersecting the side of the
ruler. Do this until all numbers of the outer scale® are completed. Then place
the compass on the line of the marks and move one leg back and forth until
you can join these marks with the (respective) divisions of the circumference,
if you wish at each 5°, or at each 6°, or otherwise. The day-circles are thus
completed. Now do exactly the same for the meridians.*

! The illustration in D bears this line of prayer in a later handwriting: “O my Master! O the
Only One! My Master! The Eternal! O ‘Al! ...... ” [The last two words are illegible].

2 Cf. note 9 on p. 246.

! In both copies this word is constantly spelled al-zargala, and we have left it untouched in
the edition: see the remarks on p. 103.

2 Te., on one of its extremities. The text has ‘of one of the two lines’.

3 Literally ‘all numbers of the division of the circle’.

4 This time, however, the circular arcs must join each of these marks and the two poles.

pp. 101, 109
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<...> Divide this circle according to the divisions of the first circle, and
do as you did before; the (angle) between the longitude line and the quadrature
line,> I mean between the poles, has to correspond to the obliquity of the
ecliptic. Write the values of the day-circles and of the meridians on them.® It
is also necessary to have on it the line of the inclined horizon, which is divided
according to the (previous) divisions.

On the shakkaziyya you write the names of the zodiacal signs on the lon-
gitude line or on the inclined horizon, but on this instrument you do not write
the names of the zodiacal signs. The longitude of the sun can be found from
the instrument without writing (the names on it). On the back of this in-
strument is can be constructed the instrument known as al-mu‘tarida, and its
drawing is done by geometry or by calculation. If you want (you can take it)
from this book, and we shall mention it later, God Almighty willing.”

{Diagram}
The figure of the zargalliyya, which is one of the universal instruments.

< Text in the diagram:> Northern equatorial pole. — Southern equatorial pole. — Northern

ecliptic pole. — Southern ecliptic pole.

30  Onthe construction of the observational astrolabe, that is the armillary
sphere.

Trace a circle and divide it into four equal parts, each part having 90 divisions.
Number their arguments. Trace a circle smaller than the first one and proceed
in the same way. Trace an arc in the middle: this will be position of the
middle circle. On the instrument, there is a complete circle. It is not possible
to represent (this circle) on paper, except in the way that you see it (here).
This is not known from (using) the tables, but rather by means of geometry
and (geometrical) quantities (al-gisma).

We only included it in our book, because it is the base of all the other
(instruments) we have (described and) illustrated. The instruments presented
so far are ...( ?) the declination of the sun (al-mayl) and stars (al-bu‘d) and
the (right) ascension. If these (quantities) are unknown, we need this obser-
vational instrument: indeed, when both the declination and the ascension are
unknown, it is not possible for us to be dispensed from (using) this observa-
tional instrument, which has seven rings, (although) it is (also) said that there
are nine, each of them (then becoming) tightier to each other. Its size (?)
(futha) is like (that of) the sphere.

5 le., the vertical diameter.
6 Te., the second set of markings.
7 Unfortunately, this promise has not been hold by the author.
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{Diagram}
Armillary sphere, also called the observational (astrolabe).

31  On the construction of the azimuth circle, which is basic to most of the
instruments explained.

On most of these instruments there is no plate with the azimuths. The azimuth
can be determined from such a (circle) or with the circle of the limb. It is
necessary that (these markings) be on some of the plates of the astrolabe. If
you want to construct it, trace a circle. Determine the time-arc from the table
for each 10° of the azimuth, and mark its value on the circumference of the
large circle.! Open the compass to the distance of the zenith from the centre
of the plate, and place one leg of the compass at the centre of the plate and the
other one on the (vertical) diameter (khatt al-tarbi): this is the point of the
zenith. Place one leg of the compass on the (vertical) diameter and the other
leg on the zenith and, by successive approximations with the compass, join
the two poles of projection? with the zenith: this will be the prime meridian.
Trace its east-west line.> Move the compass until you can place its legs upon
the zenith and upon each mark of (the azimuth). Hold one leg of the compass
fixed on the eastern line of the azimuth circle, and trace an arc from the zenith
to both sides of that circle. Number them. The construction of that plate is
completed.

{Diagram}
The azimuth plate for latitude 36° south and north.

32 On the construction of the mubakkash. !

Trace a circle and divide it into four quadrants. Draw the circles of Aries,
Cancer and Capricorn as you did previously, and divide the largest circle into
360 (equal) parts, each quadrant into 90 (parts). Place the ruler on the 30th
division in the eastern (quadrant) and at the centre, and trace an invisible line.
Place one leg of the compass on the western line and the other leg at the
intersection of the invisible line with the circle of Cancer. Trace an arc going
to the largest circle, at the point of intersection with the western point, if this
is possible. If not, then move the compass forwards and backwards until you

1
2
3
1

In fact this should be the equatorial circle.

ILe., the east and west points.

IL.e., a line parallel to the east-west line which passes through its centre. Cf. Ch. 1.

This mysterious word defies any obvious explanation. In the Maghrib bukkiish means dumb
(in the sense of lacking the power of speech), whereas in modern Egyptian Arabic the word
bakash has the sense of ‘trickery, bluffing’, and the verb bakkish means ‘to act fraudulently, fool,
bluff’ (see Badawi & Hinds, A Dictionary of Egyptian Arabic, Librairie du Liban, 1996). Perhaps
we can translate the name of our instrument as ‘the (device) based on a trick’?

pp. 54, 57
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can join them. Place the ruler on the divisions of the largest circle and at
the centre, and mark (the intersection of) the side of the ruler (with) the arc.
Place one leg of the compass at the centre and the other one on each of these
divisions, and draw circular arcs going to the northern line. Then divide each
of the arcs of Cancer, Capricorn and Aries into 180 (parts). Join the three
marks with the compass, and write their arguments on them. In the north-
eastern quadrant, there may be marked the sines. Write the values of the arcs
of the quadrant on them, on the eastern line. This is the most basic part (?) of
this instrument.

{Diagmm}2
Diagram of the mubakkash, which has a nice shape.

< Text in the diagram: > Arcs of the excesses (of daylight) opposite to the sign (jiha) of the
latitude. — Arcs of the excesses (of daylight) with the same sign as the latitude. — Capricorn,
parallel of Aries, Cancer. — East, West.

<Remark: > This universal instrument works for all zodiacal signs from lat-
itude zero to latitude 60°. From latitude 60° to 89°, it works only for certain
zodiacal signs, and it is useless for the remaining ones. It has a thread (at-
tached) at the centre.

33 On the construction of the southern ‘counterbalancing’ astrolabe.

Trace a circle and divide it into four quadrants. Trace the three day-circles
as you did before. From the southern table determined from the Tables of
Time-arc, take the entry corresponding to each altitude circle, and mark it on
the circles of Cancer and Capricorn, as well as Aries. Then join the three
marks: these will be the arcs of the altitude circles. Number them. As for
the azimuths, it is as previously (explained): leaving them out is much better
(aslah) <than constructing them >. It is better to determine (the azimuth)
from the azimuthal circle previously mentioned or from the (scale on the)
limb, (as described in) the chapter mentioned.

{Diagram}
Plate of the southern ‘counterbalancing’ astrolabe.

< Text in the diagram: > This design has been invented by the author of this book.

For the rete, trace a circle with the size of the largest of the circles on the plate
— and divide it into four quadrants. Then open (the compass) to the quantity
between the day-circle of Cancer and that of Capricorn along the quadrature
line of the plate in direction of the suspensory apparatus and underneath it, and

2 See Plate 16.
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transfer the compass with this opening until you place it on the quadrature
line of the rete. Trace a complete circle, which will be the ecliptic. It is
necessary that it consists of two (concentric) circles. Place the ruler at the
right ascension of each zodiacal sign and at the centre of the rete, and trace
straight lines between the two arcs encompassing the names of the zodiacal
signs.l Do the stars as before, using their declinations, right ascensions and
the directions of their declinations. It is necessary that the northern stars be
marked on the northern ecliptic and that the southern stars be marked on the
southern ecliptic. Write their names on it.

{Diagram}
Rete of the southern ‘counterbalancing’ (astrolabe).

34 On the construction of the scorpion astrolabe, related to the construc-
tion of its rete..

Trace a circle and divide it into four quadrants. Trace the circles of the trop-
ics and that of the equator as you did already. From the table (for the altitude
circles) take the entry corresponding to each altitude circle at each of the three
day-circle, and mark that quantity on each day-circle. Join the marks: these
will be the arcs of the altitude circles, each one being in a direction differ-
ent from the other. Number them. As for the azimuths, their omission is
more exact and better than to determine the azimuth with the azimuthal circle,
whose construction has already been mentioned,! or from the limb, from the
forthcoming chapters of the treatise.

{Diagmm}2
Plate of the scorpion astrolabe for latitude 36°.

< Text in the diagram: > It was invented by the author of this book.>

For the rete, you need to trace a circle — which is the largest of the circles on
the plate — and divide it into four quadrants. Open the compass to the distance
between the day-circle of Capricorn (taken in one half of the plate) and that
of Cancer (taken in the other half): this opening (corresponds to) the ecliptic.*
Place one leg of the compass on the largest circle of the rete (at its intersection
with one of the diameters) and the other leg where it cuts the diameter. Hold

' Cf. note 9 on p. 246.

! Chapter 31.

2 See Plate 3.

3 D adds the eulogy “may God have mercy upon him”, which means that this copy was made
after the death of the author.

4 The text has ‘ecliptic pole’.

p. 78
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it fixed, and with the compass that is on the circle trace a semicircle from one
(extremity) of the other diameter towards the other direction. Likewise make a
semicircle similar to it < on the opposite side >. Trace an arc < inside the two
(semicircles) > which will encompass the names of the zodiacal signs.’> The
stars (are to be constructed) as explained before only with their declinations
and right ascensions. It is necessary that the scorpion-like shape be ensured
by the star-(pointers).

{Diagram}
Rete of the scorpion (astrolabe).

35  Onthe construction of the diverging (mutadakhil mutakhalif) astrolabe.

This (name) is related to the construction of the plate, because the altitude
circles are inside the plate, and are diverging one to each other.

Trace a circle and divide it into four quadrants. Trace the three day-circles
as you did before. From the table (for the altitude circles) take the entry
corresponding to each altitude circle, and mark these quantities on each three
day-circles. Join these marks: these will be the arcs of the altitude circles Do
this between the horizons on the quadrature line, and number them. As for
the azimuths, (their construction) is as before. It is better (to determine the
azimuth) with the azimuthal circle or with the limb.

{Diagram}
Plate of the diverging (astrolabe) for latitude 36°.

< Text in the diagram: > This figure has been invented by the author of this book.

For the rete, trace a circle and divide it into four quadrants. Determine the
location of the ecliptic pole. Place one leg of the compass on it, and trace
a complete circle. Then (trace) a circle smaller than this to encompass the
names of the zodiacal signs.! This will be the ecliptic. Write the names of the
zodiacal signs and their opposite signs, each sign together with its opposite.
Place the ruler at the centre and upon the right ascension of each zodiacal sign.
Trace a straight line between these two circles, until the zodiacal signs are
completed. The stars (are to be constructed) as before with their declinations
and right ascensions. It is necessary that the northern ones, depending on their
right ascensions in the signs, be written in black, and the southern ones with
a different colour (bi-I-‘aks).

{Diagram}
Rete of the diverging (astrolabe).

3 Cf. note 9 on p. 246.
' Cf. note 9 on p. 246.
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36  On the construction of the fitting (mutadakhil mutawafiq) astrolabe.

This (name) is related to the construction of the plate, because the altitude
circles are inside the plate and fit one to each other. Trace a circle and tra-
cing the three day-circles as before. From the northern and southern (astro-
labe) tables take the entry of the hour-angle corresponding to each altitude
circle, and take its quantity for each of the three day-circles. < Mark the day-
circles > and join these three marks (as circular arcs): these will be the arcs of
the altitude circles. Connect them to each other. The azimuths, as we already
mentioned, are best (determined) with the limb.

{Diagram}
Plate of the fitting (astrolabe) for latitude 36°.

< Text in the diagram: > This figure has been invented by the author of this book.

For the rete, trace a circle having the size of the largest circle of the plate.
Then (trace) a circle smaller than this which will encompass the names of the
zodiacal signs.! This will be the ecliptic. Place the ruler at the centre of the
rete and upon the right ascension of each zodiacal sign, reckoned in parts of
the largest circle. Trace a line between these two circles: the zodiacal signs
are thus precisely delimited. Write their names and the names of their nadirs
at a single place.

For the stars, place one leg of the compass at the centre of the plate and
the other leg upon (the altitude circle corresponding to) its declination and
direction, and transfer it (onto the rete) with that opening so that you can put
< one leg > at the centre of the rete and the other one where it cuts the line of
its degree of mediation: this will give you the location of the star. Write its
name on it. It is necessary that all northern and southern stars be on this rete,
whereas we have omitted <... > (?) them at the right (?).

{Diagram}
Rete of the fitting (astrolabe).

37 Onthe construction of the crescent astrolabe. This is the tenth of (those)
we have invented.

We would have invented more, if this would not have meant that the com-
mentary would become too long. If their designs are drawn (combined) with
the design of another of the same astrolabic kind (li-jins al-mugantarat), then
design of the plates is changed. I found this process to be endless. I have
found the best of (all those) designs to be the northern and southern (astro-
labes), both of which were mentioned in the first (two) chapters. For that

' Cf. note 9 on p. 246.
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reason, I have restricted (my exposition of the non-standard astrolabes) to ten
of them, in addition to those al-Biriini presented (wada‘aha), namely, seven-
teen plates (sic: read astrolabes) and three well-known (instruments), namely,
the spherical (astrolabe), the armillary sphere, and the ruler (astrolabe). Their
total is thirty.

If you want to make this plate, (it is like) the construction of the ‘southern
counterbalancing’ (plate) in Chapter 33. The exterior altitude circles at its
centre (?) are the ‘diverging’ altitude circles, as in Chapter 35, excepts that
they are complete in both eastern and western directions. Write their numbers
on them. (The construction of) the azimuth is as before, or (you can also find
it) from the limb.

{Diagram}

< Plate of the crescent astrolabe. >

For (the construction of) the rete, open the compass to the largest circle of
the plate; place one leg < at the centre and the other leg > elsewhere. Trace
a circle with (this) other leg and divide it into four quadrants. Again take
an opening of the compass measuring the distance between the day-circles of
Cancer and Capricorn on two of the lines of the plate, namely, (two lines) with
two different directions. Transfer this (distance) with this opening so that you
place it on one diameter of the rete, with (?) the largest circle, and (place) the
other leg where it cuts the diameter. Trace a semicircle, which will be one half
of the ecliptic belt. Transfer again this opening on the other diameter (!)! and
trace a semicircle: this will be the other half of the ecliptic. Still better than
what is made according to this description is: (the belt) is dispensed through
one half of (its) largest semicircle from its entirety (??). Write the names of
the zodiacal signs on each of them, like on the first and second ones. As for
the stars, (they are to be constructed) as before with their declinations and
directions, right ascensions or mediations.

{Diagram}

< Rete of the crescent astrolabe. >

38  On the construction of the ruler astrolabe.

It is the northern (astrolabe) first (presented), which has the best of all shapes,
and which is nearest to astronomical (truth) (agrabuhd ila al-hay’a) and the
best one in terms of methods (?) in the treatises (on their use?), despite the

! What is meant is the opposite radius of the same diameter.
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fact that' some of these designs are difficult in their use (? fi risalatihi), and
are <not> obvious to anyone who has no understanding of it in the manner
of preparing their designs. Because of that, we started with it at the beginning
of the presentation (wad?) and we concluded with it at the end of it. This is
the last one (tamam) of thirty astrolabes.? If you want to make it, just do what
you did for the (usual) northern (astrolabe). There is no need to repeat its
construction (here). Understand this and you will get it right.

Be aware that (for) each of these astrolabes whose construction has been
mentioned, except the spherical one and the armillary sphere, as soon as you
install this ruler on it, it will be called a ruler (astrolabe), else a thread makes
the ruler superfluous. It is necessary to attach (lit. ‘to draw’) the star-(pointers)
to the alidade, which moves over the face of the plate. If al-Biriini had not
mentioned it in his book, I would not have illustrated it here. Many plates,
however, do not have a rete, only an alidade or a thread are mounted on them.
When there is a thread, it is necessary that its stars be drawn on the plate, as
(on) the solid astrolabe; the star-(pointers) are attached to (lit. ‘drawn on’) the
alidade.

{Diagram}
The northern plate on the plate (sic) of the ruler (astrolabe).

To construct the alidade, open the compass to the radius of the plate. Then
place one leg of the compass at the pole of the alidade, and mark the location
of the other leg (on the alidade), in both directions. Open the compass to the
meridian altitude of each zodiacal sign. Place one leg of the compass at the
centre of the alidade and the other leg where it cuts the side of the alidade:
this is the place (for the mark) of the zodiacal sign. The stars, (are to be
constructed) as before using their declinations and right ascensions.

{Diagram}
< Alidade of the ruler astrolabe. >

39 On the construction of the shakkaziyya.'

We trace a circle and we divide it into four quadrants. We then determine for it
a table from the Tables of Time-arc, for latitude 0° and at the equinox. But we
find that the altitude coincides with the time-arc, so, for that reason, we leave

! Both manuscripts have ;U , which can only be read as bi-anna, but I prefer to emend this as
ma‘a anna.

2 The Arabic of this sentence is very poor, but the intended meaning must correspond to this
translation. Concerning the total of 30 astrolabes, see Ch. 37.

! The contents of this chapter is virtually identical with the first half of Ch. 9.

pp. 100, 109
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out this table. We place the ruler at the pole of projection and on the argument
of the altitude circle (measured on the outer rim). We mark its intersection
with the ‘suspension line’. Then we place one leg of the compass on the
north-south line, and we trace a semicircle with the other leg (which passes
through the mark on the ‘suspension line’ and ends) on (each) graduation
of the greatest circle — which is the day-circle of Aries. We continue this
operation until the altitude circles are completed.

As for the azimuth (circles), place the compass on the line (passing at) the
centre of the circle and intersecting the line of the north and south poles, and
trace an arc going in both directions of the north-south line, (and repeat this
operation) until the azimuth arcs are completed. This plate is for latitude 0°,
perfect of its kind (? — kamila f [-jins).

For the longitude line, trace a line passing through the centre and the value
of the inclination of the ecliptic (measured on the outer scale). Trace also the
line of latitude, passing through the centre from the complement of the ob-
liquity of the ecliptic. Write on one quadrature line the meridians from the
beginning of the division of the circle, with the measure of the sphere, that is
360°. Take in terms of these parts the right ascension, beginning with Capri-
corn, and make a mark. Place one leg of the compass on the longitude line
and the other leg upon these marks and upon the complement of the obliquity
of the ecliptic, in both directions, that is the ecliptic poles, and with the other
leg draw a circular arc that joins both extremities of the circle: these are the
arcs of the zodiacal signs.

If you want, determine the two distances? of one altitude circle: take the
tangent of half the altitude, to which you add two thirds of it. For each degree
of the result, subtract one minute. Add one half of the result to it, and add
to each degree of this sum one minute. This is what we look for. This table
dispenses of the (geometrical) construction of this instrument, the zargalliyya,
the musatira, the musattar quadrant and the plate of the shajjariyya; and like-
wise for the quadrant (versions) of these instruments just mentioned, provided
the radius is 30.

{Diagram}

Diagram of the plate of the shakkaziyya, this instrument being universal.

TABLE T.3. < Table for constructing the shakkaziyya >

6° 12 18 24 30 36 42 48
1;33 3;07 | 443 | 6;24 | 8:01 9;45 | 11529 | 13;20

54 60 66 72 78 84 90
15;16 | 17;20 | 19;30 | 21;44 | 24;17 | 27;00 | 30;00

T ol

2 Text has ‘radii’.
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This table is for (constructing) the meridian arcs of the (shakkaziyya) and
(zargalliyya), the altitude circles on the musatira, the radii (of astrolabes) for
latitude 0°, and the radius (sic: read radii) of the musattar quadrant,3 on the
condition that the radius of the plate (on all these instruments) has 30 equal
parts.

40  On the construction of the shakkaziyya quadrant.

Trace a circle and divide it into four quadrants, which you divide into 90
(equal) parts. Find from the tables the value of the time-arc at each 5°, or
otherwise, for latitude 0°, at the equinoxes. We found that (in such cases)
the altitude coincides with the time-arc, so, for that reason, we left out this
table. We determined a table with the method of the radii, and this is the one
mentioned before and here tabulated, in order to help us (in constructing) the
shakkaziyya and zarqalliyya quadrants. We then divide one of the quadrature
lines by the radius of the equator, that is 19;39”. We take in terms of these
parts the entry corresponding to each altitude circle. Place one leg of the com-
pass on that line and on each division of the quadrant, and trace an arc with
the other leg: this will be the day-circle. Do this procedure again in the other
direction, (with a leg of the compass) on the pole, and trace a circular arc,
which will be the meridian. Repeat this operation until the quadrant is com-
pleted. Trace the longitude line from the centre to the value of the obliquity
of the ecliptic. Number the arcs of the meridians on the quadrature line. Place
one leg of the compass at the centre and the other leg on the right ascension
of Aries. Move the (compass) until (it meets) the longitude line, and make
a mark. (Do) the same for the ascensions of Taurus and Gemini, and write
the names of the twelve zodiacal signs on the longitude line, forwards and
backwards.

TABLE T.4. Table of the radii

0 85 80 75 70 65 60 55 50 45
p 18;00 | 16;30 | 15[7] | 13;46 | 12;32 | 11;21 | 10;15 | 9;10 | 8;09
0 40 35 30 25 20 15 10 5

p 7;11 6;12 5;16 4;21 3;28 2;34 1;43 | 0;51

{Diagram}
Diagram of the shakkaziyya quadrant.

41  On the construction of the zarqalliyya quadrant.
It is the superposition of two shakkaziyya quadrants, but the arcs of the first

3 This statement is incorrect, unless the musattar is intended for a latitude 0°, in which case it
becomes equivalent to a shakkazi quadrant.

pp. 111, 109

pp. 111, 109
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one do not coincide with the arcs of the other one. Trace a quarter circle
bounded by two perpendicular radii. Divide it into 90 (equal) parts. Do what
you already did with the shakkaziyya quadrant, and trace the declination arcs
and the meridian arcs as before. Place the ruler at the centre and on the ob-
liquity of the ecliptic, counting from the end of the outer scale,! and trace an
invisible straight line of indeterminate length.? Place one leg of the compass
at the centre and the other leg on the line of the divisions of the quadrant,’
(with the opening) measuring the divisions of the day-circles. Hold its leg
fixed at the centre while moving the other leg until (it meets) the straight line,
and make the marks of the day-circles on it. Then transfer with this opening
(of the compass) <the distance of > each five degree division of the outer
scale < from its end > by placing the (other) leg at the point of intersection
of the (imaginary) line with the outer scale. <Make a mark on it>. With
the leg (of the compass) trace an arc to the left and to the right without going
out of the quadrant. Then place one leg on the straight line (so that) the other
leg (be) on both marks. Trace a circular arc intersecting both extremities of
that arc. These will be the declination arcs of the zargalliyya, which do not
coincide with those of the shakkaziyya. The point < at the end > of this line
will be the point of the ecliptic pole.

{Diagram}
Diagram of the zargalliyya quadrant.

42 On the construction of the spiral astrolabic quadrant.

Trace a quarter circle bounded by two perpendicular diameters. Divide the
radius into 30 (parts), and from these parts take the radius of the equator as
19;397. Place one leg of the compass at the centre and draw a circle, which
will be the equatorial day-circle. Open (the compass) to the radius of one
of the tropics, that is 12;54”, and do likewise (a circle), which will be the
day-circle of one of the tropics, depending of the direction of the (terrestrial)
latitude. Open (the compass) to the excess of equatorial revolution from the
horizon (?) that is inscribed in the table already mentioned and with which
you constructed the altitude circles, and place one leg of the compass on the
meridian line at its intersection with the largest arc. With the other leg mark
the arc of the largest circle. Place the ruler upon the hour-angle, reckoning
from the end of the outer scale, and mark the equatorial day-circle and the

! Literally ‘end of the quadrant’, passim.

2 Textually “an invisible infinite (bi-ghayr nihdya) straight line”, which means in fact that the
line should be extended in both directions as much as is physically possible on the sheet of paper
or on the metallic plate. See also n. 1 on p. 254.

3 Le., the meridian line.
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day-circle of one of both tropics. There results three marks: join them with a
circular arc, which will be the arc of that altitude circle.

If you want the azimuth (circles), open (the compass) to the (value of the)
entry in the table of the azimuth in terms of the distance from! the centre of
the circle of first azimuth. Place one leg of the compass at the pole of pro-
jection and the other leg where it cuts the ‘pivot line’. Trace a straight line:
this will be the ‘eastern line’ of the circle of first azimuth. <... > Join them
with the zenith point, as before. If you want, you can leave out (the azimuth
markings). Then (the azimuth) will be known from the azimuthal quadrant,
whose explanation will follow (in this book) after (the discussion of) the quad-
rants. (For) each (astrolabe) quadrant (which) is not provided with azimuth
markings, (the azimuth) can be known with (the azimuthal quadrant). But it
is better to determine the azimuth with the azimuthal quadrant, otherwise (the
markings) are obscure (and confused).

{Diagram}
Diagram of the spiral (astrolabic) quadrant for latitude 36°.

43 On the construction of the universal astrolabic quadrant.'

Trace a quarter circle bounded by two perpendicular radii. Draw the day-
circles of the equator and of Cancer. Divide the distance between the centre
and the equator into 19;39”. From these parts, take the radius of each altitude
circle from the Table of the radii,? and make the marks of the altitude circles.
Place one leg of the compass at the centre and the other leg where it cuts
the meridian line. Move the compass so that you can lay one of its legs on
the meridian line and the other leg upon the mark of the altitude circle and
upon its respective division on the outer scale. Join them as circular arcs by
successive approximations, until all altitude circles are completed.

For the azimuth, place one leg of the compass at the centre and the other
leg on each of the marks of the altitude circles (on the meridian line). Hold
the first leg of the compass fixed at the centre, and move the other leg onto the
east line (and make a mark there). When (the transfer of) the marks that are on
the meridian line onto the east line is completed, place one leg of the compass
on the east line® outside the quadrant (so that the other leg can be placed)
upon each mark (you made) on it and upon the altitude circle for 90°.* Trace
a circular arc to the 90° altitude circle. When the marks inside the equator are

! The text has ‘of”".

! This chapter describes the construction of the quadrant version of the universal plate of Ibn
Baso described in Chapter 10.

2 This is the table presented in Chapter 40.

3 In fact this has to be on the western side of the quadrant.

4 Le., the 90° division on the outer scale.

pp. 109, 111
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completed, place one leg (of the compass) on the east line inside the quadrant
(so that the other leg can be placed) upon each of the remaining marks and
upon the point of (altitude) 90°. Trace circular arcs: these will be the azimuth
arcs. Then, place one leg (of the compass) at the centre and the other leg upon
each mark of the meridian line, and trace (concentric) arcs’ from the meridian
line to the east line. The construction is now completed.

{Diagram}

44 On the construction of the counterbalancing astrolabic quadrant.

Trace a quarter circle bounded by two perpendicular radii. Draw the day-
circles of equator and Cancer. Place the ruler upon the hour-angles for each
altitude circle (taken) from the table that has been calculated for the construc-
tion of the altitude circles at the three day-circles. Mark this (quantity) on
each day-circle and join these marks with the compass. If the day-circle of
Capricorn — which is the largest — is complete, join the marks of equator and
Cancer. And if the altitude circles at equator are complete, determine the
hour-angle for the two stars mentioned in the table. Join these three marks
with a circular arc. The first (set) of altitude circles reaching the outer scale is
now completed. If you want the second (set) of altitude circles reaching the
horizon, place one leg of the compass on the meridian (line) outside of the
quadrant, and upon the altitude circle of the terrestrial latitude for which this
(plate) is being constructed, at the intersection of the equatorial circle with the
east line, and draw a circular arc from there to the meridian line: this will be
the second horizon. Then move one leg (of the compass) until (it meets) the
altitude circle that is underneath the horizon, at the intersection of this altitude
circle with the day-circle of Cancer. Trace a circular arc (from there) to the
meridian line. Do this (operation) until the altitude circles are completed. As
for the azimuths, it is better to determine them with the azimuthal quadrant.

{Diagram}

Diagram of the counterbalancing astrolabic quadrant for latitude 36°.

45  On the construction of the myrtle astrolabic quadrant, which is (also)
the drum astrolabic quadrant.

Trace a quarter circle bounded by two perpendicular radii. Divide this quad-
rant into 90 (equal parts): this (outer scale) will represent the circle of one
of either tropics. Draw the day-circle of the other one of the tropics and the
equatorial one, as you did previously. Mark each of these three day-circles

5 These are actually semicircles.
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with the hour-angle inscribed for each argument of altitude in the table men-
tioned before and serving the construction of altitude circles. Place one leg
of the compass on the meridian line,! and by successive approximations join
these marks: these (arcs) will be the altitude circles open towards the meridian
line.

If you want the altitude circles that are open towards the eastern line,?
mark also the hour-angle, written in the table already mentioned, on the day-
circle of the opposite degree of the ecliptic (al-nazir). When the marks of the
three day-circles are completed, join them with a circular arc, until all of the
altitude circles are completed. Number them. As for the azimuth (markings),
leaving them out is more appropriate (than constructing them). It is better to
determine the azimuth with the azimuthal quadrant, whose explanation will
follow.

{Diagram}

Diagram of the myrtle quadrant, or drum quadrant, for latitude 36°.

46  On the construction of the skiff astrolabic quadrant.

Trace a quarter circle bounded by two perpendicular radii. Divide the outer
scale into 90 (equal parts): this (arc) will represent the circle of one of both
tropics. Draw the day-circle of the other tropic, as you did previously, and the
equatorial one. Mark each of these three day-circles with the hour-angle in-
scribed for each argument of altitude in the table mentioned before and serving
the construction of altitude circles. Place one leg of the compass on the me-
ridian line, and by successive approximations join these marks, which are
connected to the horizon. When the altitude circles are completed, inside the
horizon and outside of it, connect the interior ones to each other and number
them between the arcs of the altitude circles (or) wherever you wish, until all
altitude circles are completed. As for the azimuth, it is as before: it is better
to obtain it from the azimuthal quadrant, whose explanation will follow.

{Diagram}
Diagram of the skiff quadrant for latitude 36°.

47 On the construction of the tortoise' astrolabic quadrant.

Trace a quarter circle bounded by two perpendicular radii. Divide the outer
scale into 90 (equal parts): this will represent the circle of one of the tropics.
Draw the day-circle of the other tropic, and the equatorial one, as you did

! Literally ‘line of the end of the quadrant’, passim.
2 Literally ‘line of the beginning of the quadrant’, passim.
! See p. 41 of the introduction.

p. 85
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previously. Mark each of these three day-circles with the hour-angle written
in the table for each altitude argument and serving the construction of altitude
circles. Place one leg of the compass on the meridian line, and join the three
marks inside of the equatorial circle and outside of it. Connect them to each
other and number them. Leaving out the azimuth (markings) is more appro-
priate (than constructing them). It is better to determine the azimuth with the
azimuthal quadrant, whose explanation will follow.

{Diagram}
Diagram of the tortoise quadrant for latitude 36°.

48  On the construction of the bull astrolabic quadrant.

Trace a quarter circle bounded by two perpendicular radii. Divide the outer
scale into 90 (equal parts): this (arc) will represent the circle of one of both
tropics. Draw the day-circle of the other tropic, and the equatorial one, as you
did previously. Mark each of these three day-circles with the hour-angle writ-
ten for each argument of altitude in the table mentioned before and serving
the construction of altitude circles. Place one leg of the compass on the line
of the centre that passes through the end of the outer scale, and join the three
marks inside of the equatorial circle and outside of it. Connect them to each
other and number them. Leaving out the azimuth (markings) is more appro-
priate (than constructing them). It is better to determine the azimuth with the
azimuthal quadrant, whose explanation will follow.

{Diagram}
Diagram of the bull quadrant for latitude 36°.

49 On the construction of the jar astrolabic quadrant.

Trace a quarter circle bounded by two perpendicular radii. Divide the outer
scale into 90 (equal parts): this (arc) will represent the circle of one of both
tropics. Draw the day-circle of the other tropic, and the equatorial one, as you
did previously. Mark each of these three day-circles with the hour-angle writ-
ten for each argument of altitude in the table mentioned before and serving
the construction of altitude circles. Place one leg of the compass on the me-
ridian line, and join the three marks inside and outside of the equatorial circle,
each with the other, and then number them. Leaving out the azimuth (mark-
ings) is more appropriate (than constructing them). It is better to determine
the azimuth with the azimuthal quadrant, which is (explained) right after this
(one).

Be aware that these eight (astrolabic) quadrants here depicted do not re-
semble each other. We have left out the rest of them because of that, and their
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designs do not differ from each other, except when (we are dealing with) a
plate with a complete set of day-circles, but it is not possible to form a quad-
rant from them. '

{Diagram}
Diagram of the jar quadrant for latitude 36°.

Know that all of the quadrants whose construction has been mentioned are
drawn without any excess (over) an (actual) quadrant (of markings), namely,
there is no excess (ziydda) to use (any of them).> I am not aware of anybody
having mentioned the way to use it. Some people say that it is known by
the method of the opposite degree of the ecliptic (al-nazir), but this is a big
mistake, for this (affirmation) has no validity.

The method of determining the time-arc is only (as follows): When the
thread goes off the quadrant, place a second bead on the thread at the intersec-
tion of the thread with the horizon. Then move the thread onto the meridian
line, looking at the arguments of altitude circles on which the two beads fall,
starting (to count) at the equatorial circle. Take this (quantity) in the other
direction and move the thread so that you can place each of the two beads
upon the horizon. Look how far the thread moves away from its position on
the outer scale: This will be the time-arc for that altitude. And this can also
be done with any astrolabic quadrant.

50  On the construction of the azimuthal astrolabic quadrant.

The quadrants whose constructions have been presented do not have the mark-
ings of the azimuths, because they were left out. We have therefore determ-
ined the azimuth with the tables and we have then constructed this quadrant.
To make it, trace a quarter circle bounded by two perpendicular radii. De-
termine the time-arc from the table for each ten degree of azimuth, and mark
its quantity on the outer scale (sic!'). Open the compass to the distance of
the zenith (from the centre) and place one leg of the compass on the line of
< the end of > the quadrant and the other leg upon the zenith point. By suc-
cessive approximations with the compass join both poles of projections with
the zenith point. Hold the compass fixed on the eastern line of the azimuthal
circle (sic!?), and with the compass that is on the zenith point, trace a circular
arc to the mark on the outer scale. This will be the arc of the azimuth. Do all
of them and number them.

! The precise meaning of this paragraph eludes me.

2 Actually, all astrolabic quadrants illustrated in Najm al-Din’s treatise do feature the excess
in question; only the musattar quadrant is restricted to a quadrant.

! This should be the equatorial semicircle. The same mistake occurs in Ch. 31.

2 This should read: ‘eastern line of the prime vertical’.

pp. 54, 57
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These markings are placed on the back of each quadrant whose construc-
tion has been mentioned, when the azimuth is not being determined from the
outer scale.

{Diagram}
Diagram of the azimuthal quadrant for latitude 36°.

<Remark: > This quadrant needs to be placed at the back of each of the as-
trolabic quadrant mentioned above, when the azimuth is not being determined
from the outer scale.

51  On the construction of the seasonal and equal hours (on astrolabic
plates).

On the (astrolabic) plates whose constructions have been mentioned, there are
no hour-lines. It would have been burdensome to us to have illustrated them
to complete the construction of all the instruments.

If you want (to construct such hour-lines), trace a circle and divide it into
four quadrants. Draw as before the three day-circles, and determine the alti-
tude of (each) seasonal and equal hour, for each day-circle. Place one leg
of the compass on the rising-point of Aries, < Capricorn and Cancer,>' and
the other leg on that altitude. Move (the compass) with this opening so that
you can lay it at the horizon upon the rising and setting points of (that) de-
gree of the ecliptic. < --- > 2 Once you have placed the marks on the three
day-circles, join them as circular arcs, which will be the seasonal and equal
hour-lines. Their total extent (futhatuhd) is the same as that of the horizon.?

{Diagram}
Plate of the hours for latitude 36°.

< Text in the diagram: > First, second, ..., twelfth (hour). — The seasonal hours are in red and

the equal ones in black.

52 On the construction of the equal hours with another method.

Trace a circle and divide it into four quadrants. Draw the circles of the equator
and of Cancer. Determine the altitude corresponding to each 15° of the time-
arc from the Tables of Time-arc, as before, for each of the (three) day-circles.

' Compare Ch. 52.

2 Here the text omits to explain how to mark the day-circles below the horizon. This is
mentioned in Ch. 52, but in a very garbled way.

3 Le., the sum of the angular distances between each hour-lines (for a particular declination)
is the same as the angular distance between the rising and setting points — which corresponds to
the total daylight on that day.
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Place one leg of the compass upon the rising-points of Aries, Capricorn and
Cancer, and the other leg on the altitude circle corresponding to the parts
(ecliptic degree) of this hour. Move the compass with this opening so that you
can lay it on the horizon at the rising- and setting-points of (that) degree of
the ecliptic, and mark the day-circle of that point of the ecliptic with the other
leg.! Once you have placed the marks on the three day-circles, join them (to
form) circular arcs from the horizon to the circle of Capricorn, which is the
largest one.

Know that the extent (futha) of the arc of the horizon is the extent of the
hour-lines, and you do not have to change the opening of the compass (on
each of the three day-circles).

{Diagram}

Diagram of the equal hours, on their own. Plate of the hours for latitude 36°.

53 On the construction of the diurnal musatira.

Trace a circle and divide it into four quadrants. Take the rising amplitude of
the solar longitude in the table compiled using the Tables of Time-arc already
mentioned. Enter this on the (circumference of) the largest circle, and make
a mark on each of the eastern and the western sides. Place the ruler on the
argument of the altitude circle upon the outer scale, starting from the suspens-
ory apparatus, and at the beginning of the scale of the (opposite) quadrant.
Mark the <intersection > of the side of the ruler with the ‘suspension line’.
< Continue to do this > until the <marks of the > altitude circles are com-
pleted. Count the meridian altitude (corresponding to) the solar longitude
along the <marks of the > altitude circles, starting from the southern point
< and make a mark >.! Place one leg (of the compass) on the “pivot line’, and
do successive approximations with the compass until you can join the mark of
the meridian altitude and the two marks of the rising and setting amplitudes
with a circular arc, (which reaches) the right- and left-hand sides of the circle:
this will be the day-circle of that zodiacal sign. Once the (day-circles of each)
zodiacal sign are completed, write their names on them.

! This is incorrect: the compass should in fact be placed at the intersection of the horizon with
the day-circle of opposite declination (in the case of the tropics), and the mark should be made
on this day-circle below the horizon.

! It would be in fact more accurate to do these marks in the same way as those for the altitude
circles, by placing the ruler on the pole of projection and on the graduation of the meridian
altitude on the outer scale, and then by marking the intersection of the ruler with the meridian
line, instead of interpolating visually between the marks for the altitude circles.
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Make a mark at the ‘zenith’ (!)?> and place one leg of the compass on the
‘suspension line’. By successive approximations with the compass, join both
poles of projection with the ‘zenith’, and draw a circular arc from the day-
circle of Cancer to the pole of projection, on each of the left- and right- hand
sides, (terminating) on the circumference (gaws) of the circle.?

If you want the altitude circles, place one leg of the compass at the centre
and the other leg upon the mark of each altitude circle, and draw a circular arc
from the day-circle of Capricorn to the day-circle of Cancer. (These altitude
circles) may (also) be placed on the alidade.

If you want the (arcs of) hour-angle* find from the table the altitude cor-
responding to each 5°, or otherwise, of the hour-angle.’> With these values for
the (respective) altitude circles, mark the three day-circles. Place one leg of
the compass on the “prime arc of the hour-angle’ (gaws awwal [fadl] al-da’ir)®
and the other leg on the three marks. Join them by successive approximations,
and draw a circular arc from the day-circles of Cancer to that of Capricorn, or
from the day-circle of Cancer to the circumference of the circle.

< The construction > is completed.

{Diagram)’

Diagram of the diurnal musatira for latitude 36°.

54 On the construction of the nocturnal musatira.

Trace a circle and divide it into four quadrants. Do as you did for the diurnal
(musatira), except that you should take for each altitude circle the values of
the rising and setting amplitudes from the table represented on this page. Pro-
ceed as you did already with the rising amplitude of the zodiacal signs. When
the marks of the rising (and setting) amplitude for each declination are com-
pleted, < put the ruler on the pole of projection and on the graduation of the
outer scale (of the opposite quadrant) that corresponds to the meridian alti-
tude (corresponding to) each arc of declination, and mark the intersection of

2 Instead of designating the centre of the plate, which on this instrument represents the real
zenith, this ‘zenith’ rather refers to the projection of the northern celestial pole. In Ch. 54 it is
correctly designed as qutb mu‘addil al-nahar.

3 These two circular arcs represent an hour-angle of 90°. This paragraph should logically oc-
cur later, since it deals with a special case of the markings for the hour-angle, whose construction
is explained in the last paragraph.

4 Text has ‘time-arc’, passim.

5 The table in Ch. 4 is the only one in the treatise that can possibly be implied here. However, it
contains entries of 4(7T') instead of h(r), which makes impossible the construction of the markings
at the solstices. See the commentary for further details.

6 Le., the projection of the great circle corresponding to an hour-angle of 90°. This term is
used by analogy with the expression for the prime vertical: gaws (or da’irat) awwal al-sumiit, lit.
‘arc (or circle) of the beginning of the azimuth’.

7 See Plate 4.
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the side of ruler with the meridian line. > Join (these marks) to form the arcs
of declination (madarat) in the same manner as you did those (corresponding
to) the zodiacal signs on the diurnal (musatira), until the arcs of declination
of this musatira have been completed up to 180° (sic).! Number them. Once
the day-circles of the rising and setting amplitudes are completed,” mark the
value of the lowest and highest altitudes® on the ‘suspension line’ (sic: read
‘pivot line’). (Each pair of marks giving you the extremities of a diameter),
trace complete circles. The day-circles are thus completed.

If you want the (arcs of) hour-angle,* join the two poles of projection with
the (north) celestial pole (qutb mu‘addil al-nahdr), and trace a circular arc
reaching the circumference’ of the largest circle: this will be the ‘prime arc
of the hour-angle’. Trace the east (-west) line of that arc.® From the table
of the altitude circles already mentioned, find the altitude corresponding to
each 10° of the azimuth (sic: read ‘hour-angle’), at the equinox.” Then place
one leg of the compass at the centre and the other leg on the altitude circle
(corresponding to the altitude found with the table). Move this leg until (it
meets) the arc of the equatorial circle, and make a mark with this leg. Move
(the compass) so that you can lay one leg on the ‘east (-west) line of the
prime circle of the hour-angle’ and the (other) leg upon each mark (i.e., the
north pole and the mark made on the equatorial circle). Draw circular arcs
that reach the circumference® of the (outer) circle, and (passing through) the
celestial pole, on which the terrestrial latitude is written. These will be the
arcs of hour-angle. Do this operation in both the left and right directions, until
the equatorial marks are completed.

Determine a circle among the circles of lowest and highest altitudes (?),
and place one leg (of the compass) at the intersection of the ‘prime arc of the
hour-angle’ with this circle, and the other leg upon the arc of hour-angle, at its

! The upper limit for the day-circles where rising and setting are defined is in fact 90° —
¢. Perhaps this results from a confusion with the arcs of hour-angle, which are numbered 6,
12, ...180. On Najm al-Din’s nocturnal musatira (for latitude 36°) the arcs of declination are
numbered with their corresponding meridian altitude (4°-54° for southern declinations, and 64°—
84°, 86°-36° for northern ones, plus the minimal altitudes 26°-6° for circumpolar declinations).

2 This expression makes little sense; better would be: ‘once the day-circles for which rising
and setting amplitude are defined have been completed’.

3 These are given in the table for declinations 60°-90°, where rising or setting does not occur.

4 The text has ‘time-arc’, passim. This emendation is suggested by the illustration in P, which
clearly displays the hour-angle.

3 Literally ‘the two sides’ (tarafay).

6 Ie., the east-west diameter of the ‘prime circle of the hour-angle’, which is perpendicular to
the meridian. This is exactly similar to the ‘east-west line of the prime vertical’ which serves in
the construction of the azimuth circles on an astrolabic plate.

7 The entries of 4(T) in the column for Aries of the table in Ch. 4 would serve the purpose,
since at the equinox the time-arc is the complement of the hour-angle. See the commentary for
further details.

8 Literally ‘the two sides’.
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day-circle (7). Move (the compass) with this opening until (it meets) this (arc
of) hour-angle (? ‘ala dhalika al-da@’ir) in the other direction, and make marks
that you join as you did already. The arcs of hour-angle are thus completed.
Number them.

{Diagram}

Diagram of the nocturnal musdtira for latitude 36°.

A 1 Al h, 1
TABLE T.5. Table for 10 | 12;23 || 60 | 66 6
constructing the (nocturnal) 20 | 2500 || 70 | 56 16
musatira for latitude 36° 30 | 37;39 || 80 | 46 26
40 | 51558 || 90 | 36 36

50 | 70;24

If you want, you do not need (to use) this table: the first table is actually
sufficient.

55  On the construction of the musattar quadrant.

This consists in the superposition of northern and southern altitude circles.
If you want to construct it, (you should know that) it is exactly the same as
constructing a northern and a southern astrolabic quadrant, except that the
outer scale now represents the day-circle of the equator. If you want, mark on
this arc! the rising amplitude for the declination written in the table.?

Then trace an imaginary (quarter) circle, and mark on it the time-arc that
corresponds to this particular declination. Place the compass on the line of the
quadrant and by successive approximations try to join the marks of Aries and
Cancer. Be aware that the rising amplitude of the declination represents the
time-arc of the (meridian) altitude of Aries. If you wish to construct it with
the table, you do not need to (determine) the rising amplitude; make (it) with
the first table (in Ch. 1) or (with) the table of the rising amplitude for latitude
36°. Once the marks of Cancer are completed, do the northern altitude circles
as you did before, and join the marks of these altitude circles, holding the
compass fixed on the meridian line. The altitude circles are thus completed.
If some of the southern ones are not completed, join the rest of the marks of
the rising amplitude with those of the northern altitude circles, and number
them. In the same way, number the outer scale up to 90°. This quadrant is the

' 1e., the outer scale of the quadrant.

2 Namely, the table in the previous Chapter. The only possible interpretation of this sentence
is that Najm al-Din constructs the altitude circles on the musattar as if they were declination
circles on the nocturnal musatira, which is indeed correct.
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best of the (astrolabic) quadrants for specific latitudes: it does not require any-
thing else, and there are no day-circles marked on it for inverting the northern
(marks) into southern ones and the southern (marks) into northern ones, as we
mentioned for the construction of (other kinds of) quadrants.

{Diagram}

Diagram of the musattar quadrant for latitude 36°.

< Remark in a different hand in D: > This entire arc has 90 divisions, but the
person who drew (this illustration) has simply made a mistake. His ignorance
is very considerable, (since) this is a (serious) mistake.’

56  On the construction of the quadrant with harp markings (al-rub al-
mujannak).

Trace a quarter circle bounded by two perpendicular radii. Between them
trace the lines of the sines and cosines, counting the length of a radius as 60
(parts).! In terms of these parts, open (the compass) to the < cosine of the >
half excess (of daylight) at one of the solstices. Place one leg of the compass
at the centre (of the quadrant) and the other one below the centre, so that the
total distance (measured from the beginning of the vertical scale®) be equal to
the < versed sine of the > maximal half arc of daylight. Then place one leg at
the end of the outer scale® and the other one upon the versed sine of the half
arc (of daylight) for Cancer, and move (this second leg) until (it intersects)
the line of the sine (i.e., the horizontal line) that corresponds to the sine of the
meridian altitude at the beginning of Cancer.* Do the same (operation) for the
beginnings of Leo, Virgo and Libra, and mark the appropriate positions on
each of these day-lines. Trace straight lines (from these marks) to the point®
at the end of the outer scale. Make (those markings) in such a way that there
are four day-lines. The first one is for the two solstices, the second one for the
equinoxes, the third one for each zodiacal sign whose declination is 11;32°,
and the fourth one for each zodiacal sign whose declination is 20;16°. Write

3 The scale in D is indeed divided into 90 parts from 0° to 60°, whereas the scale in P is
divided as on a usual quadrant.

! The illustration in P is more explicit: these ‘lines of the sines and cosines’ form in fact an
equidistant orthogonal grid; the lines are drawn for each 5 parts of the radii. There is a scale
along the vertical radius which is graduated downwards.

2 The text is once again very elliptic: this scale is not mentioned but it appears on the illustra-
tion — cf the above footnote.

3 Literally ‘arc (of the quadrant)’.

4 The text is not completely clear. This horizontal line has to be found according to the sine
of the meridian altitude read on the vertical scale, which is graduated from the end of the outer
scale to the centre of the quadrant.

5 The text has ‘centre’ (!).

p. 215
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the corresponding signs of the zodiac along each day-line. Place one leg of
the compass on the point at the end of the outer scale and the other one at
the appropriate point (i.e., at the intersection of each horizontal line with the
vertical radius) and trace a circular arc going to the marks of the sine: these
arcs will meet the lines of the sines, if you want, at each 5°, or each 6° or at
each degree, which is the best construction.

If you want, make it a (true) quadrant, without the extension of the half
excesses (of daylight), but (in this case) make on it the ‘horizon arc’,%, that
is, place one leg of the compass on (the prolongation of) the line of the sex-
agesimal sine underneath the centre, and the other one where (each) day-line
intersects (the line of) the sine of its (corresponding) meridian altitude, and
upon the value of half excess in terms of a sine counted from the centre of the
quadrant. Trace with one leg (of the compass) a circular arc to the line of the
sexagesimal sine.’

The construction is completed.

{Diagram}
Diagram of the quadrant with harp markings for latitude 36°.

57  On the construction of the universal horary quadrant (al-sa“at al-afaq-
iyya).

Trace a quarter circle bounded by two perpendicular radii. Divide the quadrant
into 90 equal parts. Place one leg of the compass on the meridian line, and
by trying different openings of the compass, join the pole with the value for
that (first) hour, which is 15, and so on until the six hours are completed. Do
the same for the parts of the hours, be they at each 5° or each 3°, and write
the arguments between the hour arcs. This is the principle underlying certain
(construction) procedures. But if you do not want to trace the hour-lines by
successive approximations, open (the compass) to the whole diameter, that is,
120 (parts), for the first (hour-line); to the radius, 60, for the second (hour-
line); to half the chord of a quadrant, 42;25, for the third (hour-line); to the
chord of one fifth of a quadrant, 37;4, for the fourth (hour-line); to the chord
of one sixth of a quadrant, 31;4, for the fifth (hour-line); and to a quarter of the
diameter, 30, for the sixth one.! Trace circular arcs with all of these specific
openings (of the compass), from the value of the hour to the centre of the
quadrant.

6 This might be an analogy with the folded horizon on the musattar quadrant — see the pre-
ceding chapter.

7 The instructions are quite confused here, but the operation clearly consists in drawing the
mirror image, with respect to the horizontal radius, of those portions of the circular arcs which
would normally exceed underneath the horizontal radius, as if these markings were folded up —
cf. Figure 5.12 on page 220.

! These numerical values are analysed on p. 5.2 of the commentary.
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This horary quadrant, if you have done (the construction) as indicated
above, without adding any more line or arc, will be universal. (It will serve)
for all inhabited horizons, (i.e., for) the seven climates, between latitudes 0°
and 48°, and for (timekeeping with) the sun, with a very good approximation.
It is not possible to use universal horary quadrants which are designed for all
inhabited or uninhabited locations for (timekeeping by) the sun or the stars,
except when something else (is marked) on them, either trigonometric (mark-
ings) or numerical (data) (imma min jins al-jayb aw min jins al-hisab). I have
found that (such additional markings) on their own are superfluous for anyone
who wants to use (the basic instrument). A chapter on it(s use) containing the
procedures by approximate methods will follow.>

{Diagram}

Universal seasonal hours.

58  On the construction of the sine quadrant.

This is the most noble and the best of the universal quadrants, and the closest
to the astronomical (truth) (agrabuha ila ’I-hay’a)', and it is the ‘seal’ (i.e.,
the nec plus ultra) of the quadrants for operations (of spherical astronomy).

If you want to do this, trace a quarter circle which you divide into 90 equal
parts. Divide the eastern line into 60 equal parts. Then get from the sine table
the values of the sines at each 5°, or otherwise, and take these (values) in terms
of those (60) parts. Place the ruler on this (value) on upon the arc of that sine,
and trace a straight line going up to the outer scale: these will be (the lines of)
the sines. Then place one leg of the compass at the centre of the quadrant and
the other one on each part of the sines. Rotate the leg (of the compass) until
(it meets) the (other) line and make marks (there). (From these marks) trace
straight lines to the outer scale: these will be the (lines of the) cosines.

If you want to proceed by geometry, place one leg of the compass at the
centre and divide the horizontal radius in two halves. Trace a quarter circle.
Place the ruler at the centre and upon each division of the outer scale. Trace
radial lines (from the centre) to that arc. When the radial lines are completed,
place one leg of the compass at the intersection of that circle with the radial
line, and with the other leg make marks on both sides. When the marks are
completed, place the ruler upon each of them and on each 5° (division) of the
outer scale, and trace straight lines to the outer scale, at the left and at the
right. Thus, the sines and cosines are completed.> Understand this and you
will get it right.

2 1If such a chapter indeed existed, it must have belonged to another treatise.

! Cf. Ch. 38.

2 This passage about a geometrical procedure for drawing the lines of the sine and cosine is
extremely confused.
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{Diagram}
Diagram of the sine quadrant.

59  On the construction of the (instrument) with the two branches.

This is an observational instrument, especially (used) in this time of ours. The
observational instruments like the armillary sphere and other instruments of
the Ancients are expensive, but they nevertheless (?) require zeal and cap-
ability. This instrument is inexpensive and has few markings (on it). It has
nothing but divisions on one of its sides, and the other (side) may be raised
and lowered in the manner of compass. There may be legs and screws that
are fitted to it. And one of its sides may be divided for each minute in order
to measure the altitude. Since (the operations described) in this book of ours
cannot dispense with the altitude, I have made it based on the meridian alti-
tude. Indeed, we needed an exact instrument for measuring the altitude to (a
precision of) one minute, and we have not found anything more suitable (for
that purpose) that this.

If you want to construct it, take two flat rectangular blocks of wood set
at right angles (to each other), so that their maximal opening measures the
Chord of a quarter circle. We have installed (?) on it the divisions of the
Chord, which is approximately 84;50', in order to measure the altitude with
it. We then divided one of the stabs by the greatest sine, corresponding to the
arc of a quadrant, also for measuring the altitude. Two sights are fitted on it,
like on the alidade, for letting the shadow enter. When the shadow falls (on
it), we have to check where the thread of the plumb-line is falling on the fixed
side: this will give2 the altitude. If we want, we can stick the side of the Chord
(scale) to both extremities of the instrument. The (Chord) cut by its edge will
give? the instantaneous altitude at this (particular) time.

{Diagram}

< Text in the diagram:> Aspect of the block which can move like a compass. — This is its
greatest extent, the (instantaneous) altitude being 90°. — The plumb-line when the altitude is 90°.
— Aspect of the plumb-line thread when the altitude is 60°. — The plumb-line when the altitude is
60°. — Aspect of the diametral block.

60  On the construction of the dastiir.

Draw a circle and divide it into four quadrants. Divide the circle in 360 parts,
each quadrant having 90 equal parts. I take the circle to be the equatorial

! Chdgo(90°) = 120sin(45°) = 84;51 [error -1]
2 Literally ‘will be’.
3 Literally ‘will be’.
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circle, for latitude zero. (In the time-arc table) I took the time-arc for each 5°
of the altitude argument and I found it to coincide with the altitude. (Thus) I
trace (the corresponding markings) as straight lines. All of them will fall upon
the diameters: these will be the (line of) sines and cosines. I only wanted (to
explain) the construction of this instrument in this book of ours because it is
an old and noble one — may God have mercy upon the person who made it!
And it renders superfluous calculation for anyone who has no skill in matters
of multiplication and division. It is closer to the truth than other (instruments).

Anyone who wants to examine what we have mentioned about the tables
and the construction, and who has no skill nor faculty in (the use of) the pro-
portion tables (we have) mentioned at the beginning, for him this instrument
is (most appropriate). This brings close to him everything he wants to find,
especially if it is (made from) a large circle, and this is its picture. Anyone
who makes additions to this construction does much more than is necessary,
and makes it confusing. It is, however, necessary that an alidade with a sexa-
gesimal division be fitted to it.

{Diagram}
< Diagram of the dastir. >

<Text in the diagram:> The north-eastern quadrant. — The north-western quadrant. — The
south-western quadrant. — The south-eastern quadrant.

61  On the construction of the (universal) sundial based on the midday
shadow, for (timekeeping with) the sun, and for those terrestrial latitudes con-
tained in the seven inhabited climates, from latitude zero to latitude 48°.

I have invented it for using versed sines and sines, and I have found in this
only a slight approximation. I then chose to include it in this book of mine
because of the considerable difficulty of (constructing) sundials (al-sa‘ar) by
means of versed sines, which compels us to change (the markings) for each
latitude and write (the latitude) on each diagram. Then the explanations for
that would be long. When we saw that these horary markings only display a
slight approximation (if we use a universal procedure) and their utility would
be of a great generality, I have expressed this meridian altitude in terms of
midday shadows (taken) from the shadow table calculated for each minute
(min jadwal al-zill al-mahlil).!

We determined the altitude of the hours from the horary quadrant de-
scribed in Chapter 57 or by calculation (using an) approximate (procedure).
(For that) you take the sine of the meridian altitude. Then take a quarter of
it: this will be the sine of the altitude of the first (hour). Half the sine of the

' This refers to Najm al-Din’s cotangent table, appended to the Jadawil al-da’ir (B:167r—
173v), which is tabulated for each minute of argument.
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meridian altitude will be the sine of the altitude of the second (hour). Half the
sine of the meridian altitude and a fifth will be the sine of the altitude of the
third (hour). Two thirds of the sine of the meridian altitude and a fifth will be
the sine of the altitude of the fourth (hour). Finally subtract from the sine of
the meridian altitude one third of one tenth thereof: this will be the sine of the
altitude of the fifth (hour). You (also) add twelve to the midday shadow, and
this gives you the shadow length at the ‘asr. Find the arc corresponding to
the sine of the altitude of the hours: these are the required altitudes. Enter the
altitude of the two (kinds of hours ?) in the shadow table and take the value
facing it in terms of degrees and minutes: this is the shadow of (the altitude of)
that hour. We have compiled for that purpose this table, (intended) for anyone
who wishes to construct this sundial we have just described.? Understand this
and you will get it right.

TABLE T.6. Table of the altitude of the hours from latitude zero to latitude
48°, by approximation, and for (timekeeping with) the sun. This (table
serves) to make the marks on the ‘locust’s leg’.

m 1 2 3 4 5 6 ‘asr
0 | 1500 30;00 4500 6000 7500 9000 45;00
2 | 13;47 29;33  43;41 5856 72;33  80;36  40;37
4
6
8

13;30 28;28 41339 55;02 6631 71:34 36;51
12;51 26;28 38;36 5033 5949 63;24 33;41
11;54  24;33  35;30 46;10 53;34 56;24 30;55
10 | 11;00 22;32  32;27 40;53 47,55 50;10 28;37
12 | 10;09 2042 29;38 37:47 43,06 45,00 26534
14 | 9;22 19,00 27;06 34;21 38;35 40;37 24:47
16 | 838 17;28 24:48 31;20 3527 36;52 23;14
18 | 7;58 16,06 2230 28:56 32;25 33;41 21;47
20 | 7:23  14:58  21;04 26527 2947  30;56 20;32
22 | 654 13;50 19;40 24;31 2740 28;37  19;26
24 | 625 1255 18;18 2245 25;38 26;34  18;26
26 | 556 12;00 17;05 21;18 23;47 2447 17;32
28 | 534 11;13 16,00 19;58 22;03 23;14 16;41
30 | 521 10;30  15;00 1848 21;02 21;47 15;56
32| 5,02 952 1456 17:44 1950 20;32  15;16
34 | 446 920 13;30 1646 1846 19;26 14;36
36 | 435 850 1245 1554 17;30 1827 14502

2 In fact, the sundial is described below!
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TABLE T.7. Table of the shadow of the hours from latitude zero to latitude
48°, by approximation, and for (timekeeping with) the sun. These are the
(shadows) on which (the instruments of the category) mizan are based

m 1 2 3 4 5 ‘asr
0| 4447 2047 12,00 656  3;13 12
2| 4855 21;10 12;34  7;14 346 14
4
6
8

49;55 22,07 13;34 824  5;13 16
52;35 24,05 1500 951 6;59 18
56;58 26;18 1646 1131 8;51 20
10 | 61;44 28;53 1850 13;52 10;50 22
12 | 67,01 31;42 21,05 14;25 1249 24
14 | 72;47 34;53 23;28 17;34 1502 26
16 | 79,05 38;10 2600 19;44 16;50 28
18 85:45 41333 2856 21:55 1853 30
20 | 9241 44;53 31;08 24;07 20;56 32
22 | 9945 48;31 33;33 2620 22;54 34
24 | 106;49 52;19 36;17 2833 25,00 36
26 | 11531 56528 39,03 30;46 27;14 38
28 | 123;12 60;33 41;51 33;00 2940 40
30 | 128;19 64;08 44:47 35,06 3112 42
32 | 136;16 68;58 44;54 37;36 33;13 44
34 | 144;,05 73;09 5000 39;48 35;21 46
36 | 14941 77,10 53;00 42;,05 38,05 48

If you want to construct these seasonal hours (on a universal sundial),
take a board of wood or marble. Trace two thirds of a (complete) circle and
divide (this circle) in four by two diameters, the first one (i.e., the vertical one)
intersecting the arc in two halves and the other one cutting this line at (right)
angles at the centre. Join the extremities of that arc with the centre (by means
of a circular arc®): this will be the day-line for latitude 0° (!).* From the
shadow table (in this chapter) take the argument corresponding to a (midday)
shadow of zero in terms of the sine (!) of the first (hour): keep this in mind.
Divide the radius of the circle by the longest shadow of that (first) hour which
you want to enter on the sundial.’> Take twelve parts of that amount: this will
be the gnomon length, so consider it to be (your construction) scale. Take the
shadow of the hour which you first kept in mind in terms of the divisions of the

3 The text is far from being clear, but the illustration tells us that the sundial has the form
of a lunule, that this arc will have the same radius as the basic circle, and that and its centre
corresponds to its lower extremity.

4 This corresponds in fact to a midday shadow of zero, which can occur only at subtropical
latitudes. A latitude of 0° is the minimal positive latitude where this can occur.

5 Le., the shadow corresponding to the radius of the basic circle.
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scale and place one leg of the compass at the centre and the other one where
it intersects the day-line for latitude 0° (!): this will be the mark for that hour.
Join it to (the corresponding mark on) the day-line for a meridian shadow of
36 parts: this is the day-line of the last of the inhabited latitudes, which is
48°.5 Open (the compass) to the shadow of the remaining hours. Place one
leg of the compass at the centre, the other one where it intersects each of both
day-lines, that is, the first and last day-lines. These are the desired hours. If it
is impossible to lay the first hour upon the day-line corresponding to a midday
shadow of 36, then determine it for a day-line for which the shadow can still
fall within the border of this circle. This way the seasonal hours have been
completed. As for the equal hours, it is not possible to trace them in terms of
midday shadows.

For the day-lines, open the compass to the radius and place one leg at the
intersection of the meridian line with the (basic) circle, and make a mark with
the other leg on (the circumference of) the circle, on both sides. (Join these
two marks with a straight line:) this will be the smaller day-line, correspond-
ing to a midday shadow of 36 (parts).” Divide (the space) between the larger
day-line and the smaller one in two halves and trace a straight line, which will
be the intermediate day-line, corresponding to a midday shadow of 18 (parts).
Next divide (the space) between the intermediate day-line and the smaller one
into three equal parts: there will be two day-lines, the first one for a midday
shadow of 30 and the other one for a midday shadow of 24. Then divide (the
space) between the intermediate day-line and the larger one into six equal
parts. Counting three (!3) of these six parts from the side of the intermedi-
ate day-line, you will get the day-line for a midday shadow of twelve (digits).
Counting five (!°) of these six parts from the side of the intermediate day-line,
you will get the day-line for a midday shadow of 6 fingers. Place one leg of
the compass on the meridian line, and proceed by successive approximations
until you can join the two marks of all these day-lines, their midday shadow
being (represented as) a circular arc. This is what we sought.

{Diagram}'°

Diagram of the approximate universal horizontal sundial, for all inhabited
latitudes from zero to 48°.

<Remark: > And if you want the arc of the ‘asr, open the compass to its
(horizontal) shadow and place (one leg) on the centre and the other one on the
day-line of (that) midday shadow, and join (the resulting marks) as a circular
arc. God knows best.

6 A midday shadow of 36 corresponds to &, = arcCot(36,/12) = 18.43°, and the minimal
latitude with such a meridian altitude is indeed ¢ = 90° — 18.43° + & ~ 48°.

7 The above construction appears to imply that the radius has 76 parts.

8 Correct would be two.

9 Correct would be four.

10 See Plate 12.
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62  On the construction of the seasonal hours based on midday shadows,
by another method.

These are the hour markings that are made on the side of the Fazari balance,
because the day-lines corresponding to the midday shadow are straight (lines).

We want to distinguish their markings from the previous ones. This is of
the nicest design, because if you do not/cannot determine the direction and do
not distinguish whether the day-line is straight or curvilinear, < --- > (?) but
if it is indeed straight, that day-line is then better than if it were curvilinear.
From that (instrument) whose construction has been mentioned, the hours can
be known, but it is not possible to know the direction from it: the direction
is for a particular latitude and this is only for the sun and for all inhabited
latitudes with a slight approximation.

If you want that, divide the width of the marble plate — or anything similar
— in two halves and trace a straight line, which will be the meridian line.
Divide it into 36 segments: this is the (Iength) of the largest midday shadow
that is tabulated. Let this define a (shadow) scale. Trace (these divisions) as
straight lines. From the table of the shadow of the hours, take the amount of
(each) hour and place one leg of the compass at the ‘centre’! and the other
one on the day-line for which you took its shadow, and make a mark on it
with the other leg, at the left and at the right. When the marks of the hours are
completed, join them and write on each hour its number and on each day-line
the (corresponding) midday shadow that you found. The day-lines are thus
completed. If you want (to draw) the arc of the ‘asr, open the compass to
its horizontal shadow and place one leg of the compass at the centre and the
other one where it cuts the day-lines of the (various) midday shadow(s), and
join (these marks) as a circular arc.

{Diagram}
Diagram of the universal horizontal sundial, for all inhabited latitudes, that is
from zero to 48°, by approximation.

< Text in the diagram: > Meridian line. — Centre of the gnomon. — Gnomon length. — Asr arc.

63 On the construction of the universal sundial designed in terms of me-
ridian altitude, for all inhabited latitudes, that is from zero to 48°, and for
(timekeeping with) the sun, by approximation.

If you want that, you have to find the meridian altitude. Determine the altitude
of the hours for that meridian altitude, as already explained in Chapter 61.
With this altitude as argument in the shadow table for each minute, take the
corresponding entry: this will be the shadow of that hour. For the altitude

! Le., the midpoint of the lower day-line, where the gnomon is fixed.
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of the ‘asr, add to the midday shadow the length of the gnomon and this is
its shadow. Enter the shadow of the ‘asr in the table as well and take the
corresponding altitude: this is what is sought. Write it in a table. These hours
are then fixed on a quadrant made out of wood or another material, or on a
complete circle. If you want, trace a circle and divide it into 90 (parts); trace
a radial line from that particular meridian altitude to the centre: this will be
the day-line of that meridian altitude. Divide the radius by the shadow of the
hours you want to construct: this will be the scale of the construction. The
length has twelve (digits), and it is the quantity of the gnomon. Open (the
compass) to the shadow of each hour and hold one leg of the compass fixed at
the centre of the quadrant, and (place) the other one where it meets the day-
line of that meridian altitude. When the hours are completed, do it also for the
‘asr in the same way. The construction is completed.

TABLE T.8. Shadow of the hours / shadow at the ‘asr / altitude at the ‘asr

hyy 1 2 3 4 5 6 ‘asr hyy hy

10 183;53  137;08 97;45  78;56 7026  68;03 80,03 10 8;31
20 140,32 69;23 4844 3847  34;25 30,58 44;58 | 20  14;56
30 95;17 46;25 32;06  24;57 21;43 20,57 3247 | 30 20,06
40 73;43 37;31 23;49 17;53 15,06  14;19  26;18 | 40  24;30
50 61;32 28;53 18;53  12;54 1053  10;03  22;04 | 50 28;33
60 54;09 24;58 1544 10,33 7,51 6;56  18;56 | 60  33;17
70 49;39 22;32 13;45 8;33 5;30 4,10 16;22 | 70  36;13
80 48;59 22;07 12;38 7;20 3;52 1;54 14,07 | 80  40;49
90 46;25 21;47! 12,00 6;56 3;13 — 12;00 | 90 45,00

64  On the construction of the conical sundial and the universal locust’s
leg, (valid) for all inhabited latitudes approximately.

To do this you should compile a table as we previously did and determine
precisely the altitude of the hours. Take from a shadow table for each minute
of argument the tangent of those altitudes and place (the results thus obtained)
in tabular form (which will serve) at the requisite time.

Take a board of wood, flat in shape, or a circular cone (mukhul mudaw-
war). Divide its whole (surface) into ten equal parts and trace (these divisions)
as straight lines. Write on each of them the meridian altitude. Divide the day-
line (corresponding to a) meridian altitude of 89° into the vertical shadow
at the sixth hour. Consider this a scale, the gnomon length in terms of the
parts of this scale being 12 parts. Open the compass to the vertical shadow
of each hour and hold one leg of the compass firmly at the intersection of
the horizon line with the day-line corresponding to that meridian altitude;
where they intersect place the other leg on that day-line: this will be the point
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(indicating) the hour. When you have completed (the marks for) all hours,
join them (and you will get the hour-lines).

TABLE T.9. Table of the vertical shadow of the hours

A, 1 2 3 4 5 6 ‘asr
10 | 0;21 1;03 1;28 1;48 2,03 2,07 2,01
20 | ;01 2:05  2;58  3;43 411 422 3512
30 | 1;30 306 429 5516 6;37 6,56 423
40 | 1,57 3;50  6;03 804 931 10,04  5:29
50 | 221 459 7;38 11,09 13;15 14519 6532
60 | 2;39 546  9;09 13;38 18521 2047 753
70 | 2;54  6;23  10;28 17;50  26;06 32;58 08:47
80 | 2,57 6;30 11;24  19;39 37;19 68,03 1000
90 | 3;06 656 12;00 20;47 44:47 — 12;00

{Diagram}
Shape of the locust’s leg and of the mukhul.

< Text in the diagram: > Horizon. — Place of the movable indicator muri. — Midday arc, uni-
versal for the inhabited latitudes. — (It is) universal within the seven (inhabited) climates, for

(timekeeping with) the sun, by approximation.

65  On the construction of the astrolabic quadrant for latitude 48°, which
is the end of the inhabited countries.

When we saw that the masters of this art (of instrumentation), (while) de-
termining the time-arc from the altitude (are confronted with the following
situation): When (the time-arc) is smaller than the altitude of the diameter,
the thread will go outside the quadrant, in the direction of the nadir, on the
quadrant constructed for latitude 30°,' and this is a mistake (made) by the
ignorant people who have applied that which is mentioned. I thus chose to
construct for them this quadrant in order to explain the incorrectness of what
they have mentioned and applied about it from remote times up to the present
days. This figure shows that the error is larger than 16°.

Explanation: When the altitude is 17° at the beginning of Cancer, its time-
arc is 28:38°:2 and its time-arc at Capricorn is 42:5°;3 between them is a dif-
ference of 16;27°. The quadrant whose latitude is smaller than 48° is less
corrupt than this. I want (to consider ?) the largest (error?) to be such that
they would perhaps return to what they had firmly confirmed in their minds

! Te., for Cairo.
2 The accurate value is 28;32°.
3 The accurate value is 45;04°.

p. 84
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concerning (the procedure for) latitude 30°, which is well-known. I have il-
lustrated that its error is in the order of one or one and a half degree.

I you want to construct this quadrant, (know that) it is the northern (quad-
rant) mentioned at the beginning (of this book). So we do not need to repeat
the manner of (its) construction (here). But we want to change the figure
to (that of) another latitude, and it is necessary that a table be compiled for
that latitude from the Tables of Time-arc, just as we compiled the table of the
altitude circles for latitude 36°. And it is this:

TABLE T.10. Table for the construction of the altitude circles for latitude
48° north and south.

Cancer Aries Capricorn
h t h t h t h t h t
0 | 119;06 36 | 61;39 0| 90;00 | 36 | 28;34 0 | 60;54
3] 113539 39 | 57;21 3| 8530 | 39 | 19;51 3 | 54;,07
6 | 108;24 42 | 52;41 6 | 80;59 | 42 | 0;00 6 | 49;01
9 | 103;21 45 | 48;05 9 | 76;26 9 | 42,05
12 | 98;27 48 | 43;39 | 12 | 71513 12 | 34;16
15 | 93;40 51 | 3842 | 15 | 67;16 15 | 24;00
18 | 89;00 54 | 33;33 | 18 | 62;33 18 | 10;00

21 84;20 57 | 28;09 | 21 | 59;15
24 | 79;48 60 | 22;11 | 24 | 52;31
27 | 75:19 63 | 14;52 | 27 | 47;24
30 | 70;49 | 65335 | 0;00 | 30 | 41:41
33 | 66;18 33 | 35;35

Explanation of the construction of the altitude circles for latitude 48°, for
which this table, which is on the back of this page, has been calculated. Trace
a quarter circle bounded by two perpendicular radii. Then trace the circles
of both tropics as you did previously. Take from the table the value corres-
ponding to each altitude circle. Locate this value on the (altitude) scale of the
quadrant and place the ruler upon it and at the centre. Make a mark at the
intersection of the edge of the ruler with the day-circle you want. Once the
marks of the tropics and of the equator are completed, join them as arcs of
circle: these will be the appropriate altitude circles. If some quantity remains
from the altitude circles, then hold one leg of the compass fixed at the centre
and place the other one on the argument of each altitude circle on the side of
the pivot (line). With this opening of the compass, add it to the side of the
meridian line, and make the marks of the altitude circles. Join these marks
and those of the smaller tropic by rotating the compass on the meridian line
until the altitude circles are completed.
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{Diagram}

Diagram of the astrolabic quadrant for latitude 48°.

66  On the construction of an horary (quadrant) whose sixth (hour-line) has
the (same) width as its first one, each of them having a uniform width.

When I realised that (the hour-lines on) most of the horary (instruments) based
on the meridian altitude or the midday shadow become closer and closer to
each other so that the sixth and the fifth (hour-lines) are so close to each other
that there is not even a slight distance between them and it is scarcely possible
that (further) divisions be made between these two hour (curves), and they
would not be (properly) distinguished (wa-la tu‘lam), 1 invented this horary
(quadrant), because it is superior to (other) horary (quadrants) of the same
kind, (since) all of its (hour-lines) are uniformly spaced.

If you want (to construct it), trace a quarter circle bounded by two perpen-
dicular radii. Divide the radius into 90 (parts). Place one leg of the compass
at the beginning of the outer scale! and the other one at the centre. Trace an
arc with this opening (of the compass) corresponding to the radius.> Move
(the compass) so that you place (one leg) at the centre and the other one at the
meridian altitude of Capricorn (expressed) in parts of the radius. Trace it as
a circular arc: this will be the day-circle of Capricorn. Now place the com-
pass on the meridian altitude of Aries, and trace an arc which will represent
the equatorial day-circle. Likewise mark on all day-circles the quantity of the
altitude of (each) hour. If you wish, (you can also) divide each day-circle into
six <equal parts>:*> mark the outer scale at each 10°, and these will be the
marks of the hours (on the day-circle of Cancer);* < make also six marks on
the day-circles of Aries and Capricorn. > When the marks of the hours are
completed on these day-circles, join them as circular arcs, by successive ap-
proximations (of the compass). These will be the arcs of the hours. Write on
them their number, and (write) the terrestrial latitude (on the quadrant).

{Diagram}?
Diagram of the hours for the specific latitude 30°.

< Text in the diagram: > There are two threads, one at the centre and the other one at the begin-
ning of the outer scale.

! Literally ‘beginning of the quadrant arc’, passim.

2 On the illustration this arc is labelled the ‘horizon’, since it represents the hour zero.

3 Only the portion of each day-circle below the ‘horizon’ should be divided into six equal
parts. This alternative construction corresponds to an approximation of the exact curves.

4 This is inexact: see the remarks in the commentary on p. 135.

5 See Plate 6.

p. 133
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67  On the construction of the seasonal hours (of an horary quadrant) for
a specific altitude.

Trace a quadrant and divide it into 90 equal parts. Open (the compass) to the
obliquity of the ecliptic and place one leg of the compass at the centre and
trace with the other leg a circular arc: this will be the day-circle of Cancer.!
Divide the region between the day-circle of Cancer? and the outer scale in two
halves. Trace a circular arc (at this division): this will represent the equatorial
day-circle. Place the ruler (on the outer scale) at the meridian altitude of the
two tropics and of the equator. Mark each of these day-circles and join (these
three marks) as a circular arc: this will represent the ‘horizon’. Then place the
ruler on the meridian altitude of each zodiacal sign among those (signs) and
at the centre. Make a mark at the intersection of the ruler with the ‘horizon’.
Place the compass upon each of these marks and draw a circular arc: this will
be the day-circle of (each) zodiacal sign you want. Next, place the ruler at the
centre and upon the altitude of each hour. Make a mark at the intersection of
the side of the ruler with the day-circle of that zodiacal sign. When the marks
of the hours are completed for all day-circles, join them as arcs of circles, if
possible, or draw them pointwise (as smooth curves). When the construction
has finally been completed, write the name of the two (appropriate) zodiacal
signs on each day-circle and the (corresponding) numbers on the hour arcs.
Finally, take note that the outer scale also represents the day-circle of Capri-
corn.

{Diagram}
(Horary quadrant with) seasonal hours for latitude 36°.

< Text in the diagram: > This horary quadrant has a single thread.

68  On the construction of the hours (of an horary quadrant) called ‘hours
of the chord’.

Trace a quarter circle bounded by two perpendicular radii. Divide the quadrant
in 90 equal parts. Then divide one of the radii! into six equal parts and trace
straight lines (from these divisions) to the beginning of the outer scale: these
will be the day-lines. Write < the name of > (each) sign of the zodiac on its
corresponding day-line. Place one leg of the compass at the beginning of the
outer scale and the other one on the altitude of each hour at the beginning
of this zodiacal sign, and transfer (this quantity) onto the day-line. Mark
each day-line with six marks for the seasonal hours. When the marks of the
hours are completed for each day-line, join those marks as arcs of circles if

! The text has erroneously ‘Capricorn’.
2 The text has ‘Capricorn’.
I'N. amely, the vertical one.
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possible, and if not, as linear segments, with the compass (!),? as you would
trace the hour (lines) of a horizontal sundial. And if it is not possible to
join (the marks) either as circular arcs or as linear segments, then join them
pointwise (as smooth curves). Write on the (hour-lines) their number and
(write also on the horary quadrant) the terrestrial latitude for which you have
drawn (it).

{Diagram}
Diagram of the hours of the chord for latitude 36°.

< Text in the diagram: > This quadrant has two threads. — Position of the second thread.

69  On the construction of the seasonal hours (of an horary quadrant),
called ‘hours of the harp’ (junk).

Trace a quarter circle bounded by two perpendicular radii. Divide the quad-
rant in 90 equal parts. Trace an imaginary line from the meridian altitude of
Capricorn to the vertical radius, perpendicular to the horizontal radius. Mark
the intersection of this line with the vertical radius. Take (one half of the seg-
ment) underneath this mark towards the centre and trace an imaginary line
(from there to the beginning of the outer scale): this will be the day-line of
Capricorn. Divide (the portion) between (the end of) the line of Capricorn
and the end of the outer scale in two halves, and trace again an imaginary line
(from there) to the beginning of the outer scale: this will be the day-line of
Aries. Trace a straight line from the beginning of the outer scale to its end:
this will be the day-line of Cancer. Place the ruler at the centre and at their
meridian altitude and make a mark on each of these day-lines. Join these three
marks to form the arc of the sixth (hour). Place the ruler at the altitude of the
first (hour) and at the centre and make a mark on the three day-lines, and like-
wise for the second, third, fourth and fifth (hours). When the marks of the
hours are completed, join them (by means of smooth curves). Place the ruler
at the centre and at the meridian altitude of the remaining zodiacal signs, and
mark their intersections with (the arc of) the sixth hour. Trace straight lines
from these points to the beginning of the outer scale: these will be the day-
lines of (those remaining) zodiacal signs. Write their names and the number
of the hours.

{Diagram}
Diagram of the hours of the harp.

< Text in the diagram: > This quadrant has a single thread.

2 It makes no sense to draw linear segments with a compass; here the text must be corrupt.

p. 129
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70 On the construction of the hours (of an horary quadrant), called ‘hours
with the branches’.

Trace a quarter circle bounded by two perpendicular radii. Divide the outer
scale into 90 equal parts. Trace the straight day-lines of the zodiacal signs,
each of them (beginning) at their (respective) meridian altitudes, as lines par-
allel to the meridian line. Write on each day-line (the names of) its two (cor-
responding) zodiacal signs. Place the ruler at the centre of the quadrant and at
the altitude of the first hour for each of the day-lines and make a mark on each
of them. Then place the ruler at the centre and at the altitude of the second
(hour) and make the marks in the same way on each of (the day-lines). Then
place the ruler at the centre and at the altitude of the third (hour) for each day-
line and do again the marks. Do the same (operation) for the fourth and fifth
(hours). When the marks of the five hours are completed, join them: these
will be the hour arcs. The (inside of the) outer scale will represent the sixth
(hour).

{Diagram }
Diagram of the hours with the branches.

< Text in the diagram: > This quadrant has a single thread.

71 On the construction of the hours (of an horary quadrant), called ‘hours
with the nonagesimal (scale)’.

Trace a quarter circle bounded by two perpendicular radii, and divide (the
outer scale) into 90 equal parts. Divide the eastern line likewise (into 90 equal
parts). Then place one leg of the compass at the centre of the quadrant and
at the complement of the meridian altitude of the corresponding zodiacal sign
(on the radial scale), and transfer this (quantity) to the meridian line, until you
you have done it for all zodiacal signs. Move the compass so that you can
lay one leg at the end of the quadrant, and the other one at each mark of the
zodiacal signs. Then trace an arc, which will be the day-circle of that zodiacal
sign. Place one leg of the compass again at the centre, and the other one at the
complement of the altitude of the hour (on the radial scale), expressed in parts
of the radius. Make a mark with this other leg on the day-circle of that zodiacal
sign you want. Mark this way the altitude of each hour for each of the zodiacal
signs, and do it until you reach the fifth hour. Once you have placed the whole
marks of the signs, join them as arcs of circles by successive approximations
(with the compass). Write (the names of) the two (corresponding) zodiacal
signs on each day-circle as well as the numbers of the hours.

' See Plate 7.
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{Diagram}
Diagram of the hours for latitude 36°.

< Text in the diagram: > This quadrant has a single thread.

72 On the construction of the hours (of an horary quadrant), called ‘hours
with the bowed scale’ (sa‘at al-shaziyya).!

Trace a quarter circle bounded by two perpendicular radii. Divide the outer
scale into 90 equal parts, and divide one of the radii into 90 equal parts. Place
the ruler at the centre and at each fifteen degrees of the outer scale, and trace
straight lines, which will be the day-lines. Write the names of the (respective)
zodiacal signs on them. Place one leg of the compass at the centre and the
other one at the altitude of the first hour (measured on the radius scale), and
transfer this (quantity) with this opening to the day-line of that zodiacal sign,
and make a mark (there). Place the compass at the altitude of the second
(hour) and transfer (this quantity) to the day-line of that sign, and make a
second mark. Do this operation for all hours. When the marks of the hours
are completed, join them with the compass (as circular arcs) if possible, and
if not, join them pointwise (as smooth curves). These will be the arcs of the
seasonal hours. Write their numbers on them and the terrestrial latitude.

{Diagram}
Diagram of the hours for latitude 36°.

< Text in the diagram: > This quadrant has a single thread.

73 On the construction of the hours with the circles of equation.

Trace a quarter circle bounded by two perpendicular radii, and divide the outer
scale into 90 equal parts. Place one leg of the compass at the beginning of the
outer scale and the other one at 45° on the arc (of the quadrant). Transfer this
(quantity) to the eastern line and make a mark. Then move the compass so

! The reading of this word is not certain (both manuscripts have iles or perhaps iles). The
usual meaning of shaziyya is ‘splinter, sliver’; in the context of technology and instruments,
however, it designates a narrow movable component used as a radial cursor or scale, or a star-
pointer. Another meaning given by Kazimirsky (Dictionnaire Arabe-Frangais, s.v.) is that of
arc, bow: this, in my opinion, would aptly fit the narrow, curved longitude scale found on this
instrument. Viladrich (2000, p. 313) reads al-shataba, acknowledging not to know the meaning
of the word, but nevertheless translating it as ‘sliver’, as though it were shaziyya. Now shatba
(collective) refers to the branches of a palm-tree, which could indeed make sense if it is intended
to designate the hour curves as resembling the twigs of a palm (see Fig. 3.11 on p. 131). Or
perhaps should we read shitba or shutba, “Trait ondulé d’une lame damasquinée” (Kazimirsky)?
Could this refer to the curved longitude scale which runs alongside the sixth hour-line? I have
decided to adopt what I consider the most plausible of these possibilities, reading shaziyya in the
sense of an bowed scale. Allahu a‘lam.

p. 132

p. 122
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that you place its legs at the centre and upon this mark. Trace a small quarter
circle, which will be the day-circle of Capricorn. On that line, divide (the
space) between the day-circle of Capricorn and the outer scale in two halves,
< and make a mark. Place the leg of the compass upon this mark and trace
a median arc. > This (median arc) will be the arc of Aries. Place the ruler at
the centre and upon the altitude of the sixth (hour) for Aries, for Capricorn
and for Cancer, and make marks on the intersections of the ruler with their
day-circles. You should know, however, that the day-circle of Cancer is the
outer scale itself. Join these three marks, and you will get the arc of midday.
Place the ruler at the centre and at the meridian altitude of Taurus, Gemini,
Scorpio and Sagittarius, and mark the intersections of the ruler with the arc
of the sixth (hour). Then place one leg of the compass at the centre and the
other one upon each of these marks, and trace circular arcs, which will be
the required day-circles. Write the names of the (respective) pairs of zodiacal
signs on each of them. Place the ruler at the altitude of each hour and at the
centre (for each zodiacal sign), and mark the position of its intersection with
the day-circle of the sign. Once the marks of the hours are completed, join
them as circular arcs with the compass: these will be the arcs of the seasonal
hours. Write their numbers (along them).

{Diagram}
Diagram of the hours for latitude 36°.

< Text in the diagram: > This quadrant has a single thread.

74 On the construction of the universal horary quadrant, which works ap-
proximately for all inhabited latitudes, that is from zero to 48°.

This is the best and most excellent of horary instruments. For that reason we
end with it our discussion of ten quadrants. These quadrants are specific for a
particular latitude: their designs are limitless and their explanation would get
very lengthy; (but) the abridgment achieved the same purpose (wa-I-ikhtisar
balaghahu).

If you want to construct it, trace a quarter circle and divide it into 90 (equal
parts) after you have bound it by two perpendicular radii. Place the ruler at
each 15° of those divisions and at the centre, and trace straight lines, which
will be the hour-lines. Divide the radius in two halves and hold one leg of
the compass fixed (at its midpoint) and trace a semicircle with the other one,
which will be the meridian altitude arc. Divide the meridian line into 60’
equal parts and take the sine of each five (degrees), or otherwise, and trace
straight lines parallel to the eastern line: these will be the lines of the basic
sines. On the hour-lines, write their numbers, and on the arc (write) ‘meridian

I The text has 90.
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altitude arc’. With this quadrant you can determine the time-arc for each solar
altitude better than with the universal horary quadrant, for (the hours) are more
widely spaced than the hours (of the latter).

A straight line may be traced from the beginning of the outer scale to its
end. Write ‘asr’ on it. This (line) is straight; (another version) can also be
drawn pointwise (as a smooth curve) because of its curvature, and in this case
we have left it out because it is well-known, whereas the (other) one is much
less usual.?

{Diagram}

Diagram of the hours (of the horary quadrant valid) for all inhabited
latitudes, for (timekeeping with) the sun, and for (timekeeping with) all stars
whose declination are smaller than the obliquity of the ecliptic, by a good
approximation.

< Text in the diagram: > This quadrant has a single thread.

75 On the construction of the hours with the square angle (al-zawiya).!

Trace an imaginary quarter circle bounded by two perpendicular radii. Divide
that quarter circle into 90 equal parts, also imaginary. Trace the line of the
chord of the quadrant: this will be the longest side of the square angle.? Place
the ruler at the centre and on each of the imaginary divisions (of the quarter
circle), and mark the intersections of the side of the ruler with the chord. Once
you have completed the marks of the chord, you get something with which
you can measure the altitude, provided it is done according to the illustration.

Next divide (each) radius, which is one of the two equal sides of the square
angle, into three (equal) parts in both directions (and mark these divisions on
both radii). Trace a straight line (joining the two marks closer to the centre):
this will be the day-line of Capricorn. Divide (the space) between the day-line
of Capricorn and the diagonal, which is the day-line of Cancer, into six (equal)
parts in both directions, and trace straight lines (between) those (divisions):
these will be the (remaining) day-lines. Place the ruler at the centre and on the
altitude of each hour, and mark the intersections of the side of the ruler with
the corresponding day-line, so that you complete the hour (marks), and then
join them (to form the hour curves).

2 Actually the illustration displays a curve for the ‘asr, virtually drawn as a semicircle, which
must be identical to the second ‘asr curve described in Ch. 77.

! The instrument derives its name from the form of the right angled isosceles triangle on
which the horary markings are traced. The term zawiya refers in this context to the geometrical
instrument with this shape, curiously called a square in English (but cf. German Winkel).

2 Te., the hypothenuse of the sight angled isosceles triangle.

p. 126
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{Diagram)?
Diagram of the ‘hours with the angle’ for latitude 36°.

< Text in the diagram: > (This is) with a single thread at the centre.

76 On the construction of hour markings on the flat ‘locust’s leg’ or on the
circular conical dial, its gnomon being fixed.

Take a flat board of wood or something similar, or a circular cone. <... > Di-
vide them into 90 equal parts and write on each division! its (corresponding)
meridian altitude. Trace curved (!) lines> converging to a single point. Then
trace a quarter circle and divide it into 90 parts.> Place the ruler at the centre
and at the altitude of the hour, and make a mark at the intersection of the side
of the ruler with the corresponding day-line, so that you complete all of the
hour (marks) for all zodiacal signs; (do) likewise the arc of the ‘asr. Join these
(marks to form the hour curves) and write their numbers on them. You should
know that the gnomon length is (the space) between the sixth (hour) and the
(day-) line of (meridian altitude) 90° at right angles.* And you should also
know that (the lower extremity of) the line of (meridian altitude) 90° is the
point directly below the gnomon (masqat hajar al-shakhs).>

{Diagram}
The altitude of the sun can be determined with this quadrant.

< Text in the diagram: > Arc of the beginning of the ‘asr. — Midday-circle. — Centre of the fixed

gnomon. — Length of the fixed gnomon.

On the determination of this table. Take the sine of the meridian altitude
from the tables compiled for each minute of argument (al-jadawil al-mahliila
dagiqa dagiqa). Take one fourth of the sine of the meridian altitude and find
its arc: this will be the altitude of the first (hour). Take half the sine of the
meridian altitude and find its arc: this will be the altitude of the second (hour).
Take one half plus one fifth of the sine of the meridian altitude and find its arc:
this will be the altitude of the third (hour). Take two thirds plus one fifth of

3 See Plate 8.

! The text has ‘day-line’.

2 These lines should in fact be straight.

3 That quarter circle should to be centred in the upper corner opposite the convergence point
of the day-lines, with a radius small enough so that its outer scale will not overlap the day-lines.

4 This sentence is unclear, but the illustration suggests to interpret it as the width of the
horizontal scale. In fact, the gnomon length does not make any difference on this instrument,
since only the direction of the shadow allows to tell the time.

3 Masqat al-hajar, literally the “falling of the stone”, is a standard expression which denotes
the orthogonal projection of a point onto a horizontal surface below that point. See al-Biriint,
Tafhim, p. 6, § 21.
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the sine of the meridian altitude and find its arc: this will be the altitude of
the fourth (hour). Take two thirds plus one fifth plus one tenth of the sine
of the meridian altitude and find its arc: this will be the altitude of the fifth
(hour). This procedure is approximate, for (timekeeping with) the sun, for the
inhabited latitudes.

I carried out (the operations) by versed sines and sines, and [ have found it
to be a very good approximation. I have thus chosen to make for its (purpose)
a table, because of the great difficulties in calculating the altitudes of the hours
for all latitudes, since inevitably when you change the latitude you have to
compile a (new) table for it. The commentary would become too long. (The
procedure) would remain specific to the latitude for which you have made the
calculation, and it would not be possible to label it “‘universal’. So, when I saw
that this table is a very good approximation and that its usefulness is of a great
generality, then I consigned it in this book of mine so that it be useful and that
it renders easier the tasks of whoever wants to construct conical sundials and
‘locust’s legs’, or other horary (instruments) specifically for (timekeeping)
with the sun, and for all inhabited latitudes. When it is labeled ‘universal’, it
means that it is (intended) for all inhabited latitudes, by an approximation that
is very good. If it is thought to be universal for (timekeeping with) the sun and
the stars, for all inhabited latitudes and (even) for the desolate (uninhabited)
countries (al-khirab), then this is a big mistake.

TABLE T.11. Table of the altitude of the hours, for (timekeeping with) the
sun and with the stars whose declinations are smaller than the obliquity of
the ecliptic

N hy ho h3 hy hs ha hy

10 2;31 5;0 7:0 8:39 9;40 8;31 7;26
20 4:53 9:49 13;49 17;12 19;14 14,56 11;54
30 7;11 14;30 20;30 2541 2854 20;6 15;0

40 9;15 17:45 27;45 33;52 38;25 24;32 17;24
50 | 11;2 22:32  32:25 4255 4748 28;33  19;25
60 | 12;[30] 2540 37,20 48;39 56;51 33;17 21511
70 | 13;35 28;2 41;8 54;32  65;17 36;13 22:55
80 | 13;45 28;29 43;34 5836 72;10 40;49 24:;52
90 | 14;30! 30;0 45;0 60;0 75;0 45;0 26;34

This table is valid for all inhabited latitudes by approximation, that is from
latitude zero to 48°.

<Remark: > As for the altitude of the beginning of the ‘asr and of its end, it
is exact, not approximate.®

6 In P there follows a note in a later hand which seems to conclude the extant portion of
the treatise in this manuscript: “Our purpose is achieved. May the person who finds (it to be)
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77 On the construction of the arcs of the “asr on the sine quadrants.

The arc of the ‘asr on all (these instruments) is universal, and its greatest
variation in shape is (when it is drawn) on the sine quadrants. For that reason
we have chosen to construct and to explain each arc that differs from the other
ones. There may be more than five (different) forms, but the abridgment (to
five) is here sufficient.

If you want to construct the first (kind of) marking (gaws) which is well-
known and called the duodecimal shadow lines, < make a mark on the twelfth
division of the sexagesimal scale on the vertical radius, counting from the
centre, and trace a straight line from that mark to the outer scale, parallel to
the horizontal radius. >

The second one is the one some people make as a straight line, but this is
faulty: the correct procedure leads to a pointwise curve (nugatan mu‘wajjatan)
based on the sine. Explanation (thereof): You have to place the ruler on the
meridian altitude and at the centre. Enter with the altitude of the ‘asr along
the sine until (it meets) the side of the ruler; make a mark (there). Continue
this operation until the meridian altitudes (in the table) have been exhausted.
Then (join these marks by) drawing a pointwise curve.

The third one: Place one leg of the compass at the centre and the other one
on the meridian line at the sine of the altitude of the ‘asr, and move the leg
that is on the sine of the altitude of the ‘asr until you can lay it upon the radial
line of the meridian altitude. Make a mark on the quadrant (at this position).
When the marks of the ‘asr have been completed, join them (to form) an arc.

The fourth one: Place one leg of the compass at the centre and the other
one upon the sine of the meridian altitude, and move the leg that is on the sine
of the meridian altitude until you can lay it upon the radial line corresponding
to the altitude of the ‘asr. <Make a mark there, and when the marks are
completed, > join them pointwise (as a smooth curve). This <... >

< The fifth one: Place one leg of the compass at the centre and the other
one on the sine of the meridian altitude, and move the leg that is on the sine
of the meridian altitude until you can lay it upon the line of the sine of the
altitude of the ‘asr. Make a mark there, and continue this operation until the
marks are completed. Then join them pointwise (as a smooth curve). >

<...> and the one that is before it has the appearance of a jitkan.!

You should know that on the sine quadrant there is no need for any of
these five arcs (of the ‘asr), but we only wanted to instruct whoever wants to
construct these markings.

defective correct it. The tome is finished. Praise belongs to God, the Unique, the Grantor of
success! God is sufficient for me! And how sublime a Guardian is He! (Qur’an, 111, 167)”.

' From Persian ¢awgan: a stick with curved extremity, also designating the game of polo
with which it was played. See Quatremere’s 10-page footnote on this word in Mamlouks, 1.1,
pp. 121-132 and the article “Gawgan” in EI? (by H. Masse); see also Alf layla wa-layla, 11:46—
48, 12:9-17.



CHAPTER 78 305

{Diagram)?
Diagram of the universal ‘asr curves’ on the sine quadrant.

78  On the construction of the linear astrolabe.

Take a flat ruler or a stick with octagonal, hexagonal, square or triangular
cross-section. If it is flat, write the scales of construction (jadawil al-‘amal)
on it. Divide it from the lower handle (migbad) to the upper handle (mumsik)
in 90 unequal parts, following the divisions of the sine, as you already divided
one of the arms of the (instrument) with two branches. For that reason we have
not described the construction of this astrolabe together with all the (other)
astrolabes. In fact it does not have their shape at all, nor is it of a similar kind.
It rather has the shape of a ruler, or of (the instrument) with two branches. So
we have mentioned it at an appropriate place.

If you want to construct it, then hollow out two holes at both sides, one at
the upper handle, the other at the edge (? uskuffa) of the lower handle. Divide
(the space) between the two holes in 90 unequal parts, following the divisions
of the sines (as if they were projected) from (an altitude) scale. Next divide
the length of the stick at another place into 60 equal parts, and mark the sine
of the arc at each 5°, or as you like. Take from these parts the difference of
the sine from the arc. Move the compass with this opening onto one of the
sides of the stick, from the lower to the upper handle. Write on them the
altitude arguments. Take a thread whose length corresponds approximately to
twice plus one fourth and one sixth the distance between the lower and upper
handles.! As for the exact (procedure), divide (the space) between the the
upper and lower handles into sixty equal parts and take 144;50 of these parts:
this will be the length of the thread, without (counting the length needed for)
the two knots of the thread.

As for the scales marked on it, it is not necessary for us to mention them,
since they are taken from the tables already mentioned.? It is not possible to
illustrate it on this page, apart from that figure (below). There is nothing on
(the linear astrolabe) better than measuring the altitude, and for this reason we
have reproduced it (here).?

{Diagram}
Diagram of the linear astrolabe, an instrument which is no longer found
nowadays.

2 See Plate 15.

3 The text has ‘lines’.

I We note that 2+ JT + %)60 = 145, which is an approximation for 144;50.

2 Najm al-Din has never presented any of the tables that would be required for constructing a
linear astrolabe.

3 The diagram indeed seems to illustrate an altitude measurement with the linear astrolabe,
but the geometric configuration of the threads is incorrect.

p. 62
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< Text in the diagram: > Rest of the thread (as seen) from the face of the astrolabe. — Face of the
linear (astrolabe). — Divisions of the altitude circles for measuring the altitude. — Thread of the
plumb-line when the altitude is 59°. — Rest of the thread (as seen) from the back of the astrolabe.

— Know of the plumb-line. — Plumb-line. — Lower handle.

79  On the construction of the horizontal sundial (with) the day-circles.1

Divide the sundial plate into four quadrants and trace a line at the middle,
which will be the meridian line. Trace a circle whose centre is <on> the
meridian line and trace a line going through the centre < and > intersecting
the meridian line (at right angles): this will be the east-west line. From the
point of intersection of the east-west line with the circle,? measure < on the
circumference > the azimuth of each hour in the direction of these azimuths,
and mark it. Place the ruler upon that mark and < at> the centre, and open
the compass to the horizontal shadow of the hour. Place one leg at the centre
and the other one where it cuts the side of the ruler: this is the location of (the
mark for) the hour. Do this for both solstices. Then join (the marks of) the
hours for both parallels (of the solstices). As for the day-circle of Aries, trace
it as a straight line (perpendicular) to the midday shadow. (Trace the curves
for) the remaining zodiacal signs by means of the horizontal shadow of the
hours. Understand this and you will get it right.

{Diagram}
< Horizontal sundial with > seasonal hours for latitude 36°.

< Text in the diagram:> North, South, East, West. — First, second, ..., eleventh (hour). —
(Zodiacal signs).

80  On the construction of the horizontal sundial bearing the altitude circles
and the seasonal hours."

The (construction of the) hours is as we have previously explained. For the
altitude circles, open the compass to the (horizontal) shadow of the argument
of the altitude circle you want, in terms of the parts of the gnomon length.
Place one leg of the compass at the centre of the horizontal sundial and the
other one upon the declination curve of Capricorn. Trace a circular arc until
you can connect (it with the same declination curve on the other side). If (this

! The copyist of D has copied the text of Chapter 79 on f. 47r but has accompanied it by the
illustration of Chapter 80. On the verso of the same folio he has then copied the text of Chapter
80, which he imagined to be the wrong text so that he stroke it out. On f. 47r he then began a new
Chapter 80 with the same text (without variant) as that of Chapter 79, and which is accompanied
by the illustration belonging to Chapter 80!

2 The text has ‘meridian line’.

! This is the text that is crossed out on f. 47v. Its illustration has mistakenly been placed on
f. 47r.
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circular arc rather) ends on the declination curves (of both solstices), trace
two circular arcs from the declination curve of Cancer (to that of Capricorn),
(one) on the eastern side and (the other one) on the western side. The altitude
circles are thus completed. Number them, and number the hours as well.

{Diagram}
Horizontal sundial for latitude 36°.2

< Text in the diagram: > North, South, East, West.

TABLE T.12. Table (for constructing) the horizontal sundial for latitude 36°,
with the seasonal and equal hours, their altitudes and azimuths, their shadow
lengths, at the beginning of Cancer specifically, and with the altitude, the
shadow and the azimuth, (all of them expressed in terms of) the time-arc
(tabulated) for each 3°

T h u v az T h u v az

3 2;12 312;23 0;27 28;00N 57 | 44;1[3] 1[2];20 11;41 0;46 S

6 4;24 155,49 0;54 2624 N 60 | 46;39  11;19 12;42 2:29°S

9 6;36 103;45 1;23 2449 N 63 | 49,06 10523 13;52  4;38S
12 8;48 77,35 1;51  23;14N 66 | 51,33 9;3[2] 15;05 6;14 S
15 | 11501 61;38 2;21  21;39N 69 | 53;[5]9 8;43 16;30 9;17 S
18 | 13;13 51,07 2;49 20,04 N 72 | 56;24 7;59 18;03 11;46S
21 | 15:34 43,05 3;20 18;29N 75 | 58;44 7,18 19;44 14,18 S
24 | 17,55 37;07 3;53 17;54N 78 | 61,00 6;39 21;39 17;18 S
27 | 20;16 32;26  4;26  1520N 81 | 63;15 6;03 23;49 20;34 S
30 | 22;37 28;43 5,00 13;40N 84 | 65;30 5;29 26521 24,05 S
33 | 24;58 25,47 5;36 12;00 N 87 | 67;45 4;55 29;18 28;16 S
36 | 27;20 23;14 6;16 10;22N 90 | 70,00 4;22 32;58 32;18 S
39 | 29;46 20;57 6;52 8;46 N 93 | 72,00 3;54 36;56  36;21S
42 | 32;11 19;02 7,33 6,02 N 96 | 73;40 3;31 40,55 40;25S
45 | 34;36 17;22 8;17 540N 99 | 75,00 3;13 44,47 4535 S
48 | 37,00 15;55 9;03 4,06 N 102 | 76;15 2;57 48;59 58,00 S
51 | 39;24 14,37 9;51 2;31N 105 | 77;11 2;43 52;43 73,00 S
54 | 41,48 13;26  10;45 0;54 N | 108;21 | 77;35 2;38 54,32 90;00 S

2 On this illustration the north, contrary to Najm al-Din’s usage, is below the gnomon.
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Continuation of the table (for constructing) the horizontal sundial for latitude
36° with the seasonal and equal hours, their altitudes and azimuths, at the
beginning of Capricorn

T h v u az
3 2;02 338;[30] 0;25 31;39S
6 4,04 168;50 0;50 33,248
9 6;06 112;22 1;17  35;38S
12 8;08 83;58 1;41 37,09 S
15 | 10;02 67,49 2;07 39,018
18 | 11;52 57,08 2;31 41,00 S
21 13;3[8]  4[91;27 2;55 43,06 S
24 | 15;20 4347 3;17  45;15S
27 | 17;00 39;14 3;40 47,308
30 | 18;40 35;33 4,03 49;33S
33 | 20515 32;28 4,25  52;38S
36 | 21;36 30;17 4,46 54438
39 | 22;50 28;27 5;,04 57,208
42 | 23;56 27;02 5;20 69,06 S
45 | 25;00 2544 5;36 6248 S
48 | 26;00 24;35 551 65418
51 | 26;56 23,38 6,06 68418
54 | 27;48 22;46 6;20 71408
57 | 28;38 21;59 6;33  74:44S
60 | 29;26 21515 6;46 7746 S
63 | 29;56 20;49 6;55 8048 S
66 | 30;15 20;3[2] 7;,01 83:52S
69 | 30;21 20;28 7;02  86;56 S
71;39 | 30525 20525 7;,03  90;00 S
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81  On the construction of the horizontal sundial with the hour-angles.

Trace an imaginary circle and divide it into four quadrants, each quadrant
being divided into 90 equal parts. Place the ruler (on the outer scale) on the
value of the azimuth of the hour-angle and at the centre. Open the compass
to the shadow of the altitude. Place one leg of the compass at the centre
and the other one where it cuts the side of the ruler. Leave a mark there.
Continue to do this until you have completed the marks of the hour-angles
for Capricorn. Then do the same operation for Cancer. Once the marks of
Cancer and Capricorn are completed, join them as straight lines: these will
be the lines of the hour-angle. Number them. If the marks of Capricorn are
completed,’ join (the marks of Cancer with) the marks of the equator,? and if
the marks of the equator are completed, join (the marks of Cancer with) those
of Taurus, and if these have (also) been completed, join (the marks of Cancer
with) those of Gemini. The construction is then complete.

{Diagram}
Horizontal sundial with the hour-angle for latitude 36°.

< Text in the diagram: > Centre. — Gnomon length.

82 On the construction of the horizontal sundial with the equal hours.

This is just like you did previously for the seasonal (hours), except that some-
times you have to join (the marks of) the hours starting from sunrise, some-
times starting from midday. Join the two (marks for each hour line) between
the day curves of Capricorn and Cancer. If the day curve of Capricorn is com-
pleted, then use the day curve of Aries. And if (the latter is likewise) com-
pleted, use the day curve of Gemini. Then the hours are completed, provided
you number them.

{Diagram}
Horizontal sundial with equal hours for latitude 36°.

< Text in the diagram: > Gnomon length. — East, West. — Cancer (bis), Aries/Libra, Capricorn
(bis).

83  On the construction of the shadow circle, with which one can determine
the altitude and the azimuth (of the sun) at any time.

If you want to construct it, then draw a circle and divide it in four quadrants,

I Le., if all marks have been made on this declination curve (because the hour-angle is not
defined for this declination or because it would be outside the range of the sundial plate).

2 Te., for each hour-angle with this situation, use the marks of Cancer and of the equator to
trace the line of the hour-angle.

p. 189
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each being divided into 90 (equal) parts. Trace the azimuth lines from (the
divisions of the circumference) to the centre of the circle. Divide (the radius)
from the centre to the circumference according to the shadow of each altitude
you want, and these divisions will give you a scale. On this scale, take the
shadow of each altitude. Place one leg of the compass at the centre, and
with the other one (placed successively at each of those divisions), trace a
complete circle, or if you want, a section of a circle (extending) from the rising
amplitude of Cancer to its setting amplitude: these will be the altitude circles.
Take twelve parts on the scale: this will give you the gnomon length. If you
want you may (furthermore) trace the shadow circles: these are equidistant
(concentric) circles, whereas the altitude circles are not equidistant. We have
thus done all the markings (of this instrument) on a single plate of marble.
Write on it all that can be determined with it. We shall later mention that at
the appropriate place (in this book) and illustrate it, God Almighty willing.

{Diagram}
< Diagram of the shadow circle. >

< Text in the diagram: > Gnomon length. — Rising amplitude of Capricorn. — Setting amplitude
of Capricorn. — It is made on a flat surface, and (it works) for all latitudes. — (The markings for)
the rising and setting amplitudes of Capricorn are in addition to the azimuth lines (drawn at each
10°).

84  On the construction of the (instrument displaying) the time-arc as a
function of the azimuth (al-d2’ir al-murakkab “ala ’1-samt).

Draw a circle and divide it into four quadrants, each divided into 90 (equal
parts). Trace imaginary lines from the rising amplitude of the beginning of
each zodiacal sign to the centre, and divide the radius into seven parts, equal
or not, as you wish. Place the ruler upon the (graduation of the) azimuth
that corresponds to a specific time-arc, and make a mark on the day-circle
of that degree of the ecliptic. When the marks are completed, join them as
circular arcs, and write on them the values of the time-arc and of the equal
and seasonal hours, in case the construction has the seasonal hours.

It is (still) better to (proceed as follows): make the marks where the time-
arc corresponds to the azimuth at each zodiacal sign and join the marks as
circular arcs or pointwise (as smooth curves). Then place one leg of the com-
pass at the centre and (the other one) on the mark of each zodiacal sign and
trace an arc of circle from the rising amplitude to the setting amplitude. Write
the values of the time-arc (on the curves of the time-arc) and the names of
zodiacal signs (on the day-circles). It is still better to fit it with the day-circles
that are drawn on the musatira. This sundial is held fixed on the ground, and
its gnomon has no specific length. You could also install on (the gnomon)
a (vertical) quadrant of brass designed to measure the altitude (of the sun).
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The curves of the time-arc are (displayed) as functions of the azimuth. The
construction is completed, God Almighty willing.

{Diagram}

< Diagram of (the instrument displaying) the time-arc as a function of the
azimuth. >

< Text in the diagram: > (Zodiacal signs). — This horizontal sundial (rukhama) was made by
Niir al-Din al-Iskandari! in the courtyard of the Old Mosque in Fustat (ff sath al-Jami* al-Atiq
bi-Misr).? There was a quadrant of brass on it, with which he — may God have mercy upon him
— used to measure the altitude (of the sun).

85  On the construction of (the sundial displaying) the time-arc as a func-
tion of the azimuth, with another design.

Draw a circle and divide it into four quadrants, each being divided into 90
equal parts. Trace imaginary lines from the rising amplitudes at both solstices
to the centre. Construct the day-circles of the zodiacal signs as you construc-
ted them on the astrolabe.! Place the ruler and at the centre and upon the
azimuth corresponding to a specific time-arc at both solstices, and mark < the
intersection of > the side of the ruler with the day-circles of Cancer and Capri-
corn. Place one leg of the compass on the meridian line, and join both marks
with the other leg, between the larger and smaller day-circles: these will be
the arcs” of time-arc. Number them. On each day-circle write (its) name at
the left and at the right. The construction is completed.

With this circle you can also find the time-arc, provided a gnomon of
indeterminate length is set at the centre, on the condition that it be on a flat
ground. Sometimes the gnomon can be fixed, sometimes transportable, | mean
movable at any (required) time.

{Diagram}

Diagram of (the sundial displaying) the time-arc as a function of the azimuth
for latitude 36°.

< Text in the diagram: > East, West. — (Zodiacal signs).

! Spelled al-skndri.

2 The ‘Old Mosque’ of ‘Amr ibn al-‘As (d. 43 H [= 664]) in Fustat is the first one to have been
built in Egypt (see EI2, 11, p. 958).

! Te., according to stereographic projection in the plane of the equator. On this instrument
there are day-circles for each zodiacal signs, whereas on an astrolabic plate only the tropics and
equator are drawn.

2 These are actually curves, but their approximation by means of circular arcs is rather
satisfying.

p. 167
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86  On the construction of the universal arc of the “ast on the horizon, called
the ‘hoof’ (hafir').

Trace a circle that you divide into 90 equal parts. Assume a small vertical
gnomon, such that the shadow at the ‘asr remains confined inside the circle
up to a certain shadow length of your choice. Trace the lines of the meridian
altitude (from the circumference) to the centre of the circle. Divide that gno-
mon into twelve parts: set this as a scale (for the construction). In terms of
these parts open (the compass) to the shadow of the beginning and end of the
‘asr if you choose (it to be so). Place one leg of the compass at the centre and
the other one where it cuts the line of the meridian altitude for that shadow of
the ‘asr. Once you have marked the lines of meridian altitude with the marks
of the beginning and end of the ‘asr, join them (to form curves) which will
be the desired curves of the ‘asr. Write their names on both of them. The
construction is thus finished. If you want to make the arc of midday, mark
each line of meridian altitude with the measure of its midday shadow, and
join these marks: this is what you desired.

Be aware that it is not possible to determine universal (quantities) other
than the sixth (hour) and the arc of the beginning and end of the ‘asr, except if
some other element is present, be it (determined) either by a sine (instrument)
or by calculation, or be it (determined) by a good approximation, specifically
for the inhabited latitudes and for timekeeping with the sun.

{Diagram}

< Text in the diagram: > Centre. — Arc of midday, for all latitudes. — Arc of beginning of ‘asr,
for all latitudes. — Arc of beginning of ‘asr. — Arc of end of ‘asr, for all latitudes. — Arc of end of

<

asr.

87  On the construction of the universal arc of the “ast, movable on a ver-
tical surface, with a fixed gnomon.

We had constructed it on a board of wood, but it can be made on a plate of
brass. By making its width equal to its length, the arc of the ‘asr will be
such that it becomes nearly a quarter circle. Divide it (along its width) with
the meridian altitudes, from 1° to 90°. Trace the lines of meridian altitude
and mark the horizon and the pole (watad). Place one leg of the compass at
the intersection of the horizon with the meridian altitude line and the other
one where it cuts the meridian altitude line which is underneath the centre,
that is, the location of the head of the gnomon. Divide this opening (of the
compass) into twelve parts, and in terms of those parts open (the compass) to
the vertical shadow of the ‘asr. Place one leg of the compass at the intersection

I There seems to be a confusion here between A (‘hoof’) and ) g l> (‘helix’), as the
instrument should be called, following al-Marrakushi, 11.2.2.
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of the meridian line with the horizon and make a mark with the other leg upon
that meridian altitude (line): this will be a point of the ‘asr arc.

If you want the arc of midday, open (the compass) to the vertical mid-
day shadow and place one leg of the compass at the intersection < of the
horizon > with the meridian altitude line and the other one where it cuts the
meridian altitude line: this gives a point of the midday-line. <...> Join
them as straight lines: these <... > arc of the ‘asr. You might want that this
quarter circle! be perforated (makhriig) or not;” that is, it should be a flat piece
of brass or wood.

{Diagram}

< Text in the diagram: > Centre. — Gnomon length. — Arc of the beginning of the ‘asr, universal,
for all latitudes.

88  On the construction of the ‘hoof’ (hafir) on which the zuhr and asr are
traced as complete circles.

(The surface of this instrument) is movable on the plane, whereas its gnomon
is fixed. To construct it, trace a circle and divide it in two halves. Trace a
straight line passing through the centre and divide this line by the maximal
shadow of the ‘asr at the solstices. Take twelve of these parts: this will be
the length of the gnomon. Also in terms of these parts, open (the compass)
to the shadow at the beginning of the ‘asr for Capricorn. Place one leg of
the compass at the intersection of the line with the circle and the other one
where it intersects it: this will be the position of the ‘centre’ of the gnomon.!
In terms of the parts first (mentioned) open the compass to the shadow of the
‘asr at each zodiacal sign. Place one leg of the compass at the ‘centre’ and
the other one where it cuts the circle, (and make a mark on its circumference)
at the left and at the right: these are the marks of the zodiac. Trace straight
lines that connect them to the centre (of the gnomon) and write between them
the names of the signs. On the other circle, write ‘arc of the beginning of the
‘asr’. Open (the compass) to the gnomon length, and place it (i.e., one leg
of the compass) at the intersection of the zodiacal line with the circle and the
other leg where it cuts this line: this will be the mark of midday. Do this for
all zodiacal signs and join them as a complete circle, or (join them) pointwise
(as a smooth curve).

{Diagram}
Diagram of the hoof for latitude 36° north.
1 This probably refers to the ‘asr curve, which is shaped like a quarter circle.

2 .., the extra portion of the board or plate outside of the ‘asr curve can be cut out.
' 1e., the base of the gnomon.
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< Text in the diagram: > Centre. — Gnomon length. — Circle of the beginning of ‘asr, for all
horizons with latitude 36°. — Circle of midday, for all horizons with latitude 36°. — (Zodiacal

signs).

89  On the construction of the arc of the “asr which is a complete circle.

Trace a circle and divide it into four parts, each quadrant having 90 of these
parts. Place the ruler at its centre and at the azimuth of the ‘asr (at one of
the solstices or at equinox) in terms of these parts. Open the compass to its
horizontal shadow, and place one leg of the compass at the centre and the
other one where it cuts that azimuth line: this is a mark for the ‘asr. Repeat
the same (operation) (for the other zodiacal signs) and join (the marks) of the
arc of the ‘asr (to form) a complete circle. Then fix that circle in relation
to (min) the first circle. (You can do this) according to this procedure for any
latitude you want, but it is only possible for latitudes greater than the obliquity
of the ecliptic. God knows best.

{Diagram}
Circle of the arc! of the beginning of the “asr, for latitude 36°.

< Text in the diagram: > Centre. — Gnomon length. — Meridian line. — Eastern line. — Western
line. — Circle of the beginning of ‘asr, for latitude 36°.

90  On the construction of the cones, movable like the conical sundials
(makahil), the conical gnomons, and the like.

Determine the inclination of that cone: to find its inclination, open the com-
pass to the radius of the largest circle of the cone, and subtract from it the
radius of its smallest circle. Open the compass to the difference and divide the
height (#iil) of the cone by it, assuming that its height is divided into twelve
equal parts. What remains from this opening will be a horizontal shadow.
Take its (corresponding) altitude: this will be the complement of the inclina-
tion of that cone. Keep it in mind.

Assume that its thick (side) is at the bottom.! This is the one that lays
on the ground. Add 90° to the complement of the altitude of that hour (you
want). Subtract from the sum the complement of the cone’s inclination. If
the difference is smaller than 90°, take its horizontal shadow: this will be
(the length of) the shadow of that hour underneath the base (markaz) of the
gnomon of the cone. If the difference is larger than 90°, subtract it from 180°,
and take the shadow of this difference: this will be the shadow of that hour
(falling) above the centre.

I' Le., the circle of which a portion coincides with the arc.
! Te., the truncated cone is standing upward on its base.
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Once you have determined the shadows of the hours at the solstices,? open
the compass to (these quantities), and place (one leg) at the location of the
gnomon and the other one where it cuts the day-line of that zodiacal sign. It is
necessary to divide the largest and smallest circumferences into twelve parts
each, following the number of zodiacal signs, or into six parts. Once you
have marked the hours on each day-line, join (these marks to form) the hour
(curves), after you have traced the straight day-lines. Write the hours on them
and the names of the signs.

If its thick (side) is above,®> which means that it is suspended by a thread,
then subtract its inclination from the complement of the altitude of the hour.
Take the horizontal shadow of the difference: this will be the shadow of that
hour, always (falling) underneath the centre. If its inclination is larger than the
complement of the altitude of the hour, then be aware that it is not possible
for the shadow of that hour to fall on that cone.

Know that the distance between the ‘centre’ and the ‘horizon’ corresponds
to the (horizontal) shadow of the complement of the inclination.

As for the length of the gnomon which must be placed on the cone, one
(first) has to divide the cone, that is, its inclined side should correspond to the
quantity of the largest shadow of the hours. Take twelve of these parts: this is
its length on the suspended (al-mu‘allag) cone. As for the upward (al-qa‘id)
cone, one has to divide its length by the amount of the sum of the complement
of its inclination and the largest shadow of the hours. From these (parts) take
twelve: this will be its length.

Likewise if you want to make the altitude (circles) on the side of the cone,
add the altitude to 90° and subtract the inclination of the cone from the total,*
in case its thick (side) is at the bottom, and subtract its inclination from the
complement of the altitude when its thick (side) is at the top. With the rest,
do as we mentioned previously in order to obtain the desired result.?

{Diagram}
Diagram of the suspended cone, whose thick (side) is at the top and whose
thin (side) is at the bottom, for latitude 36°.

< Text in the diagram: > Gnomon length. — (Zodiacal signs). — For the rest of the hours it is not

possible that (their shadows) fall on the day-line of Cancer.

{Diagram}
Diagram of the (upward) cone on a plane surface, whose thin (side) is at the
top, and whose thick (one) is at the bottom.

2 1In fact they should be determined for all zodiacal signs!

3 Le., if the cone is upside-down.

4 This is only true when the shadow falls above the gnomon. When the shadow falls under-
neath one should subtract the altitude from 90° and add the sum to the inclination of the cone.

5 Le., take its horizontal shadow.
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< Text in the diagram: > Centre of the ‘horizon’. — Length of the gnomon of the upward cone. —
(Zodiacal signs). — Its hours for latitude 36°.

91  On the construction of the base (mahilla) of the ventilator (badahan;j).!

(This chapter includes a discussion of) its (different) names, the quantity of
the good (north) winds (al-hawa’ al-tiyab) and that of the bad winds (al-hawa’
al-mafsiid) (measured) on the horizon circle for that latitude. (The ventilator)
has four names: the furati (i.e., related to the Euphrates), the mujannah (i.e.,
‘winged’), the killi (i.e., shaped like a veil) and the ‘adili. The furati stands
(perpendicular) to a flat surface, whereas the mujannah stands (perpendicular)
to a surface that is ‘winged’ like the wings of a bird. The kill7 is (i.e., ‘stands
on’ ?) the sloped surface. And the ‘adili is the one that is on the side of a wall.

If you want to construct it, you have to trace a complete circle and to divide
it into four quadrants. Trace a line from the rising amplitude of Capricorn to
the setting amplitude of Cancer for that location. This will be mahilla of
the ventilator for locations that are far from the sea. <For locations that are
near to the sea> such as Alexandria, Damietta, ‘Aydhab, Jedda and similar
localities < the ventilator must be facing the sea. >2

Once you have made the mahilla of the ventilator as I just explained, trace
a line from the eastern point to twice (the value) of the rising amplitude of
Capricorn: this will be the position of the closed (side). Then trace a line
from the western point to twice (the value) of the setting amplitude of Cancer:
this will be the position of the opened (side). The whole of the quantity of
the good wind (measured) on the (horizon) circle is of 1[5]3°;3 that of the bad
wind (measured) on that circle is of 207°. We have divided one of these lines
by the length of the mahilla of the ventilator, and this represents one fourth
of it. Be aware that the mahilla (corresponds to) its length, the opened (side)
(corresponds to) its width on the west side and the closed one (corresponds
to) its width on the east side.

If you want to determine this by calculation, then divide its width by its
length and take the sine of the rising amplitude of one of the solstices for that
location, e.g. 27;44° for latitude 30°. We keep this in mind. Then we add the
rising amplitude 27;30° to 90°, and the sum is 117;30°. We subtract from this
twice the rising amplitude, that is 55°, and there remains 62;30°, of which we
take the sine, and we get 53;[1 13°.# We double it and we obtain 106;26, which
we divide by the quantity first kept in mind: there results 0;15,38°, which is
a quarter of the length, and this is (roughly) equal to one quarter of a girat

' The text of this chapter has been published in King 1984, pp. 128-129 (text), 109-110
(translation).

2 I reproduce here the emendation proposed by King, ibid., p. 109.

3 The text has 183.

4 The text has 53;53°.
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of length (?? mahbiiran). Divide the mahilla of the ventilator into 24 equal
parts, and take six girats and a quarter: this will be the width of the ventilator.

I have never seen anything about this method (among the writings) of
those excellent scholars who preceded me. And I do not know anybody who
has mentioned it. Anyone who wishes (to make a ventilator in an) accurate
(manner) has just to follow what we have explained. Understand this and you
will get it right.

{Diagram}
< Diagram of the ventilator. >

< Text in the diagram: > Base of the ventilator for latitude 30°; this is its back which is closed.
— Closed. — face of the ventilator, which is open. — Open. — South, east, north, west. — First
limit of the good winds al-tiyab. — Last limit of the good winds. — First limit of the bad winds
(al-maris).> — Middle of (the wall facing) the bad winds. — Last limit of the bad winds.

92  On the construction of the universal arcs of the “asr in a movable way,
whilst its gnomon is fixed on it.

We have constructed it on a board of wood. If you want that, take a plane
board and divide its width by the meridian altitude, from 1° to 90°. Trace the
day-lines of the meridian altitudes, if you like at each 10° or 5° or otherwise. It
is still better (to do it) at each degree, if there is enough space on it. Because
if it is (divided) at each degree, then all of the meridian altitude lines (are
present). Then number each day-line. Divide one of the day-lines into 30
parts. From these parts take a unitary part: this will be the gnomon length. It
is actually your choice whether you want more or less than 30 parts. But if
there are more than this, the operation with it (will depend on) the maximal
shadow with which we have divided it.

Open (the compass) to the gnomon length, and place one leg of the com-
pass on the horizon at the 90°-day-line and the other one where it intersects
the line of the pole (i.e., the gnomon), and trace a straight line parallel to the
horizon. Then place one leg of the compass at the intersection of the pole with
the 90°-day-line and the other one at the intersection of each day-line. Divide
this opening (of the compass) into twelve parts. In terms of these parts open
(the compass) to the vertical shadow of the ‘asr for that day-line; place a leg
(of the compass) at the intersection of the day-line with the horizon and make
a mark on the day-line with the other leg. Continue to do that until the marks
for the day-lines are completed. Join them as individual curves, pointwise or
not: this will be the arc of the ‘asr. If you want to carve out the path of the
arc,! (you can), but you do not have to. Be aware that the position of the

5 These are the hot winds from the south.
1 Literally, ‘to make a hole where the arc falls’.
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centre of the gnomon is the position of intersection of the 90° day-line with
the horizon.

It is not necessary that a universal form be constructed other than the arc
of the ‘asr, either horizontal or vertical. For some people will say: “The six
hours, or the hours of the alidade, or of the horizontal sundial, which depend
upon the meridian altitude, and which are for a horizontal sundial for latit-
ude 0°, (or) the hours of the sine quadrant for which (some people) decided
that each 15° should be one hour, (or) even the table in which the altitude at
the universal hours is written in a very carefully done way, all of these are
(found by) approximation, for timekeeping with the sun, and for the inhab-
ited latitudes in particular. Anyone who takes some (universal) form among
those mentioned may add a supplementary element to it, (taken) from another
(non-universal) instrument of a complete design.” Yet he is mistaken. Indeed,
an instrument of complete methods does not need anything else. Likewise
calculation: if one adds it to any of the instruments, he will (again) be in error.

You should know that this science is divided into three parts: calculation,
geometry and instrumentation. Each of them has its individual methodology.
For when two of them are being mixed, then each of them becomes deficient.
Geometry and instrumentation have nothing to do with calculation. And only
a small part of calculation has do to with geometry, for example the duration
of the hours on some of the constructions and some of the instruments for
specific (latitudes). Likewise some calculation can be associated to geometry,
such as the solar longitude and its equation. (One can add to) universal in-
struments (quantities) like the durations of the hours or the oblique ascension
or anything similar to that. There is nothing at all that has any association
with calculation. For this reason (calculation) is the most noble and the best
of these three divisions (of this science).

{Diagram}
Diagram of the universal ‘asr for all latitudes.

< Text in the diagram: > Centre. — Gnomon length. — Universal midday curve.? — ‘Asr curve.

93 On the construction of the sundials on the fixed columns, like the col-
umns of mosques and other (buildings)."

Trace a circle on the ground and determine the cardinal directions. Place
the ruler at the centre of that circle and at the rising amplitude of one of the
solstices.> Mark the intersection of the side of the ruler with the base of the

2 Literally ‘line’.

! This chapter should in fact occur later, once the procedure for constructing vertical declining
sundials has been presented (cf. Ch. 109).

2 This has to be the winter solstice, since with the the shadow of the rising sun cannot fall on
the column at summer solstice.
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column and keep it. Then place the ruler at the centre and on the meridian
line,> and mark again its intersection with the base of the column. Keep it.
If you cannot join (the ruler with) the base of the column, then trace a circle
different than the first one, and continue to trace circle after circle until the side
of the ruler does intersect the base of the column, in such a way that it is not
possible to have its name (??) on it, or have it go outside of it. Keep these two
marks, which are the marks of the rising amplitude and of the meridian line.
Divide the (arc) between both marks in two halves at the base of the column
along a perfect line: this is the point of the vertical projection of the base of
the gnomon, from which a plumb-line is falling along the column. This is the
location of the gnomon. Open the compass to the distance between the centre
of the circle and the vertical projection of the base of the gnomon: this will be
the gnomon length, which is set on the horizon. Place the ruler at the centre
and at the azimuth of each hour you want, and mark the intersection of the side
of the ruler with the base of the column: this is the vertical projection of that
azimuth, on which a plumb-line is falling. This is the line of the ‘distance’
of the hour. Open (the compass) to the distance between the centre of the
circle and the mark of the ‘distance’ of the azimuth line, which is on the
base of the column. Divide this opening into twelve parts, and assume these
(lengths) as ‘bases’ (i.e., gnomon lengths). In terms of these ‘bases’ open (the
compass) to the vertical shadow of the hours. Place one leg of the compass at
the intersection of the azimuth line with the horizon, and the other one on the
line of the distance of the hour. Make a mark: this is a point of the hour (line)
on the face of the column. Do the same for the solstices, join the day-lines
and the hour-lines. Number the latter and write the names of the signs on the
former.

Six of these hours ‘operate’ from the beginning of daylight to midday,
and are drawn on the eastern (side of) the column; six other ‘operate’ from
midday to the end of daylight, and are (drawn) on the western (side of) the
column. If you want, you may add to these six hours the arc of the ‘asr. If you
want to make the azimuth lines, draw the straight lines of the distances at each
10°, or otherwise. If you want to make the altitude lines, divide into twelve
parts the line that goes through the centre of the circle and the line of distance
that has been marked at the base of the column. In terms of these parts, open
(the compass) to the vertical shadow for the values of the altitude, at each
6° or otherwise. Number the azimuth and altitude lines. The construction is
complete.

If (the instrument) has not been made according to the conditions men-
tioned, then the construction is faulty. I have found the construction of (cer-
tain?) (sundials on) columns to be different from what we have explained: it is
again faulty (and) inexact. Whoever prefers faultiness over exactness should

3 Le., on the mark indicating the south on the circle drawn on the ground.
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look attentively at the hours at the limits of daylight close to sunrise or sunset
(and he will find that they are only given) approximately. The maker should
be ashamed of its construction if it is faulty, and he should look ( at it?) when
it is correct. Some people are completely at lost when it comes to the con-
struction (of such sundials). For they do not possess the method that leads to
the truth. I have been able to examine (such sundials) by myself on columns
in Cairo, where (they are) faulty, in particular when it is possible to see the
shadow of the gnomon at the limits of daylight: (such sundials can be) in error
by about an hour.

If the column is conical, then do what has been explained for the cones,
after you have marked the locations of the shadows of the hour, as I have
explained to you in relation to the obliquity of the cone. Fix the shadow on
the line of the ‘distance’ on the column. If its thick (side) is above, then mark
the distance of the hour, provided its falling on the column is possible. And if
not, then do as previously explained for (such) cones.

{Diagram}

< Text in the diagram: > The face of the column and its hours from sunrise to sunset. — The back
of the column and its hours from midday to sunset. — Circle for finding the cardinal directions. —
Meridian line. — Line of the rising amplitude of Cancer. — Mark of the meridian line on the cone.
— Mark of the horizon of Cancer on the cone. — Centre of the gnomon. — Gnomon length. — For
latitude 36°.

94 On the construction of the hours of the portable columns with movable
gnomons, from which the rest is being suspended.

Determine (first of all) the cardinal directions. If you want that, divide the
circumference of the column into 360 parts, and trace the meridian line and
the east (-west) line. Mark (the circumference) according to the azimuth of the
hour and its direction.! Let a plumb-line fall down from this mark (along the
cylinder). On the plumb-line, mark the vertical shadow of the hour, in terms of
the parts of the length of the movable gnomon. Once you have marked all of
the hours, join the day-lines and write on them the name of its zodiacal sign.
Do that for the solstices and join the hours with straight lines. Assume the
gnomon to be located (perpendicularly to) the column at the ‘horizon’. (Some
people) draw that on the face of a (cylindrical) box (‘ulba), but it can (also) be
drawn on a smaller box (hugq)>. Write on it the terrestrial latitude for which
the construction is done. Sometimes it is done in terms of the zodiacal signs,
sometimes in terms of the meridian altitude, for a known terrestrial latitude.

' Le., take the quadrant of the azimuth into account.

2 Kazimirsky gives the definition of a hugqa (pl. huqq, huquq, haqaq, hugiq, ahqag; in
Middle Arabic, however, the singular is hugq — see Dozy, Supplément, s.v.; cf. Hill 1985, p. 144)
as a “petite boite (qui peut entrer dans le ils , comme celle-ci peut entrer dans le $yaus)”
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Be aware that this figure cannot be reproduced on this page, because the
page is a flat surface, whereas the column is cylindrical, so that it is impossible
to represent it. If we had represented it on the page, it would have produced
a distortion of its day-lines. Whoever wants to construct it just needs to know
what we have mentioned.

95 On the construction of the Fazari balance.

Take a (piece of) wood, thick in all four sides and perfectly solid (sahihat
al-badn). Divide it along its length into any quantity you want. The best
is to divide it into 144 (parts). Number them. Its first (i.e., one of its ?)
vertical side is divided into twelve parts, and the universal hours are written
on its side. They are not exact, but it is necessary that you write the midday
shadow of each zodiacal sign for this latitude on its side. On its side the
hours specifically for the inhabited latitudes — that is the seven climates —
are made; the construction of these hours has already been mentioned before.
These (hours) follow a very good approximation. We have not mentioned
this balance, except for its being a very ancient instrument. It is a shadow
instrument. The shadows are mentioned in the preceding tables, according to
what (? mimma) we assumed about (the instrument).

{Diagram}

Diagram of the Fazari balance.

96  On the construction of the bracelet dial.

This is the one which is a complete circle of perfect circumference. Divide its
circumference into 360 equal parts and take 30 of these parts, starting at the
suspensory apparatus: this will be the position of the hole into which the rays
enter as you take the altitude. Make a mark on (the point corresponding to)
30° in the opposite direction, (point) which is facing the hole: this will be the
position of the ‘horizon’. Place one leg of the compass at the entrance point of
the rays and the other one at the ‘horizon’. Trace a quarter circle connecting it
to the (line of) vertical projection of the ray (masqat hajar al-shu‘a).! Divide
that quadrant into 90 (equal parts). Place the ruler on the altitude of that hour
(you want), counting from the ‘horizon’ on the outer scale of the quadrant
mentioned, and upon the entrance (point) of the rays. This will give you the
intersection of the ruler with the desired day-circle.> Make a mark on it, which
will be the mark of the hour. Do that for (each of) the day-circles you want.

! See n. 5 on p. masqathajar.

2 Najm al-Din omits to describe the construction of the day-circles: from the illustration we
can see that, if we represent the inner surface of the ring in two dimensions as a long rectangular
band, these lines will be equidistant, parallel lines drawn longitudinally on it.
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When you have completed the marks of the hours, join them and number
them. Write on each day-circle the names of its two (corresponding) zodiacal
signs.

There are people who make it in both directions, whereby the entrance of
the (solar) rays is (also on) the horizon, so that the hours of the first half of
daylight are connected (?) with those of the second half of daylight.

The construction of the bracelet is thus completed, God Almighty willing.

{Diagram)?
Diagram of the bracelet for latitude 36°.

< Text in the diagram: > Entrance of the ray. — Falling of the ray. — Altitude arc of all hours
for all zodiacal signs. — Cancer, Aries, Capricorn.

< Remark: > This arc is one third of the circle of the bracelet. Sometimes six
more hour-lines are made on it, and sometimes there is no such construction
on it, as on this picture.

97  On the construction of the ‘locust’s leg’, as a function of the meridian
altitude, for a specific latitude, and for any location you want.

Take a flat board and divide it according to the vertical shadow of the max-
imal meridian altitude, into equal parts. Number the meridian altitudes after
you have traced their straight lines. Divide one of the lines by the maximal
vertical shadow for that latitude, and repeat this (operation). Join the marks
of the hours. Write the terrestrial latitude for which the construction is done.
Understand this and you will get it right, God Almighty willing.

{Diagram}
Diagram of the ‘locust’s leg’ composed of the meridian altitude for latitude
36°.

< Text in the diagram: > Centre. — ‘Horizon’ line. — Gnomon length. — For latitude 36°.

98  On the construction of the ‘locust’s legs’, as a function of the solar
longitude, for a specific latitude, and for any location you want.

Take a flat board and divide it into twelve parts. Trace straight lines (perpen-
dicular to these marks) and write the names of the zodiacal signs on them.
Divide one of the lines according to the vertical shadow of the maximal
meridian altitude for that latitude. Assume this quantity (to measure) twelve
(parts): this will be the gnomon length. Make it the scale (for the construc-
tion), from which the amount of the vertical shadow of the hours at the begin-
ning of the zodiacal signs with the longest shadow will be measured. Place

3 See Plate 11.
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one leg of the compass at the centre and the other one where it cuts the ‘pivot
line’. You should know that each day-line has (a hole for) a gnomon (kul!
madar lahu gama). Write the terrestrial latitude on (the instrument).

{Diagram}
Diagram of the movable ‘locust’s leg” composed of the solar longitude for
latitude 36°.
< Text in the diagram:> Centre. — ‘Horizon’ line. — Gnomon length. — For latitude 36°. —

(Zodiacal signs).

99  On the construction of the stair-case sundial provided with steps and
fixed on a horizontal surface.

This is the one (in which), whenever an hour of daylight passes (before mid-
day), the shadow of the gnomon falls by one step, and whenever an hour of
daylight remains (before sunset), its shadow rises by one step.

Take a piece of flat marble. Let its thickness be of one ratio (? nisba
wahida), or its height! be the same as the length of the gnomon you want (to
use). Divide that gnomon into twelve equal parts. Determine the meridian line
on a flat ground and mark (it) at the location of the gnomon. Trace a straight
line for the azimuth of the fifth (hour) from the west and for the azimuth of
the fourth (hour) from the east, at both tropics. Determine their shadows at
these hours and trace straight lines as when you did the hours of the hori-
zontal sundial. Know that the gnomon height (gama) is the distance between
the end of the gnomon and the thickness of the first (piece of) marble. Place
the second (piece of) marble above the first one after you have determined
the azimuths of the fourth and eighth (hours). Do as you did previously, from
the east and the west. You should know that every time you place a piece
of marble upon another one, the length of the composite (murakkab) (piece)
decreases. It is necessary for the constructor to have adequate vision concern-
ing it, because the person present can see what the absent one cannot. And it
is not possible to represent it on paper, because it is step above step. When
we have illustrated it on paper, it came out like the diagram of the maknasa,
which (will) follow.> We will not repeat its depiction at all (here), because its
representation depends on (?) the maker (li-anna ’l-tashkil bi-ghayr al-wadi®).
You should (furthermore) know that sometimes the steps are equal (in size)
whereas the landings (basata) are not, and sometimes both the steps and the
landings are not equal (in size). It is (in such cases) not possible for them to
be equal to each other, because the shadow of the first hour is larger than that
of the second one, and that of the second one is larger than that of the third

1 Literally, ‘elevation’.
2 The maknasa sundial is featured in Ch. 108.
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one, and so on. If the sundial were (not fixed but) movable, then you would
need to construct the day-lines.

100  On the construction of the ‘locust’s leg’ whose hour(-lines) are func-
tion of the altitude, for the zodiacal signs, and for any location you want.

Divide its width into six equal parts, and join them to a single point (by tracing
lines converging at that point).! These will be the day-lines. Trace a quadrant
divided into 90 (equal parts) and place the ruler upon the altitude (on the
quadrant scale) at each hour and at the centre of the quadrant, which is the
centre of the gnomon. Mark the intersection of the ruler with the day-lines.
When the hours are completed, number them. As for the gnomon length,
determine the vertical projection® of the sixth hour for each zodiacal sign, (by
finding) the intersection of the thread with the horizon. Open the compass to
twelve parts, and place one leg of the compass upon the mark and the other
one where it cuts the pivot line: this will give you the gnomon length of that
‘locust’s leg’. It is fixed, not movable.

{Diagram}?

Diagram of the ‘locust’s leg” composed of the altitude of the hours. For
latitude 36°.

< Text in the diagram: > Centre. — ‘Horizon’ line. — “Vertical falling’. — (Zodiacal signs).

101 On the construction of the “asr curve on horizontal sundials and on
(other) instruments.

You should know that some people constructed astrolabes with many plates.
On each plate the ‘asr curve is engraved (and the plates serve) for many lat-
itudes. When you looked at the plates and you found them to be incorrect
with respect to the ‘asr curve, correct (raddid bihi ila al-sawab) and erase the
engraving (wa-kashshit al-nagsh), and fix it as I shall mention to you (?).

I have heard one eminent person in this field say that he found one of
the manuscripts of the (treatise by the) eminent Shaykh Abu “All al-Marra-
kushi, in which the ‘asr curve is traced for a location with no latitude as a
curve (incurved) towards the eastern side and composed of a single arc with
a single centre. Perhaps we should think that this is due to the copyists.!
As people say: “What is information without proper oral transmission?”” For

! The point of convergence is the upper-right corner, as can be seen on the illustration.

2 See n. 5 on p. masqathajar.

3 See Plate 10.

' Such a mistake indeed occurs in all copies of al-Marrakush1’s Jami‘ known to me, and it can
only be imputable to the author, not the copyists. See further the remarks in the commentary on
p. 171.
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what Shaykh Abu “Ali has designed is one thing, and the instruments in the
manuscript is what he (i.e., the copyist) has drawn.

I needed to mention that for whoever wants to construct (the ‘asr curve).
It is (as follows). If the terrestrial latitude is larger than the obliquity of the
ecliptic, then the ‘asr curve is the regular one, having a single arc with a single
centre which is in relation to a single direction. If the latitude is smaller that
the obliquity of the ecliptic, then the ‘asr curve is composed of two arcs, each
of them having his own centre, sometimes with a single direction on the side
of its curvature, sometimes with two centres.

If you want to construct that on the (horizontal) sundials, identify the
centre of the gnomon you want, and trace a circle around its centre, which you
divide into 360 parts. From these parts take the azimuth of the ‘asr, counting
from the eastern line, at the solstices and at the zenithal degree (darajat al-
musamata).”> Determine? the azimuth at the ‘asr for a longitude between the
zenithal degree and Capricorn.* Determine their shadows. Do exactly as you
made the hour-lines of the horizontal sundial, and join the three marks which
are those of Capricorn, Libra, and the degree of the zodiac that is in-between,
namely the opposite of the zenithal degree. This will be the first arc. Join the
three other marks, namely the marks of Aries, of the zenithal degree — which
is the one whose ‘asr altitude is 45 degrees — < and that of Cancer>. Join
them with the opposite of the zenithal degree. Mark (them) over the hour-
lines or over the altitude circles. Join them as a single arc. Join the three other
marks as a single arc (as well).

You thus have constructed the arc of the ‘asr. We have imposed to our-
selves the duty of determining for the arc of the ‘asr an altitude and its azimuth
and the direction of its azimuth for the zodiacal signs mentioned, in the as-
sumed latitudes. They are placed in tabular form, and we have illustrated each
of both arcs mentioned. We write the terrestrial latitude for which we have
made the computation besides each of these arcs and on the table, in order to
explain it and to make it easy to whoever wants (to achieve) the construction,
according to what he wants, on the sundials or on (astrolabe-like) instruments
or fixed on horizontal or vertical (surfaces).

2 .. the longitude of the sun when it culminates at the zenith, corresponding to §(A) = ¢.

3 The rest of this paragraph is rather confused; T have not attempted to correct it beyond a few
obvious emendations. See also the commentary.

4 The text has ‘equinox’.
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TABLE T.15.

Table to make the ‘asr curve for a location with no latitude,
for a horizontal or vertical (sundial), or for (astrolabic) instruments
Cancer Taurus 15° Aries Scorpio 15° Capricorn
az u az u az u az u az u
26;00N 17;15 | 20;51 N 15;32 | 0;00 12;00 | 20;51S 15;32 | 26;00S  17;15

Table to make the ‘asr curve for a latitude of 12°,
for a horizontal or vertical (sundial), or for (astrolabic) instruments
Cancer zenithal degree Aries opp. of zenithal degree Capricorn
az u az u az u az u az u
21;00N 1423 | 500N 12;00 | 9;52S 14;33 | 23;44S 17;21 | 35;43S 20;54S

{Diagram}
Forms of the ‘asr curves for latitudes smaller than the obliquity of the
ecliptic.

< Text in the diagram: > Gnomon length for a place without latitude. — Meridian line for a place
without latitude. — Cancer, opposite of zenithal degree, Aries, zenithal degree, Capricorn.
Arc of the ‘asr for latitude 12°. — Gnomon length for latitude 12°. — Meridian line for latitude

12°. Cancer, Aries, opposite of zenithal degree, Capricorn.

102 On the construction of the horizontal sundial (basita) without having
to place the ruler on the azimuths of the hours or (to use) their horizontal
shadows.!

This follows the (general) method (used for constructing) inclined sundials. A
horizontal sundial is indeed (like) a vertical sundial (parallel) to the east-west
line with an inclination of 90° towards the north.

If you want that, determine its table, which consists in finding the ‘dis-
tance’ and the ‘auxiliary shadow’ on the vertical sundial (parallel) to the east
(-west) line, on the northern or southern face (and in arranging these quantities
in a tabular form). (To find the auxiliary shadow on the horizontal sundial),
determine the altitude that corresponds to this ‘auxiliary shadow’ (on the ver-
tical sundial) and take its vertical shadow. (But in the general case of an
inclined sundial) you would add (this altitude) to the inclination of the sun-
dial plate (mayl al-rukhama), or you would subtract it from the inclination of
the sundial plate, and you would then take the < horizontal > shadow of the
(sum or) difference. < But when the inclination of the sundial plate is 90°, >
there results a vertical shadow (instead). For that reason we mentioned it
before considering the inclination of the sundial plate. This vertical shadow

! Logically this chapter should occur later in the treatise, since it presupposes a knowledge of
the construction of vertical and inclined sundials.
2 Le., the procedure for the horizontal sundial.
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will give you the < auxiliary > shadow of that hour on the horizontal sundial.
Then consider whether the azimuth of the hour is northerly, (in which case) its
shadow will be underneath the centre, and if its azimuth is southerly, then its
shadow will be above the centre. Keep this in mind. We have only mentioned
the azimuth here because its (the sundial’s) inclination is 90°. And we do not
distinguish ‘above it’ from ‘underneath it’ except with respect to the direction
of the azimuth for this particular inclination.

For the ‘distance’, divide the shadow of the hour, which you kept in mind,
by the Cosecant of the inclination, which is twelve. Multiply the result by
the ‘distance’ of the hour on the vertical sundial (parallel) to the east-west
line. The product will give you the ‘distance’ of the hour on the (horizontal)
sundial. If you want to construct all inclined sundials (ma’ilat) in the same
way as you construct declining sundials (munharifat), consider the (auxiliary)
shadow of the hour: if it is above the centre, then subtract it from the tangent
of the inclination of the sundial plate, and if it is underneath it, then add it
to the tangent of the inclination of the sundial plate. The result will be the
shadow of that hour (measured) from the ‘horizon’. And the ‘distance’ is
(found ?) on its own (‘ala halatihi). Place it in a tabular form (so you can)
make (the sundial) from it in the same way you make declining sundials.

Know that the distance of the centre from the ‘horizon’ is the tangent of
the inclination of the sundial plate. If you want the distance of the centre from
the ‘horizon’ (on the horizontal sundial),> multiply the ‘distance’ of the first
(hour) of Capricorn by itself and multiply its horizontal shadow by itself; sub-
tract what results of multiplying the ‘distance’ (by itself) from the result of
the multiplication of the horizontal shadow (by itself). Take the square root
of the result: this will be the distance of the centre from the ‘horizon’. In
this book of ours we have not mentioned square roots except at this place.*
When the sundial is inclined by 90°, the tangent of its inclination is infinite:
(for that reason) we imagined in place of it (an alternative ‘horizon’ found by)
the method of multiplication and square root. And if you want to consider
neither multiplications nor square roots, then trace a straight line, and divide
it with the compass by the ‘distance’ of the hour. Place on (one extremity
of) it one side of the ‘instrument with the right angle’ (al-zawiya) and trace
along its other side a line of indeterminate length.> Open the compass to the
horizontal shadow of the hour. Place one leg of the compass at the (other)
extremity of the first line and the other one where it cuts the second line, and
make a mark. Place one leg of the compass upon that mark and the other

3 This ‘horizon’ — which has nothing to do with the real horizon, which projects to infinity on
the horizontal sundial — designates here a line parallel to the east-west line which is tangent to
the upper extremities of the declination curve of Capricorn. This line represents in fact the axis
of the coordinate ‘distance’.

4 See p. 30 of the introduction.

5 Literally “an infinite line”. See n. 2 on p. 272.
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one at the intersection of both lines: the resulting opening (of the compass)
will correspond to the distance of the centre from the horizon of the inclined
(sundial). I do not know a single person who has ever mentioned this method.
However, the Shaykh Abu “Ali al-Marrakusht — may God have mercy upon
him — mentioned for all inclined (sundials) a method which assumes (?) in-
clined sundials (al-ma’ilat) (having inclinations) between 89° and 45° — their
method of construction being by the ‘distance’ and ‘auxiliary shadow’ — and
sundials ‘inclined upward’ (al-murtafi‘ar) (having inclinations) from 1° to 45°
— their method of construction being by the azimuth and the shadow.®

(The inclined sundials) have already been illustrated,’ and some of them
are facing the sky. We have not (yet) considered those facing the earth. This
(was) a method of ours. May God in this (matter) provides inspiration during
awakeness and during sleep.

TABLE T.16. Table of the horizontal sundial for latitude < 36° >

Cancer Capricorn
hours | distance shadow | distance shadow
1 45;30 56;00 60;00 0;00

21;00 45;05 27,45 15;30
13;20 41;40 17;40 21;30

7,30 40 9:;32 23;20
3,37 39;20 4,00 24,00
0;00 39;09 0;00 24:14
asr | 13;40 42;00 20;30 18;30

shadow of the 6th dist. of the ‘asr

AN AW

hour of Aries of Aries
33;34 18;19
dist. of the centre | shadow of the ‘asr
from the horizon of Aries
40;30 33;341!

Picture of the table that is like the table for inclined sundials.® The con-
struction (of a horizontal sundial) with it is like the construction of the inclined
sundials. This kind of table is very much unlike the (standard) table for the
horizontal sundial, of which it dispenses. God Almighty knows best.

6 al-Marrakushi does indeed give procedures for constructing inclined sundials using both co-
ordinate systems; however, he does not restrict their application to a certain range of inclinations.
See Sédillot, Traité, pp. 338-341.

7 1In fact, inclined sundials are not featured before Chapter 108!

8 The text has ‘declining sundials’.



CHAPTER 104 331

103 On the construction of the hours of the basin which does not empty.
The basin can be semicircular' or otherwise.

If (its meridian) is semicircular, make its upper (side) a perfect (plane) so that
it forms a perfect horizon. Divide the semicircle, that is, its inner part, into
180 (equal parts). Place one leg of the compass at the centre of the basin
and the other one at the altitude of that hour (which you want to mark), after
the circumference of its upper (side) has been divided into 360 parts. Let
a plummet fall from that division corresponding to the azimuth of the hour,
counting from the eastern point. Trace a straight line to the centre of the
basin. Place the leg (of the compass) that is on the altitude of the hour upon
the azimuthal line of the hour and (in this manner) make marks for all hours,
join them and number them. Then, join the day-circles and write the names
of the signs on them.

If it is not semicircular, like (in the case of) the bowl or the kashkiil, then
we have invented for this a board of carved wood whose width is divided
in two halves, which (corresponds to) the length of its gnomon. We have
placed one leg of the compass at the side of the gnomon on that board and
we have traced a quarter circle with its (other) leg, and we have divided it
into 90 (equal parts). We have divided the circumference of the kashkiil into
360 (equal parts) and we have traced the lines of azimuths of the hours from
this division to the centre of the bowl. This is the line of the azimuth of the
hour. Then, we have placed the piece of wood in the middle of the bowl, and
we have marked the altitude of the hour on the divided quadrant. We have
pasted the piece of wood along the line of azimuth, and we have transfered
the mark of the altitude of the hour to the body of the bowl: this is the location
of the hour. When all (marks for the) hours are completed, join them; then,
join the day-circles. The best construction has twelve day-circles, in order to
determine with them the (cardinal) directions. Write the names of the signs
on the day-circles. The construction is complete.

It is not possible to give an illustration on the page, because it (i.e., the
basin) is hollow. Whoever wants to make it, let him ponder over what we
have mentioned, God Almighty willing! Sometimes (this sundial) is made
fixed, and sometimes it is movable. Be aware that the gnomon length is (the
distance) from the centre of the piece of wood until its half.

104 On the construction of the bowl placed upside-down, that is, the hours
of the dome placed upside-down.

Divide the circumference of the bowl or dome into 360 equal parts, and trace
lines (from there) to the centre of the upper (side of) the bowl or dome. These

' “Hemispherical’ would be better, but the rest of the chapter suggests that this expression

refers to the longitudinal cross-section of the basin (i.e., the meridian)

p. 208

p. 208
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will be the lines of azimuth. If they are fixed (with the instrument), determine
the (cardinal) directions, and if they are movable, there is no need for determ-
ining the directions. Place the ruler at the centre of the upper (side) of the
dome and assume a gnomon. Place it on the ruler and for the gnomon length
take the thickness of the ruler into account. Place a thread at the extremity of
that gnomon after you have divided the ruler by the length of the base. Place
the thread on the quantity of the length of the shadow of the hour you want,
if the falling of the thread upon the dome is possible; if not, shorten the base.
Continue to reduce the base or to augment it until the shadow of that hour will
fall at the side of the dome. Place the thread on (the position of) the second,
third, fourth, fifth and sixth (hours) and mark (them) on the dome at the fall-
ing of the thread on a single azimuth (line). When the marks of all hours are
completed, place one leg of the compass at the centre of the upper (side) of
the bowl or dome and the other leg upon the mark of that hour (you want).
Move its leg that is on the mark until you place it on the line of azimuth of
that hour: this will be the position of the desired hour. Join the hour-lines
and the day-circles, and in the same manner the arc of the beginning of the
‘asr. Write on each (day-circle) its name. The construction is finished, God
Almighty willing.

105  On the construction of the ruler with which the altitude can be meas-
ured.

(The ruler) has the shape of one side of the ‘instrument with the two branches’
(dhat al-shu‘batayn) and its divisions are as the divisions of this side. Explan-
ation thereof: divide the face of the ruler into 60 equal parts. Then divide the
back of the ruler into 30 parts, being 25 parts of the divisions of its face. Set it
(i.e., the ruler) according to the altitude, and mark the extremity of its position
on the ground. Place the ruler on (this point) and stretch it as a straight line:
(this is) the location of the thread.

Know that the maximal opening of this ruler (nihayat igamat hadhihi al-
mastara) is a right angle, and this is at (any) time when the altitude is 90°.
Know (also) that the minimal opening (nihayat bustiha) is (as its laying) on
the ground at sunrise or sunset.

If you have set up a vertical scale (? %d) or anything else, you have done
what we have mentioned, you assume its divisions in an approximate way,
and you have determined the altitude at that time, then that column <... >

You will find the altitude with this ruler at any time and for any latitude,
expect at midday, unless its divisions are sufficiently numerous, say, at each
minute or at each second, so that the altitude can be determined with it (even)
at midday.

{Diagram}
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Diagram of the ruler when the altitude is 60°.
< Text in the diagram: > Face of the ruler. — Back of the ruler. — Rest of the altitude (scale). —
Aspect of the thread. — Aspect of the flat horizontal ground. — Mark of the head of the ruler upon
the flat ground.

106 On the construction of the flat conical (sic! ) sundial ( al-mukhul al-
mustahi), being the one whose coneness [is such that its head has as manyJ*
equal parts as its base, such as the columns, the small boxes (ahqdq) and
(larger) portable boxes (al-‘ulab al-naqqala)], their gnomons being movable
on them.

Divide its circumference into six parts according to the number of zodiacal
signs. Trace straight lines (from these divisions) and write the names of the
signs on it. If you want divide it into twelve parts and write the name of
(each) sign and its declination. Then, open (the compass) to the length of this
mukhul and divide it according to the hour with the longest vertical shadow.
This may correspond to the sixth hour of Cancer for latitudes greater than the
obliquity, (however) when it is smaller than the obliquity, it corresponds to
the vertical shadow of some hours whose shadows are longer than the shadow
of the sixth (hour) of another sign, be it Cancer or otherwise. When you have
finished with the divisions, take twelve parts thereof, which will be the length
of the movable gnomon on the side of the construction. Make it a linear scale
(mastara). From this scale, take the vertical shadow of (each) hour at the
beginning of (each) sign you want, and place one leg of the compass at the
base of one side of the day-line, and make a mark with the other leg on the
day-line of that sign you want: this will be the location of the hours. Do this
(operation) for all signs, and join (the marks of) the hours. Number them.
If you want the arc of the ‘asr, do it according to its vertical shadow for all
signs. Trace it pointwise (as a smooth curve) or through (piecewise) linear
segments. If you want to make (markings for) the altitude, do (it) with the
vertical shadow of that altitude, (for longitudes going) from one degree to
eighty-nine. Number them. This completes the construction.

Be aware that some people make it in terms of the meridian altitude and
label it ‘universal’. But this is wrong. It is only necessary that it be written
“approximate for inhabited latitudes only, (and for timekeeping) with the sun
only”. Or you make the day-lines up to the maximal meridian altitude of the
sun at that latitude, (in which case) you write on it the latitude for which you
have constructed it; (in this case) this (i.e., the markings) is accurate. This is
the construction of the ‘locust’s leg” on a flat surface, I mean it has the shape
of a flat board (drawn) on a sheet of paper (nashra) or on an instrument of flat
form. Its gnomons are movable on the instrument.

' Read ‘cylindrical’.
2 My reconstruction: the first line is partly illegible.

p. 149
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{Diagram}
Diagram of the conical mukhul for latitude 36° north.

< Text in the diagram:> Temporal hours. — Length of the movable gnomon. — Slot of the

movable gnomon, which is the horizon. — Meridian line. — ‘Asr arc.

107  On the construction of [the vertical sundial (parallel) to the meridi-
an...].

This is (made) by means of the sundial table (jadwal al-basita) with the azi-
muth and the vertical shadow. (On the vertical surface) trace the ‘line of the
horizon’ (khatt al-ufuq) and from any point you wish suspend a plumb-line:
this will give you the ‘vertical axis’ (khatt al-watad) and the position of the
gnomon < will be its intersection with the ‘horizon’ >. Place one leg of the
compass at the position of the gnomon and trace a semi-circle with the other
leg, which you divide into 180! (equal parts). From these parts take the azi-
muth of the hour (you want), starting from the intersection of the vertical axis
with that (semi-) circle. <Place one leg of the compass at the centre > and
the other one where it cuts the (semi-) circle towards your left/north (min ji-
hat shamalika), if (the azimuth) is northerly, or towards your right/south (min
Jjihat yamanika), if the azimuth is southerly (yamani). Place the ruler on it and
at the position of the gnomon, and trace a radial line. Open the compass to the
gnomon length you want, and place one leg at the position of the gnomon and
the other one where it cuts the vertical axis. Make a mark and keep it. Trace
there a straight line parallel to the ‘horizon’. Place one leg of the compass at
the position of this mark that was kept and the other one at the intersection
of the radial line with the line parallel to the horizon. Place (one leg) with
< this > opening < at > the position of the gnomon and the other one where it
cuts the ‘horizon line’ in the direction of the azimuth of the hour. This will be
the position of the ‘distance’ of the hour. Suspend from there a plumb-line:
this will give you the line of ‘distance’ of that hour. Place one leg of the com-
pass at the position of the ‘distance’ of the hour and the other one upon the
mark that was kept. Then divide this opening into twelve parts, in terms of
which you open (the compass) to the vertical shadow of the hour. Place one
leg at the position of the ‘distance’ of the hour and the other one where it cuts
the line of ‘distance’: this will be the position of the hour.

Do this for all hours at the beginning of (each) sign whose day-line is pos-
sible to be drawn within the limits of the sundial, towards left or right. Then
join the (markings of each) day-line. For the sixth hour, which falls on the
ground, take (the distance of) the vertical projection of the tip of the gnomon
(masqat hajar mawdi‘ al-muri) down to the base of the sundial plate — which
corresponds to its length — and divide it into twelve equal parts, from which

! The text has 90.
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you take the horizontal shadow of the sixth hour (for each sign). Place one
leg of the compass at the vertical projection of the tip of the gnomon (masqat
hajar ra’s al-shakhs) and the other one where it cuts the line of vertical pro-
jection (sic).> This will give you the desired result.

{Diagram}
Diagram of the vertical sundial (parallel) to the meridian line, for latitude 36°
north.
< Text in the diagram:> Eastern face of the sundial. — Centre. — ‘Horizon’ line. — Gnomon

length. — Point of vertical projection. — Line perpendicular to the ‘horizon’ (bis). — Arc of the
beginning of ‘asr. — First, second, ..., fifth, seventh, ..., twelfth (hour). — Cancer, Aries/Libra,
Capricorn.

108  On the construction of the vertical sundial (parallel) to the meridian
line, inclined towards the east and towards the west by (an angle of) 45°.!

Open the compass to the (auxiliary) shadow of the hour on the vertical sundial
(parallel) to the meridian (plane) which has been constructed before this, and
know it. <... > Take its vertical shadow, which is the shadow of the hour
above the centre if their sum (sic!) is greater that 90; and it is underneath the
centre <if it is smaller than 90 >. (In the former case) add it to the shadow
of the inclination of the sundial plate. But if is underneath the centre, subtract
the smaller (quantity) from the larger (one). <... > the hour on the vertical
sundial in the meridian (plane). The sum will be the ‘distance’ of the hour on
the declining sundial. Be aware that this sundial is composed of two surfaces,
one being joined < to the other >. The location of the horizontal gnomon (al-
shakhs al-munakkas) is the rising- or (text: ‘and’) setting-point of Aries. Its
length is the secant (lit. ‘hypothenuse of the shadow of the complement’) of
the inclination of the surface.

<...> ...known as the maknasa, and this is (constructed) by means of
the vertical sundial (parallel) to the meridian. If you want to do this, take the
parts of its gnomon and consider the corresponding altitude.> Add it to the
inclination of the sundial plate and take <...... > the centre if their sum is
smaller than 90°. If you want the ‘distance’, consider whether the shadow of
the hour is above the centre, and (if it is the case) divide the rest by the Cosec-
ant of the inclination of the sundial plate. Multiply the result of the division
by the ‘distance’ of the hour (on the vertical sundial). You should know that
the distance of the centre* from the ‘horizon’> is the shadow of the comple-

2 This should rather be ‘the base of the sundial’.

! The text of this chapter is severely corrupt.

2 The copyist left a blank space here. There is apparently another important lacuna in the text.
3 Te., arcCot 12 = 45°.

4 Ie., the base of the gnomon perpendicular to the plane of the sundial.

5 Ie., the gnomonic projection of the horizon on the sundial.

pp. 201, 203, 207
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ment (i.e., the tangent) of the inclination of the sundial plate, and similarly
(wa-kadha) its length is twelve (parts) of the rule (used) in the construction
of the other (sundial ?). (This composite sundial) works from sunrise to sun-
set. To find the length of the gnomon perpendicular to the ground, divide the
width of the sundial by the Secant® of its inclination, and take twelve of the
resulting parts: this will be its length.

{Diagram}
The vertical sundial (parallel) to the meridian line and inclined towards the
east by 45°.
< Text in the diagram:> Line of the western horizon. — Centre of the horizontal gnomon. —

Centre of the perpendicular gnomon. — The horizontal gnomon. — ‘Asr arc. — Sixth, seventh, ...,

twelfth (hour). — Cancer, Libra, ..., Sagittarius.

{Diagram}
The vertical sundial (parallel) to the meridian line and inclined towards the
west by 45°.
< Text in the diagram: > Line of the eastern horizon. — Centre of the horizontal gnomon. —
Centre of the perpendicular gnomon. — The perpendicular gnomon. — First, second, ..., sixth
(hour). — Capricorn, Aquarius, ..., Gemini.
< Text in the diagram: > <...... > on the line of the sixth (hour) at the intersection of the two

faces (bayn al-rukhamatayn).

109  On the construction of the declining sundial (al-munharifa) without
having to determine the declination, the gnomon length or its centre.

Draw a circle <on> the (perfectly) flat ground. Determine the cardinal dir-
ections and draw the meridian line and the east-west line. Determine the
azimuth of the hour and its direction from the already mentioned horizontal
sundial table (jadwal al-basita). Place the ruler on this azimuth and at the
centre of the circle, and make a mark at the intersection of the ruler with the
wall, and keep it. Let a plumb-line fall (along the wall) above this mark and
make a mark on the ‘horizon’ at the position of the plumb-line. This will be
the position of the < mark of the ‘distance’ > for that hour. Know this. Then
determine from the table mentioned the vertical shadow of that hour for this
(particular) zodiacal sign. Place one leg of the compass at the centre of the
circle and the other one upon the mark you have kept. Divide (the quantity of)
each opening hence defined into twelve equal parts. With this opening (of the
compass) take the vertical shadow, and keep it for when it will be needed with
the inclined sundials.! Transfer the compass with this opening so that you

6 The text has ‘Cosecant’.
' Cf. Chapter 111.
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place it on the mark of the ‘distance’ of the hour, and the other leg where it
cuts the plumb-line (for this particular ‘distance’). This will be the position of
that hour. Do this for Cancer and Capricorn, and join (the marks of) the hour
(lines). Join (also the marks pertaining to) each of the two day-circles. For the
day-circle of Aries, mark the intersection of the east-west line (on the ground
circle) with the base of the sundial plate or of the wall, and let a plumb-line
fall (thereupon). The place where the thread occurs on the ‘horizon” will be
the ‘horizon’ of Aries. For the midday shadow for Aries, divide the meridian
line which is on the flat ground into twelve parts, and take in terms of these
parts the vertical shadow of the sixth hour for Aries. < Transfer the compass
with this opening by placing one leg at the intersection of the ‘horizon’ with
the line of the ‘distance’ of the sixth hour, and the other one where it cuts this
line, and make a mark: this will be the location of the sixth hour for Aries. >
(Trace a line) from there which connects (it) to its ‘horizon’: this will repres-
ent the day-line of Aries. If you want to construct on them (i.e., the declining
sundials) the declination curves of all zodiacal signs, construct them by means
of the vertical shadow of the hours and of their azimuth.

{Diagram}

(Sundial) declining from the meridian by 50°. It is connected to the other
declining sundial. For latitude 36°.

< Text in the diagram:> The south-western face. — Western line of the horizon. — Centre. —
Gnomon length for this declining sundial. — Capricorn, Aries, Cancer. — Sixth, seventh, ...,
twelfth (hour). — Asr.

This (portion of) the page represents the ground for the sundial with declination 50°. — Meridian
line. — Azimuth of the fifth (hour before sunset!) of Capricorn. — [Azimuth of the] {4th, 3rd,
2nd, 1st}? [(hour before sunset!) of Capricorn]. — [Azimuth of the] seventh (hour) of Libra. —
Azimuth of the {eighth, ninth, tenth, eleventh} (hour) of Cancer. — Line of the setting amplitude

of Cancer.

110 On the construction of the ‘connected sundial’ ( al-mawsila), which
has three (different) shapes, one of them being this one, namely, (that of) the
(sundial) whose declination is the complement of the declination of the other

one. .l

This (first kind of connected sundial) is the one whose declination equals
the complement of the declination of the other one, that is, they stand at
right angle (to each other); the inclination of the second one is greater than
the complement of the inclination of the other one: it is (called) ‘opened’

2 Written in Indo-Arabic numerals.
! Ie., the one featured in the previous chapter.
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(maftiha) with respect to a right angle;” the inclination of the third one is
smaller than the complement of the inclination of the other: it is (called)
‘closed’ (maghliiga), with less than a right angle.?

If you want to construct this connected sundial at right angle, operate as
you did above for the (first) declining sundial, but (you should know) that the
length of its gnomon (goes) from the centre of the first (face) to the end of the
sundial, namely, the end of the sundial which is pasted to the other declining
sundial.* (The distance of) its centre (from the common intersection of the two
faces) corresponds to the gnomon length of the sundial that was first made, on
which there is an hour line, and which is called ‘the declining sundial on its
own’ (munharifa bi-infiradiha). When it is connected to the other sundial,
then it is called ‘connected’ mawsiila.

Then complete the declination curves with the method (which makes use
of) the azimuth and vertical shadow of the hours, as we have explained before.
Join each declination curve with that of the same kind ((ma‘a jinsihi) (on the
first face). Determine the azimuth of the ‘angle’ (samt al-zawiya) with respect
to one of the faces (rukhama)’ at the solstices and connect each declination
curve with the (marks at the) ‘angle’ of the faces. (Do this) likewise (for) the
hour (lines). If one of these (marks) falls on one face and the other one on
the other face, then connect them with the (corresponding mark on the) angle
of the faces. When the (marks for the) hour (lines) and (for the) declination
curves are completed, and you want (to know) the gnomon length, cleave
(ilzaq) (one side of) the ‘instrument with a right angle’ (al-zawiya) against the
side of the wall, with its other side upon the centre of the circle (drawn on the
ground for constructing the sundial markings on both faces). (The distance)
from (the centre) to the side of the wall will be the gnomon length. Its position
(on the sundial) will be given by the position of the plumb-line (which falls
on the corner of the ‘instrument with the right angle’ at the base of the wall)
at the ‘horizon’.

The construction of the ‘opened’ and ‘closed’ mawsiilas will present no
difficulty to anyone skilled in (the construction of) declining sundials.

{Diagram}
The (vertical) sundial declining by 40° to the meridian. It is connected to the
other one. For latitude 36°.

< Text in the diagram: > The south-eastern face. Eastern line of the horizon. — Gnomon length

for this declining sundial. — Cancer, Libra, < Capricorn>. — First, second, . .., sixth (hour).

2 le., the angle formed by them is obtuse.

3 Ie., the angle formed by them is acute.

4 Le., the length of the gnomon on the second face corresponds to the distance from the base
of the gnomon on the first face to the common intersection of the two faces.

5 le., the azimuth of the common intersection of the two faces, with respect to one of the
sundials. This is necessary for drawing the marking at the common intersection of the sundials.
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This (portion of) the page represents the ground for the sundial with declination 40°. — Line of
the rising amplitude of Cancer. — Azimuth of the {first, second, third, fourth, fifth} (hour) of
Cancer. — Azimuth of the first (hour) of Libra. — Azimuth of the {second, fourth, fifth} (hour) of

Capricorn.

111  On the construction of the inclined sundial (al-ma’ila) by means of
the construction of its (corresponding) declining sundial, on the side that is
facing the sky.

Determine the auxiliary shadow at the hour (you wish) for this declination (of
the sundial), which is the one you have previously kept in Chapter 109 for the
time when it is needed. Then find the altitude corresponding to this shadow
(considered horizontal) from its (corresponding cotangent) table. Add the
result to the inclination of the sundial plate (mayl al-rukhama) if the azimuth
of the hour and that of the sundial' are in two (opposite) directions, or take
the difference between them if they are in one single direction. If the result?
is greater than 90°, subtract it from 180° and take the horizontal shadow of
the result: this will be the (auxiliary) shadow above its centre? for that hour
on the inclined sundial. If the sum (or the difference) is smaller that 90°,
then take likewise its horizontal shadow: this will be the (auxiliary) shadow
underneath the centre. You should know that the distance of the ‘centre’ of
the inclined sundial* from the ‘horizon’ is the tangent of the inclination of the
sundial plate.

Once you have determined the (auxiliary) shadow of the hour, take a plane
surface (rukhama) and trace on it the ‘horizon line’, the vertical axis (khatt
watad al-ard) as well as the length of a gnomon (qgadr gamatin), which you
divide into twelve parts. Take this as a scale (mastara) (for the construction).
In terms of the parts of this scale open the compasses to the (auxiliary) shadow
of the hour on the inclined sundial, and place one leg of the compass at the
first centre® and the other one in the direction of the ‘horizon’, if the shadow
is above the centre, or in the direction of the earth, if the shadow is underneath
the centre. Make a mark with the other leg on the vertical axis. Trace there
(i.e., on the marks) lines parallel to the line of the ‘horizon’. When you have
completed all these lines, they will represent the ‘lines of (auxiliary) shadow’
of the hours.

The ‘azimuth’ of the sundial is the ‘uphill” direction on the inclined surface.

ILe., the sum of the altitude and the inclination.

L.e., the shadow occurs above the base of the gnomon.

Le., the base of the gnomon.

The ‘first centre’ has not been defined yet, but it corresponds to the standard ‘centre’, i.e.,
the base of the perpendicular gnomon. One step in the construction is here omitted, namely,
the determination of this ‘first centre’, whose distance from the horizon is the tangent of the
inclination.

[ N R N
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To find the ‘distances’ of the hours, consider the (auxiliary) shadow (on
the vertical sundial): if it is above the centre, add it to the cotangent of the
inclination, and if it is underneath, take the difference between them. Keep
the result in mind as a first quantity (uhfuzhu awwalan). Place one leg of the
compass at the intersection of the line of ‘horizon’ with the vertical axis at
draw a semicircle, which you divide into 180 (equal parts). Starting from the
‘horizon’, take from these parts the inclination of the sundial plate, and trace a
straight line® from (this graduation of the semicircle) to the ‘second centre’.”
Open the compass to the gnomon length on the inclined sundial and place one
leg at the intersection of the ‘horizon’ with the vertical axis — which is the
second centre — and make a mark with the other leg on the vertical axis. Trace
there a line parallel to the ‘horizon’; place one leg at the intersection of this
line with the radial line and the other one upon the ‘second centre’. Consider
how many parts of the (construction) scale this opening corresponds to: this
will be the Cosecant of the inclination of the sundial plate, which is the ‘base’
(asl) (used) for (constructing) all inclined sundials.® Open the compass to
the first quantity kept in mind in terms of the gnomon length on the inclined
sundial, divide this opening by the ‘base’, and make a second scale with (the
result). Open the compass on this scale to the ‘distance’ of the hour on the
(corresponding) declining sundial — this is known from Chapter 109 on the
construction of the declining sundial. Place one leg at the intersection of the
‘line of < (auxiliary) shadow >’ of the hour with the vertical axis and make a
mark with the other one on the ‘line of (auxiliary) shadow’ of the hour: this
will be the location® of the hour (mark) on the inclined surface. Do this for
Cancer and Capricorn and join (the marks of) the hour (lines) and (of) the
declination curves in the same ways as you have joined them on the declining
sundials. If there is no ‘distance’, then (the mark will be made) <on> the
vertical axis. And if the ‘distance’ is infinite, then it is not possible (for the
shadow) to fall on the declining surface. <... > Then, in terms of these parts,
open (the compass) to the horizontal shadow of the hour — i.e., the vertical
projection (of the tip of the gnomon) — and < place > one leg at the vertical
projection and the other one where it cuts the line parallel to the ‘horizon’:
this will be the location of the hour on the inclined surface, God Almighty
willing. Know this and you will get it right.

{Diagram}

6 Literally “an infinite straight line”, which does not make sense here since its extremities are
defined.

7 The ‘second centre’ — which is defined by Najm al-Din in the next sentence — is the intersec-
tion of the ‘horizon’ with the vertical axis; it coincides with the base of the horizontal gnomon.

8 Cf. Chapter 115, where the ‘base’ (i.e., the Cosecant) is also used as an auxiliary quantity in
the computation of the ‘distance’.

° “‘Declination’ in the text.
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Diagram of the (sundial) declining from the meridian by 50° and inclined
eastwards by 50°, for latitude 36° north. This (sundial) works from midday
to the end of daylight.

< Text in the diagram: > Line of the western horizon. — Centre of the (gnomon which is) per-
pendicular (to the sundial). — Centre of the (gnomon which is) horizontal (munakkas). — Length
of the first gnomon on which the construction is based. — Length of the second gnomon (which
is) horizontal, and does not move. — Parallel of Capricorn, parallel of the equinox, parallel of
Cancer. — Sixth, seventh, ..., twelfth (hour). — < Asr>. — Vertical projection (of the gnomon).

112 On the construction of the inclined sundial (ma’ila) by means of its
(corresponding) declining sundial, the construction being on the side that is
facing the earth.

Take the (auxiliary) shadow of the hour (on the corresponding vertical sun-
dial), which you have already kept in mind for this inclined sundial, as pre-
viously mentioned. Add it to the shadow of the inclination of the sundial.
Divide the sum by the Cosecant of the inclination of the sundial. Multiply
the quotient by the ‘distance’ of the hour of that declining sundial whose in-
clination you want. The product will give you the ‘distance’ for that hour on
the inclined sundial.! Know this. If you don’t want to consider (such) cal-
culations (?) then determine it (with the method that) was mentioned before.
Yet we want only concision in this chapter, and (we want) to make it easy
for anyone who wishes to construct inclined sundials. It is necessary that the
maximal ‘distance’ of the ‘horizon’ on the declining sundial be known, or the
hour with the maximal distance (?). Determine its ‘distance’ on the inclined
sundial and mark the ‘distance’ of the hour on the opposite (?? mukhalifa)
declining sundial. This will be the horizon. Take twelve of these parts: this
will be the gnomon length. Make it a scale. Our aim in this was only to
......... the construction of the hours drawn (?) on the sundial. In terms of
these parts open the compass to the distance of the ‘horizon” which you have
determined, and place one leg at the side of the sundial plate and the other one
where it cuts the horizon line of the declining sundial: this will be the position
of the centre of the perpendicular gnomon. Let a plumb-line fall (along the
inclined surface): this will be the vertical axis. Open the compass to the com-
plement of the inclination of the sundial plate and place one leg at the centre
(just) mentioned and with the other one make a mark on the vertical axis: this
will give you the position of the ‘horizon’ on that inclined sundial. Trace a
line of indeterminate length.?

Determine the (auxiliary) shadow of the hour, as you did before. Example:
if you subtract the inclination of the sundial plate — which is larger than the

! The above computation is erroneous.
2 Literally “an infinite line”. See n. 2 on p. 272.
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altitude of the auxiliary shadow — (from it), then you can determine the hour
(on that sundial). Take the horizontal shadow of the difference: this will be the
auxiliary shadow on the inclined sundial. If the inclination of the sundial plate
is larger than the altitude of the auxiliary shadow, you should know that at that
time (the shadow) cannot fall on the side (facing) the earth, but it will fall on
the side (facing) the sky. When you have determined the (auxiliary) shadow on
the inclined sundial, open the compass to its quantity in terms of the shadow
scale mentioned, place one leg at the centre of the perpendicular (gnomon),
and make a mark with the other one underneath it on the vertical axis. Trace
there a straight line of indeterminate length parallel to the ‘horizon’. When the
‘lines of (auxiliary) shadow’ at the solstices have been completed, open the
compass to the ‘distance’ of that hour, which is known in terms of the scale
mentioned above. Place one leg at the (second) centre’ and the other one
where it cuts the ‘horizon’ line in the direction of the hour on the declining
sundial. Let a plumb-line fall from there: the intersection of the thread of the
plumb-line with the line of the (auxiliary) shadow of the hour will give you
(the mark of) the hour on the inclined sundial. Join together the hour (marks)
of Capricorn and Cancer. Then join (the marks of) both declination curves as
you did before. For the declination line of Aries, determine the ‘distance’ of
its ‘horizon’ and the shadow of the sixth hour (at the equinox), and trace a
straight line from the ‘horizon’ to the line of the hour that is on the inclined
sundial. Write the names of the signs on their declination curves, and likewise
(number) the hour (lines).

You should know that I have designed (istanbattu) a table (based on) this
method from the (general) sundial tables (jadawil al-basitat) for (construct-
ing) all inclined sundials, on the sides (facing) the sky and (on those facing)
the earth, declining or (text: and) perpendicular to all diameters and direc-
tions. I do know that I have been preceded (by someone else) in completing
the procedures of these methods (ila istikmal sulitk hadhihi al-masalik). God
knows best in this matter.

Appendix: Know that when the altitude of the auxiliary shadow on the
perpendicular surface equals the inclination of the sundial plate, then it is
obscured on both sides. If the sun slightly rises, then its side (facing) the sky
will be illuminated, and the side (facing) the earth will be obscured. (But) if
the sun decreases slightly then its side (facing) the earth will be illuminated,
and the side (facing) the sky will be obscured. God known best.

{Diagram}

Diagram of the sundial declining from the meridian by 50° and inclined
towards the east by 10°.

3 Cf. Ch. 111.
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< Text in the diagram: > Side of the sundial which faces the earth. — It operates from the begin-
ning of daylight until the end of the third (hour), then it becomes shady.

<113 On the construction of the horizontal sundial with which 41 prob-
lems can be solved.>

With this horizontal sundial, you can determine the solar longitude, the de-
clination, the meridian altitude, the time elapsed (of daylight) in seasonal and
equal hours, the hour-angle, the altitude at (the beginning of) the ‘asr and at
its end, the altitude at the seasonal and equal hours, and their azimuth and dir-
ection, the number of equal hours (during daylight), the altitude in the prime
vertical, the (time) between the zuhr and the ‘asr, between (the beginning of)
the ‘asr and sunset, between the beginning and end of the ‘asr, between (the
end of) the ‘asr and sunset, between the zuhr and the end of the ‘asr, the dur-
ations of the (seasonal) hours, the (solar) azimuth at the beginning of the ‘asr
and the azimuth at its end, the azimuth (corresponding to) any altitude, the
direction of the sun, the time-arc, the altitude of the sun in the gibla, the az-
imuth of the gibla and its direction, the time-arc (of the sun when it is in the
azimuth) of the gibla, the hour-angle (of the sun when it is in the azimuth) the
gibla. The sum of all these operations is 30 operations (associated with) this
design (of a horizontal sundial) illustrated (on this page). When you make
more (markings) one can find the half arc and the rising amplitude, and when
you mark the midday ascension alone (?? min ghayriha), then (you can) de-
termine with it the ascensions of the ascendant and descendant. And when the
shadow circles are marked on it, (you can) determine the midday shadow and
the shadow at the beginning and end of the ‘asr. The total sum of these is 41
operations.! God Almighty knows best.

{Diagram)?

(114 On the construction of the equal hours on the declining sundial.. . .]

[... ... ] Trace a circle on the even ground and determine the cardinal direc-
tions. Trace the meridian line and the east-west line. Find the azimuth of that
hour (you want to mark) from the sundial table already mentioned. Place the
ruler on the azimuth and at the centre, and make a mark at the intersection of
the ruler with the base of the declining (wall); keep it. [...?] Let a plumb-line
fall upon that mark, and make (another) mark at the intersection of the thread
with the ‘horizon’: this will be the position of the ‘distance’ of the hour. Know
this. Then, determine the vertical shadow of that hour and place one leg of the
compass at the centre of the circle and the other one upon the mark (you had)

U1 rather count 39!
2 See Plate 13.
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kept. Divide this opening (of the compass) into twelve parts, and in terms
of these parts open < the compass > to the < vertical > shadow of the hour.
< Place one leg at the intersection of the plumb-line with the ‘horizon’ > and
the other one where it cuts the thread of the plumb-line: this will be the pos-
ition of that hour. Do this operation for both solstices and join the (resulting)
hour (marks) and (those of) each declination curve. For the parallel of equi-
nox, mark the intersection of the east-west line with the base of the declining
sundial, and let a plumb-line fall upon (this mark). The intersection of the
plumb-line with the ‘horizon’ line will give you the ‘horizon’ of Aries. Then
divide the meridian line which is on the ground into twelve (parts) and open
the compass to the vertical shadow of the sixth hour (in terms of these parts).
Place one leg at the intersection of the meridian line (on the sundial) with the
‘horizon’ and the other one where it cuts the meridian line: this will be the
position of the sixth hour of Aries. < Connect it> (through a straight line)
to its ‘horizon’. (This will represent the day-line of Aries). (Proceed) in the
same way if you want to construct (the markings for) the time-arc at each 5°
or each 10° or each 3° or otherwise.

{Diagram}
Diagram of the sundial declining from the meridian by 45° towards the east,

for latitude 36° north. Its hours are equal: they correspond to the time-arc at
each 15°.

< Text in the diagram: > This is the southern face. — Line of the horizon. — Meridian line. —
Centre. — Gnomon length. — Parallel of Capricorn, (parallel of) Libra, parallel of Cancer. — Asr.

115  On the construction of the equal hours on the inclined sundial, by
means of the construction of the (corresponding) declining sundial.!

Determine the auxiliary shadow of the hour (you wish) for this declination.
Then find the altitude corresponding to this shadow from the (sundial) table.
Add this to the inclination of the sundial plate if the azimuth of the hour and
of the sundial are in two (opposite) directions, and take the difference between
them if they are in one single direction. If what remains after this is smaller
than 90°, take its horizontal shadow: this will be the (auxiliary) shadow of that
hour above the centre on the inclined sundial. If it is greater that 90°, subtract
it from 180° and take the horizontal shadow of the difference: this will be the
(auxiliary) shadow of that hour underneath the centre on the inclined sundial.

You should know that the distance of the ‘centre’ of the inclined sundial
from the ‘horizon’ equals the tangent of the inclination of the sundial plate.
Once you have determined the (auxiliary) shadow of that hour on the inclined
sundial, take a plane surface (rukhama) and trace on it the ‘horizon line’ as

! The first third of this chapter is nearly identical to Chapter 111.
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you have drawn it on the declining sundials. Then determine the maximal
‘distance’ on the vertical surface of the (declining) sundial, and keep it. De-
termine the Cosecant of the inclination of the sundial plate, as you have done
previously — this is the ‘base’? (which is used) for all inclined sundials. Con-
sider whether the (auxiliary) shadow of that hour is above the centre, (and in
this case) add it to the shadow of the inclination of the sundial plate. If it is
below the centre, take the difference between them. Divide the result by the
‘base’, which is the Cosecant of the inclination of the sundial plate. Multiply
the quotient by the ‘distance’ of the hour on the vertical surface. The result
will be the ‘distance’ of that hour on the inclined sundial. Do this operation
for both solstices and for the equinox. If something (of the hour-line) remains
at the connection of the hour (lines) (with the limit of the sundial markings),
then do this for the beginning of Taurus and Gemini, or their opposite signs,
in case you would prefer this. Trace the hour-lines. Connect (the marks of)
the declination curves, and write on each hour (-line) its number or its (cor-
responding equatorial) degree. (Proceed) in the same way, if you want to
construct on the inclined surface (the markings of) the time-arc at each 5° or
otherwise.

It is necessary that the gnomon length of the inclined sundial be known
before constructing it, in order to restrict the entire construction within the
surface of the sundial plate (rukhama). For this you have to find the maximal
‘distance’ on the vertical surface, in the southern (yamin) direction which you
have kept before. If the (auxiliary) shadow (corresponding to) this ‘distance’
is above the centre, add together the shadow of this ‘distance’ and that of the
inclination of the sundial plate. If it is underneath it, then take the difference
between them. Divide the result by the Cosecant of the inclination of the
sundial plate. Multiply the result by the ‘distance’ of the hour on the vertical
surface. The product will be the maximal ‘distance’ on the inclined surface.
Take knowledge of it. Now consider the maximal ‘distance’ in the northern
(vasar) direction. Operate with it in the same way. Add the two ‘distances’
and divide the width of the plate by the sum: what you obtain will give you
the construction scale. Take twelve parts thereof, which will give the gnomon
length. With (this) scale construct the ‘distances’ and (auxiliary) shadows.
The whole construction will hence be restricted within the limits of the (width
of the) sundial plate. In the same manner (you can do it with) its length. This
will present no difficulty to anyone skilled in the construction (of sundials).
Take knowledge (of that).

< Remark: > Be aware that in this chapter I did mention multiplications and
divisions (but these are) only to facilitate (the task of) the maker. I have
already mentioned its construction® before this without having to use any mul-
tiplication or any division.

2 This refers to an auxiliary quantity to be used later.
3 Le., the construction of an inclined sundial.
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{Diagram}*
Diagram of the sundial declining eastwards to the meridian by 45° and
inclined by 30° eastwards. For latitude 36° north.

< Text in the diagram:> Side of the sundial that faces the sky. — Centre of the first gnomon
(which is) horizontal. — Centre of the second gnomon (which is) perpendicular. — <Length > of
the first, horizontal, gnomon. — Length of the second gnomon (which is) perpendicular. — Parallel
of Capricorn, Aries/Libra, < parallel of Cancer >.

116  On the construction of the declining sundial with which the altitude
and the azimuth can be known at any time you wish, without having to concern
yourself with its inclination, or with the gnomon length and its centre.

Trace a circle on an even ground and determine the cardinal directions. Trace
the azimuth lines (on the basic circle) as you have done previously for each
10° or otherwise. Mark the positions of the azimuth at the base of the sundial
plate or of the wall and let a plumb-line fall upon this mark: this will give you
the azimuth line. Write on it its number and direction. Then divide (the line)
between the centre of the circle on the ground and the mark of the azimuth into
twelve parts,! and open (the compass) to the vertical shadow of the desired
altitude number, be it at each 10° or each 5° or each 6° or otherwise, and
place one leg of the compass at the intersection of the azimuth line with the
horizon and make a mark with the other one on the azimuth line which is on
the vertical surface of the sundial. Do this operation for all azimuths. Connect
the altitude marks. If you want to draw the declination curves, it is necessary
to include the shadow. And whoever wishes not to include it, will not draw
the declination curves and will extend the azimuth lines down to the base of
the sundial and the altitude curves to both sides of the sundial plate, at the
right and at the left.

{Diagram}

The sundial declining eastwards from the meridian by 45°, with which the
altitude and the azimuth and its direction can be known, for latitude 36°
north, (as well as) the rising amplitude, the altitude in the prime vertical, the
meridian altitude and the declination and its direction.

< Text in the diagram: > Southern face of the sundial. — Gnomon length. — Azimuth lines: north,
south. — Southern azimuth, northern azimuth. — Altitude arcs. — Parallel of Capricorn, < parallel

of Aries >, parallel of Cancer.

< Remark: > Be aware that the azimuth lines are in red and the altitude arcs
in black; and that the direction of the azimuth is indicated.

4 See Plate 14.
' The Arabic text is confused here, but the intended meaning is clear.
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{Chapters 117 and 118 are missing.}

119  On the construction of the seasonal hours, the altitude arcs (al-muqgan-
tarat) and the azimuth (lines) on the inclined sundials, on the side of the sun-
dial plate that faces the earth.

The procedure (for constructing) the hour (lines) has already been mentioned.
For the azimuth, mark its ‘distance’ on the vertical surface corresponding to
this sundial and keep it. Then add together the cotangent of the inclination
of the plate and its tangent. Divide the sum by the Cosecant of the inclina-
tion. Open (the compass) to the value of the result in terms of the parts of
the gnomon of the inclined sundial, and place one leg of the compass at the
intersection of the ‘horizon’ with the vertical axis and the other one where it
cuts the ‘horizon’. Make a mark and keep it. Then divide the width of the
sundial plate into 60 (parts) and in terms of these parts open the compass to
the sine of the inclination of the sundial plate. Divide this opening into twelve
parts and open (the compass) to the ‘distance’ of that azimuth on the declin-
ing sundial in terms of these. Place (one leg) at the intersection of the base of
the inclined sundial with the vertical axis and make a mark on the base of the
sundial. Trace a line (from) there to the mark you have kept: this will be the
desired azimuth line. Do this operation up to the azimuth (of a shadow) that
can still possibly fall on the sundial. Write their numbers and directions.

For the altitude arcs (al-mugantarat), take the auxiliary shadow on the
vertical surface (corresponding to) the sundial, with that altitude as argument.
Determine the altitude corresponding to this shadow, and subtract from it the
inclination of the sundial plate. Take the horizontal shadow of the difference:
this will be the (auxiliary) shadow of this altitude arc on that inclined sundial.
Open the compass to it with respect to the gnomon length of the inclined
sundial, and place one leg at its centre and the other one where it cuts (the
line) underneath the centre, that is the vertical axis. Trace there a line parallel
to the horizon.

Then determine the ‘distance’ corresponding to this shadow. Its explana-
tion is (as follows): Find the azimuth corresponding to the argument of that
altitude arc for that (solar) longitude. Then determine the ‘distance’ for this
azimuth on the vertical surface (corresponding to) this sundial and keep it.
Add together the (horizontal) shadow of that altitude for that inclined sundial
and the shadow of the inclination of the sundial plate. Divide the sum by
the Cosecant of the inclination of the sundial plate. Multiply the result by the
‘distance’ you have kept. This will give you the ‘distance’ for that altitude arc.
Open (the compass) to it in terms of the gnomon length of the inclined sun-
dial, and place one leg at the centre and the other one on the ‘line of the centre’
(i.e., the line passing through the mark of the auxiliary shadow) parallel to the
‘horizon’. Make a mark (there) and let a plumb-line fall from this mark onto
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the shadow of the altitude arc that you have determined: the intersection of
the plumb-line with the line of the shadow of the altitude arc will be the loc-
ation of (the marking for) the altitude arc. Do this operation for all azimuth
lines and for all altitude arcs. If you want (you can) trace the latter by means
of (piecewise) linear segments or (you can draw them) pointwise (as smooth
curves): these will be the altitude arcs. Number them between the arcs and
(number also) the azimuth lines. (The construction) is now completed. Know
it and you will get it right.

{Diagram}
Diagram of the sundial declining westwards from the meridian by 10°, for
latitude 36° north. (Its) operation is on the side (facing) the earth, inclined by
10° towards the east.

< Text in the diagram: > Gnomon length. — Azimuth: north, south. — < Altitude arcs >. — Par-
allel of Cancer, < parallel of Aries >, parallel of Capricorn. — First, second, ..., fourth (seasonal

hour).

<Remark: > The (seasonal) hour, its (corresponding) altitude, and its azi-
muth and direction thereof can be determined with it, as well as the rising
amplitude and the altitude in the prime vertical.

120 On the construction of the inclined sundials whose inclinations are
not in the direction of their declinations (and which are) on the side facing

the sky.

This is the best known of all inclined sundials and the most remarkable one.
I have never seen anyone who has mentioned the method of (constructing)
them, and I have never seen their figure (anywhere). The way to construct
them without calculation (is as follows): Consider the (sundial) table men-
tioned before and construct it (i.e., the sundial) with it (i.e., the table) as you
have done other (sundials) before, without calculation and without (having
to determine its) declination. (But) if you want to construct it through cal-
culation, then determine the declination of this inclined sundial and find out
the ‘distances’ of the hours and their (auxiliary) shadows for that declination.
Add it to the inclination of the sundial plate. If the sum is smaller than 90°,
take its horizontal shadow: this will be the (auxiliary) shadow of that hour
underneath the centre. (But) if the sum is greater than 90°, subtract it from
180°; take the (horizontal) shadow of the difference: this will be the (auxil-
iary) shadow of that hour above the centre. This is (only) if the azimuth of
the hour and that of the (corresponding) declining sundial are in a single dir-
ection; (but) if they are in two (opposite) directions, then subtract the altitude
of the auxiliary shadow from the inclination of the sundial plate, and take the
horizontal shadow of the difference: this will be the (auxiliary) shadow of
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that hour underneath the centre. Trace there an imaginary line parallel to the
‘horizon’. Then consider whether the (auxiliary) shadow is above the centre,
(in which case) add it to the inclination of the sundial plate. If it is underneath
the centre, take the difference between them. Divide (the sum or difference)
by the Cosecant of < the inclination > of the inclined sundial, and multiply
the result by the ‘distance’ of the hour on that (corresponding) declining sun-
dial. The product will be the ‘distance’ on the inclined sundial. As for the
azimuths, (their) construction has been mentioned before. We only wanted to
add them.

Explanation: you should know that the width of the sundial plate is (coun-
ted) from the centre of the perpendicular (gnomon) to the base of the sundial
plate. You should (also) know that the distance of the centre from the ‘hori-
zon’ is always the tangent of the inclination of the sundial plate. The centre is
always underneath the ‘horizon’ on the side (facing) the sky.

{Diagram}
Diagram of the sundial declining eastwards from the meridian by 45° and
inclined by 60° towards the west. For latitude 36° north.
< Text in the diagram: > Side of the sundial plate that faces the sky. — Centre. — Gnomon length.
— The distance of the centre from the ‘horizon’ is 20;47.! — Azimuth: north, south. — Parallel of

Cancer, Aries/Libra, parallel of Capricorn. — First, second, ..., sixth (hour)/meridian line.

< Remark: > The seasonal hours are the lines in black; the azimuths are the
lines in red. — The (seasonal) hour, its (corresponding) azimuth and direction
thereof, and the rising amplitude can be determined with it, for latitude 36°
north.

121  On the construction of the inclined sundials made in the opposite dir-
ection than that of their declination, on the side facing the earth.

Determine the ‘distance’ of the hour and the auxiliary shadow for the declin-
ing sundial (corresponding to) the sundial you want to construct. Then find
the altitude of the auxiliary shadow and subtract it from the inclination of the
sundial plate. Take the horizontal shadow of the difference: this will be the
(auxiliary) shadow of that hour on the inclined sundial. Open the compass to
its quantity and place one leg at the centre and the other one on the vertical
axis. (Make a mark and) trace there an imaginary line parallel to the ‘hori-
zon’: this will be the (auxiliary) shadow of the hour. Then add the (auxiliary)
shadow of the hour to the cotangent of the inclination of the sundial plate, and
divide the result by the Cosecant of the inclination of the sundial plate. Mul-
tiply the quotient by the ‘distance’ of the hour on the vertical surface (corres-
ponding to) the sundial, that is the declining sundial without inclination (gabl

! This corresponds indeed to 12tan(i = 60°).
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mayliha). The result will be the ‘distance’ of the hour on the inclined sundial.
Open the compass to its quantity and place one leg at the centre and the other
one where it cuts the ‘line of the centre’! parallel to the ‘horizon’. (Make
a mark there) and let a plumb-line fall (from this mark): the intersection of
the plumb-line with the line of (auxiliary) shadow of the hour arc will be the
location of the hour. Do this operation for (all) declination curves that can
be represented on the sundial plate and always join the hour and declination
(marks) together. The construction is completed.

You should know that the (auxiliary) shadow of the hours on the sides (fa-
cing) the earth are always underneath the centre, and on the sides (facing) the
sky, (they are) always above the centre. You should (also) know that the most
excellent constructions (involving) shadows are the inclined sundials, that the
most noble inclined sundials are (those on the) side (facing) the earth, and that
the nicest of them are (those whose inclinations are) in the opposite direction
than their declination. The construction of the horizontal sundial and of the
declining (vertical) sundial are for beginner, whereas that of inclined sundi-
als are for the expert. But the construction of the inclined sundial is better
than that of the horizontal or declining sundials, because the inclined sundial
operates from sunrise until sunset on both sides (of the plate), whereas the ho-
rizontal sundial does not operate from sunrise until sunset, except if there is

.2 gnomon (radada). Likewise for the declining (vertical) sundial: if the
sun (shines) on this wall or plate, and the shadow of the gnomon is outside of
the (range of the) horary markings, then the best (possibility for this) declin-
ing sundial would be that it operates from the beginning of the illumination
of its face until when it becomes shady. Then if (at the same time) the other
face becomes illuminated, then this is the best (possible) declining sundial.
Anyone who does not one to rely on his senses (for constructing sundials)
should consider what we have mentioned before. (Finally you should know
that) the centre is always above the ‘horizon’ on the side (facing) the earth,
(its distance from it) being the tangent of the inclination of the sundial plate.
You should indicate with a red dot the centre of the gnomon.

{Diagram}

Diagram of the sundial declining eastwards from the meridian by 45° and
inclined towards the west by 60°. For latitude 36° north.

< Text in the diagram: > The side of the sundial plate that faces the earth. — Gnomon length.
— Parallel of Capricorn, parallel of Aries and Libra, parallel of Cancer. — Line of the eleventh
(hour): 11. — Line of the western horizon, which is the line of the twelfth (hour): 12. — Setting

point of Aries and Libra. — Setting point of Cancer.

' Cf. Chapter 119.
2 The text has a blank space here.



CHAPTER 122 351

< Remark: > Eleven hour (lines) cannot be represented on it at summer sol-
stice, (since) they occur on the side facing the sky, which is the figure that
precedes it,3 (on) which (the hour-lines are drawn) up to the sixth (hour). It is
not possible to extend the shadows of the hours (indefinitely) on a page: this
would only be possible on a very large sundial plate. Yet (even) the eleventh
(hour-line) is extensive, and this is its representation.

[122  On the construction of the vertical sundial for latitude 36° parallel to
the east-west line, on the northern face.]

[Given the state of the text and the impossibility of a meaningful recon-
struction, no translation is included here. See, however, the commentary.]

{Diagram}

Diagram of the hour-lines of (the vertical sundial parallel to) the east-west
line, on the northern face. For latitude 36°.

3 Cf. Chapter 120.
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APPENDIX A
TABLE OF ‘DECLINATIONS AND EQUATIONS’

On D:24v appears a table of ‘equations of stars’, which is in fact the function
StanA.' This auxiliary quantity is used in computations of the half-excess of
visibility of stars. The sine of the half-excess will be given by multiplying this
‘equation’ (called “sine of the excess” — jayb al-fadl — by al-Marrakushi?) by
the horizontal shadow (to base 12) of the complement of the latitude. This
table, which is very poorly computed, is also quite superfluous, since Najm
al-Din’s corpus already includes a table of d(A). I have not been able to figure
out how it could have been compiled, but it is not dependent upon his own
shadow table.

A StanA A StanA A StanA
1 00514,15 | 31 3;00,15,11 | 61 9;01,30,03
2 0;10,28,18 | 32  3;07,27,31 | 62 9;23,17,10
3 0;1542,22 | 33 3;14,49,10 | 63 9:;48,21,02
4 0;20,16,00 | 34 3;22,30,17 | 64 10;15,13,04
5 0;26,09,22 | 35 3;30,28,07 | 65 10;44,34,06
6 0;31,22,10 | 36 3;37,17,46 | 66 11;15,14,15
7 0;36,34,30 | 37 3;46,04,02 | 67 11;48,19,10
8 0/41,46,01 | 38  3;53,56,35 | 68 12;23,20,08
9 0/46,56,47 | 39 4,02,1545 | 69 13;01,11,29
10 0;52,06,55 | 40 4;12,05,02 | 70 13;43,02,47
11 0;58,44,34 | 41  4;21,16,18 | 71 14;30,03,19
12 1;03,59,13 | 42 4;30,26,58 | 72 15;24,02,40
13 1;11,1525 | 43  4;39,38,58 | 73 16;22,17,30
14 1;1450,11 | 44 4;,49,49,19 | 74 17;27,09,07
15  1;20,24,47 | 45 5;00,00,00 | 75 18;40,05,02
16  1;26,01,24 | 46  5;10,10,03 | 76 20;04,12,01
17  1;31,03,10 | 47 5;20,29,05 | 77 21;40,21,09
18  1;36,00,11 | 48 5;31,31,04 | 78 23;32,40,06
19  1;42,01,14 | 49 5:43,25,08 | 79 25;44,39,40
20 1;48,14,21 | 50 5;56,19.45 | 80 28;21,20,02
21 1;54,19,54 | 51 6;10,24,04 | 81 31;34,18,01
22 2;00,36,22 | 52 6;24,03,09 | 82 35;35,03,06
23 2;07,1521 | 53 6;3842,17 | 83 40:43,20,10
24 2;13,36,45 | 54 6;53,25,05 | 84 47,34,11,08
25 2;19,13,31 | 55 7,08,27,00 | 85 57;08,40,02
26 2;26,19,19 | 56  7;24,44,18 | 86 71;34,13,04
27 2;32,12,08 | 57 7:41,31,38 | 87 96;01,17,20
28  2;39,31,10 | 58  8;00,02,03 | 88  141;27,21,40
29  2;46,13,06 | 59  8;19,40,19 | 89  285;03,19,24
30 2;53,17,52 | 60  8;39,34,10 | 90 —

I On this auxiliary functions and related tables see King, SATMI, 1, § 7.
2 al-Marrakushi, Jami<, 1, pp. 89-91 [fann 1, fasl 29]; Sédillot, Traité, pp. 207-211.






APPENDIX B
NAJM AL-DIN’S PROPORTION TABLES

The contents of Najm al-Din’s “table of proportions” reproduced on pp. 7-8
of the edition is here rendered with modern mathematical notation.

Analysis:  Rows 1,4, 5,7, 10, 11, 12 are identical or equivalent to rows in
al-Marrakusht’s table. The statement in the header attributing the first half to
al-Marrakushi is thus only partially correct. The marginal note saying that the
first half is not due to al-Marrakushi but rather to “the Ancients” (referring to
earlier Muslim authors) is also only partially correct! The formule implied
are of course older than al-Marrakushi, but their representation in a four-entry
tabular format was new in the thirteenth century.

New notation introduced in the table: o and A" denote the distance from
the nearest solstice along the equator and ecliptic, respectively. dirSin is the
auxiliary function “directed sine” (jayb al-tartib). eqa is the auxiliary func-
tion “equation of the azimuth” (ta‘dil al-samt). arga is the auxiliary function
“argument of the azimuth” (hissat al-samt). A, is the point of the ecliptic
which culminates at the zenith: 6(A;) = ¢. Azum is the point of the ecliptic
which, in Mecca, culminates at the zenith; clearly we have &(Azm) = @um.
h, is the “altitude when the azimuth begins to increase and stops to diminish
with respect to the degrees north of the zenith” (the astronomical meaning is
unclear!).! A; is the longitude of the “midheaven of the ascendant”, i.e., the
point of the ecliptic midway between the ascendant and the descendant. Ay,
is the longitude of “upper mid-heaven”, i.e., the point of the ecliptic intersect-
ing the meridian. Ap and ag are the altitude and azimuth of the ecliptic pole.
hy is the altitude of the “midheaven of the ascendant”. hy is the altitude of
the nonagesimal A;¢, the point of the ecliptic delimiting the ninth and tenth
astrological houses; when the ascendant is on the horizon Ay = Ay. &, and
A, denote the second declination.

! The same quantity with the same definition also occurs in Najm al-Din’s shorter treatise on
spherical astronomy (MS Ambrosiana 227a, Chapter 27.)
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TABLE B.1. Najm al-Din’s ‘Table of Proportions’

APPENDIX B

1 SinA’ Sind(4) R Sine
2 19— 6| in I I
3 [T — & 1 1
4 Cos hy (L) midday shadow Sinh,, g
5 Seclh] g R Sinh
6 Cot(8 or A) Sind Cot¢ R
7 Cosd SinA” R Cos o’
8 Cos Sino” CosA Sin A"
9 | 1(Sinh,(A)+Sinh,(1*)) SinB 1 1
10 SinB Sinh,, —Sinh R Verst
11 SinB Sinh R dirSin
12 Sina eqa =arga+ Siny R Cosh
13 Sin¢ Cos ¢ arga Sinh
14 SinB(Azm) [Sinh — Sinhy, (Azm)| R Vers AL (AL < (9, izp))
15 SinB(Azm) |Sinh — Sinh,, (Azwm)| R Vers AL (0> )
16 [Sin]hg Sin(d or A) R Sin ¢
17 Sin¢ Sinhy Sin & R
18 Cosh Cos(6 or A) Sint Cosa
19 Siny Sin(6 or A) R Cos ¢
20 Siny Sind Cos(8 or A) Siny
21 0=¢ () 1 1
22 Sechy, Vers D — Verst Sech/60 60
23 Coshy Sin A7 — Au| R Cosag
24 Sin‘lj—lﬁ‘ Sil’lh]() :Sil’lhm(l/\/[) R Sir‘l/’l](: COS/’lQ)
25 Sin(8 or A) Sinhy R Sin¢
26 SinB |Sinhg — Sinhy, | R Vers 90°
27 Sin3? CosAz(A) SinA Cose
28 Cos¢/R SinB R Cos(6 or A)/R
29 Sineq(') Tan &, R Tane
30 Sin¢ Siny Cos ¢ Sinhg
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NAJM AL-DIN’S STAR TABLE AND THE STARS
FEATURED ON ILLUSTRATIONS OF RETES

C.1 The star table

We present here an edition of Najm al-Din’s star table, which gives the equat-
orial coordinates of 349 stars.! The table is contained among the set of tables
accompanying Najm al-Din’s auxiliary tables that have been discussed in the
introduction.> A recomputation of the ecliptic coordinates from the equat-
orial ones, assuming Najm al-Din’s parameter of the obliquity 23;35°, is also
provided. The reader will verify for himself that the resulting ecliptic co-
ordinates do not agree very well with those depending upon Ptolemy’s star
catalogue. In the last column, a tentative identification of the stars is given;
the number in brackets is the cumulative number of Ptolemy’s star catalogue
in his Almagest.> Question marks indicate uncertain identifications. An ex-
clamation mark denotes an obvious disagreement between the name of a star
and its coordinates.

In a post-scriptum to the table, which is reproduced after the table with
translation, Najm al-Din informs us that he has not compiled this table him-
self, but simply copied it from sources he does not identify; he also says that
he could not determine the epoch of the table. The motivation of the person
who compiled it was probably to include roughly one star for each degree
of right ascension. Najm al-Din’s statement about precessional adjustment is
stunning: he erroneously suggests — blindly quoting his source — to add one
degree every seventy years to the right ascension, whereas, of course, it is the
longitude which is linearly dependent on precession. I have not conducted a
detailed numerical analysis of this table. Inspection of a few important stars
suggests a date around the mid-thirteenth century. Obviously, further invest-
igation of this table would be worthwhile. The reason for including it in this
study, however, is that the labels and positions of the star-pointers featured

' There are 350 entries but one star occurs twice, as nos. 1 and 350.

2 B:148v-151r. The table is labelled Jadwal matali® al-kawakib wa-abadiha wa-jihatihi.
Each page bears three columns, each with four subcolumns giving the name (asma’), right ascen-
sion (matali), declination (bu‘d) as well as the sign (jiha) of the declination (north or south).

3 The correspondence between Ptolemy’s stars and modern identifications is based on Kunitz-
sch 1986-91, pp. 187-194 and Toomer 1998. Several of these are uncertain.
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on the illustrations of astrolabe retes in Najm al-Din’s treatise depend directly
upon it. This will be treated in details in the next Section of this Appendix.
An asterisk next to the number of a star in the following table indicates that
the star is featured on at least one of the illustrations of the instrument treatise.

TABLE C.1. Najm al-Din’s Star Table, with recomputation of the ecliptic
coordinates from the equatorial ones

No  Name o A A B Identification

1 awwal al-na‘@im 0;0 -27:;25 270;00  -03;50 | ¢ Sgr (576)
al-sadira

2 mankib al-rami 2;33 -26;42 | 272;17  -03;08 | o Sgr(575)

3 ra’s al-rami 3:;26 2122 | 273;12 02;11 52 Sgr (578)

4% al-nasr al-waqi* 4;0 38;15 276;39 61;44 o Lyr (149)

5 taraf dhanab al-hayya 5;0 3:33 275;36 27;02 0 Ser (280)

6 katif al-ramt 6;0 -28;0 275;19  -04;32 | o Sgr(575)?

7 nayyir al-gilada 7;12 -21;27 27642 01;58 7 Sgr (580) ?

8 rukbat al-rami 8;20 -41;30 | 276;33  -18;06 o Sgr (593)

9* dhanab al-ta’ir 9:0 12;6 280;48 35;21 ¢ Agl (294)

10 akhar al-gilada 10527 -19;20 | 279;53 03;53 v Sgr (583) ?

11*  al-‘ugab 11;36 18:4 284;41 41,03 ?

12 al-ma’il ‘an mankib  12;19 2:6 283,37 25;06 8 Aql (297)
al-‘ugab

13 Janabi al-zalimayn 13;0 -2:3 283;55 20;54 1 Aql (298) ?

14 al-zalim al-thant 14;10 2:39 | 285;43 25;28 A Aql (300) ?

15 mirfaq al-ramt 15;0 -35;2 282;31 -12;06 | 51452 Sgr
al-aysar (588)

16*  mingar al-dajaja 16;0 26;34 | 292,02 48:56 | B! Cyg (159)

17 ra’s al-dajaja 17;38 27;20 | 294;26 49;25 | ¢ Cyg (160)

18 mankib al-‘ugab 18;26 9;25 291;29 31;38 ¢ Aql (291
[al-aysar] (290) 7)

19%  al-nasr al-ta@’ir 19;33 7:13 292;22 29;17 o Aql (288)

20 unuq al-‘uqab 20;42 524 | 293;20 27;19 | B Aql (287)

21*%  mirfaq al-dajaja 21;0 43;20 | 306;51 64;14 | 6 Cyg (164)
[al-ayman]

22 ra’s al-sahm 22:0 17;54 | 297;28 39;24 ¥ Sge (281)

23 talt ra’s al-‘ugab 23;0 2;30 | 295;19 24;04 | 6 Aql (296) ?

24 shamali [sa‘d] 249 -14;30 | 293:;32 07;07 | 65 Psc (701)
al-dhabih

25%  janubt al-dhabih 25:6 [-114;2 294:31 07;26 l//2 Psc (703)

26 muqaddam sakib 26;10 -50;0 288,45  -28,07 | ?
al-ma

27 dil* al-tinnin al-thant 27,55 63;45 00;11 78;03 | p Dra (56)?

28 rijl al-dajaja 28;30 48;56 | 324;02 67:13 | o' Cyg(173)?

29 talt rijl al-dajaja 29;0 44,20 | 31944 62:58 | 0> Cyg(174)?

30*%  sadr al-dajaja 30;15 37,55 | 316;23 56;42 | yCyg(162)

31*  dhanab al-dulfin 31;13 9;0 305,44 28;46 | € Del (301)

32 wasat al-gaad [MS:  32;17 13;50 | 308;18 33;12 | o Del (305
‘uqiid) (306) 7)
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No  Name o A A B Identification
33 rukbat al-jady 33;20  -29;32 | 298;58  -09;16 o Cap (611)
al-yusra
34 sa‘d bula“ 33;25 11;40 | 308;54 30,49 V, Wor & Aqr
(634, 635 or
636) !
35 shamal al-qaid [MS: 34;13 13;45 | 310526 32;38 | yDel (307)?
‘uqiid]
36*  rukbat al-dajajat 35;19 31;34 | 319;02 49;17 | & Cyg (172)
al-yusra

37*  al-ridf wa-huwa 36;5 42;57 327,59 59,27 o Cyg (163)
dhanab al-dajaja

38 zahr al-jady 37;0 -20;23 304;21 -01;08 6 or1 Cap (619
or 620)
39 rijl al-dajajat 38;6 38;50 | 327;06 55;05 | v Cyg(171)
al-yusra

40 Jjanabrt qital-gqaws ~ 39;40 12;0 315;49 29;27 | € Sgr(572)
41 rukbat al-dajajat 40;11 410 331;22 56;18 o Cyg (175)

al-yumna
42 Jjanah al-dajaja 41;14 26;50 | 323;33 43,01 | £ Cyg(170)?
43 shamal qit° al-faras 4219 17;0 320;29 33;26 | yord Equ (313
or 314)
44 sa‘d al-su‘iad 43,54 -8;34 | 313;54 08;33 B or & Agror
46 Cap (632,
633 or 628)
45 Jjanabt batn al-jady ~ 44;0 -17,0 311;38 00;25 | ¢ Cap (614)
46 sa‘d nashira 45:15  -20;0 311;55 -02:48 v Cap (623)
47 dhanab al-jady 46,57  -19:45 | 313;32  -03;01 6 Cap (624)
48%  fam al-faras 47,58 -6;13 318;30 09;37 € Peg (331)
49 kitf al-faras 4830 30;56 | 333;52 44;18 | B Peg 317)?
50 mugaddam al-hiit 50;0 -41;0 309;16  -24;02 ?
51 talt mugaddam al-hit 51,6 -50,0 306,29  -32;43 | ?
52 sa‘d al-mulk 52;11 -4;20 | 323,08 10;06 | o or o Agr (630
or 631)
53 sa‘d al-buham 53;54 2;25 | 327,05 15;55 | 6 or v Peg (329
or 330)
54 rukbat al-faras 54;15 21;52 | 335;12 33;56 | 1 Peg(333)
55 kab [MS: kaff] 55;25 30,56 | 341;11 41;45 2 Peg (332)
al-faras
56*  awwal al-khiba’ 56;11 -5;30 | 326;34 07;41 Y Aqr (637) ?
57%  galansuwat 57;30 54;30 04;38 60;34 | € Cep (83)
al-multahib
58*  wasat al-khiba’ 58;11 -3,7 329;17 09;15 ¢ Aqr (639) ?
59 Jjanabt fam al-hit 59;0 -50,0 312,06  -34;43 | ?
60*  akhar al-khiba’ 60;8 -3;50 | 330,52 07;54 | n Aqr (640)?
61 kharij al-multahib 61;14 55;55 09;44 60,06 | & Cep (87)
62 sa‘d al-humam 62;0 7:34 | 336;52 17;52 £ Peg (325)
63 sa‘d matar 63;19 26;13 346,30 34;29 n Peg (322)
64 awwal sa‘d bari¢ 64;2 19;50 | 344,03 2824 | A or u Peg

(323 or 324)
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No Name o/ A A B Identification
65 thani sa‘d bari* 65;3 20;13 345;13 28;22 | Aoru Peg
(323 or 324)
66*  fam al-hiit al-janibt  66;0 -34;10 | 324;48  -22;20 o PsA (670)
67 fam al-samaka 67;0 0;0 338;45 09;00 | B Psc (674)
68*  matan al-faras 68;0 11,27 34412 19;12 o Peg (318)
69*  mankib al-faras 69;0 23;30 | 35036 29;48 | B Peg (317)
70 shamalf fam al-hiit 70;0 0;40 | 341;18 07;15 7 Psc (676) ?
71 ra’s al-samaka 71;6 0,40 | 342;19 06;50 Y Psc (675) ?
72%  shamalr al-karab 72;11 11;30 | 348;12 17;37 | 7 Peg (319)
73 zahr al-samaka 73;11 2;37 345;32 09;04 6 Psc (677)
74 Janibi al-karab 74;0 9;52 | 349;13 15;24 | v Peg (320)
75 mutagaddam zahr 74;30 -3;38 34420 02;47 A Psc (680) ?
al-samaka
76 talt zahr al-samaka 75;28 1:40 | 347;17 07;18 1 Psc (678) ?
77 talt batn al-samaka 76;18 2;23 | 348;21 07,38 | 51 Psc (683) ?
78 shamalt kaff 77;16 42;37 09;40 43;16 | A And (343)
al-musalsala
79%  wasat kaff 78;0 39;50 08;20 40;37 | x And (342)
al-musalsala
80 ra‘ al-jady 79;50 23;23 00;39 2523 | ?
81 dhanab al-samaka 80;52 2:30 | 352;37 05;56 w Psc (681)
82 awwal kharij al-ma> 81,58  -20;54 | 344;10 -15;57 | 2 Cet (671)
83 shamalt kharij al-ma>  82;19  -18;40 | 345;25  -14;03 6 Cet (672)
84*  surrat () al-faras 83;54 24;15 04;46 24:32 o And (315)
wa-huwa shamalt
al-mwakhkhar
85*  janah wa-huwa 85;19 10;26 | 359;56 11;26 | yPeg (316)
Janibt
al-mwakhkhar
86*  dhanab gaytus 86;11 -12;46 | 351;21 -10;10 | 72 Ori (742)
87 munir al-zawraq 87;53  -46;30 | 335;30 -40;53 o Phe (not in
Ptolemy)
88 Jjanibi kharij al-ma’ 88.0 -22;30 | 34849  -19;45 7 Cet (673)
89 qa@’ima dhat al-kurst ~ 90;11 58,40 33;26 51;27 | x Cas (188)
90*  ra’s dhat al-kurst 91;18 49;0 25;42 43;18 ¢ Cas (178)
91*  dhanab al-hit 92;9 -22;0 352;45  -20;56 | B Cet(733)
92 al-judayy 93;11 84;15 76;04 65;27 o UMi (1)
93 shamalt batn al-hit 94;12 34;25 18;53 29;36 | porvAnd
(347 or 348) ?
94 Janabt al-difdi* 95;15  -35;0 348;51  -33;45 | ?
95 wasat thalathat 96;0 4;0 07,06 01;16 | & Psc (685)
al-samaka
96*  nayyir batn al-hit 97;58 31;55 20;48 25;57 | B And (346)
97 muqaddam 99;2 -14;20 02;25 -16;43 n Cet (727)
al-na‘amat
98 talt thalathat 100;4 3,7 10;28  -01;09 ¢ Psc (686)
al-samaka
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99 rukbat al-khadib 101;10 55;0 37;21 44;56 | yCas (181)?
100 rukba dhat al-kurst ~ 102;5 56;30 | 39;09 45;53 | o Cas (182)
101*  asl dhanab qaytus 103;16  -12;20 | 07;12  -16;35 | BSC 190
(731)?

102 shamalr al-‘aqd 104;2 10;27 16;58 04,04 | n Psc (695)?
103*  rijl al-musalsala 105;0 44;40 | 33;13 34:48 | ¢ Per (350) ?
104 a‘la rijl al-mara’a 106;30 47,0 35;43 36;21 v And (349) ?
105 saq [dhat] al-kurst 107;17 59;20 | 44:46 46;42 | € Cas (183)
106 thant al-‘aqd 108;14 5;20 | 18;50 -02;16 | o Psc (693)?
107*  garn al-hamal 109;13 15;34 | 23;38 06;50 | 7y Ari (362)

al-shamalt
108*  shamalr al-na‘amar  110;16  -13;42 13;12  -20;35 £ Cet (725)
109%  thani al-sharatayn 111;0 16;54 | 25;44 07;26 | B Ari (363)
110*  janabi al-na‘amat 112;56  -26;16 | 09;50  -33;03 v Cet (724) ?
111*  al-natih 113;17 19;50 | 28;53 09;20 | o Ari (375)
112 ‘urf qaytus 114;6 420 | 23;54  -05;22 | & I Cet (718)
113*  ‘ayn qgaytus 115;17 -4;56 | 21;32 -14;25 | A Cet(712)?
114 Janibi mankib 116;0 30;10 | 35;13 18;00 | ?

barshawush
115 ‘urqith qaytus 117;0 -4;21 23;24  -14;31 ?
116 shamalt sadr qaytus  118;30  -17;7 19;40  -26;53 | p Cet (719)?
117 dhagan [MS: dgr] 119;33 -3;45 | 26,05 -14;53 | 6 Cet (715)

qaymus
118 dil qaytus 120;40  -19;14 | 2052  -29;38 | o Cet (720)?
119*%  nayyir al-butayn 121;34 23;11 37,23 09;41 € Ari (368) ?
120*  ra’s gaytus 122;17 -6:41 27,38  -18;36 | yCet(714)?
121 mankib barshawiish  123;0 50;0 49;20 34;12 | yPer (193)
122 sadr qaytus 1240 -17;36 | 24;57 2922 | 7w Cet(722)?
123 bayna mankib (!) 125;15 45;35 | 48,56 29;32 | ?

al-‘awwa’
124%  ra’s al-ghiil 126;20 51;56 | 52;36 35,08 | B Per (202)
125% [al-1kaff al-jadhma 127;16  -16;56 | 28;33  -29;55 a Cet (713)
126 mirfaq barshawiish ~ 128;0 51;20 | 53;29 34;10 | n Per (192)
127 akhar al-nahr 129;0 -43;20 | 14;23  -54;18 | 6 Eri (805)
128 nayyir barshawush 1300 46;35 52;52 29;16 o Per (197)
129 taht al-nahr 131;0 -36;30 | 22;01  -49;,07 | ?
130 rabi‘ ‘ashar al-nahr  132;0 -12;35 35;11 -27:27 ¢ Eri (785) ?
131 hadr ‘ashar al-nahr ~ 133;0 -24;30 | 31;11 -38;56 | ?
132 shamalt al-qit* 134;0 9;37 | 44,24  -06;57 | 5 Tau (380)
133 fakhdh barshawush  135;0 39;30 | 54;08 21;23 v Per (212)
134 awwal al-thurayya 136;0 20;35 | 49;22 03;02 | 19 Tau (409) ?
135 wasat al-thurayya 137;0 21,7 50;25 03;17 | 23 Tau (410) ?
136 akhar al-thurayya 138;0 21;40 | 51;28 03;33 | 27 Tau (411) ?
137 ‘atiq al-thurayya 1390 29;0 54;19 10;23 | oor § Per (215

or 216)

138%  rukba barshawush 1400 37,35 57;32 18;26 | € Per (213)

[al-yusra]
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139 thalith ‘ashar al-nahr 141;0 -25;20 | 3943  -42;19 77 or 18 Eri
(795 or 796) ?

140 sadr al-thawr 142;0 9:50 | 52;07 -08;52 | A Tau (385)

141 ka‘b al-thawr 143;0 3;3 51;23  -15:41 v Tau (387)
al-yusra

142 rukbat al-thawr 144;0 6;7 53;09  -12;57 | u Tau (386)
al-yumna

143 saq barshawush 1450 44;20 | 63;19 23;57 | 53 Per (210)
[al-yumna]

144 anf al-thawr 1460 13;23 56;49  -06;21 ¥ Tau (390)

145 thamin al-nahr 1470 -9:16 | 52;15 -28:;36 | o Eri (779) ?

146%* ‘ayn al-thawr 148;0 15;13 59;07 -04;59 | &€ Tau (394)
lal-shamali]

147*  nayyir al-dabaran 149;0 14;50 | 59;59  -05;34 o Tau (393)

148 rukbat al-thawr 1500 10;0 59;57  -10;29 | 90 Tau (388)
al-yusra

149 sadis al-nahr 151;0 =527 | 57;35 -25;49 | v Eri (777)

150 wasat al-nahr 152;0 -16;0 55;56  -36;19 ?

151 sabi ‘ashar al-nahr 1530 -30;15 | 52;06  -50;19 | v! Eri (798) ?

152 kab al-a'na 154;0 31,27 | 67:42 09;52 1 Aur (229)

153 al-‘anz 1550 42:14 | 70,30 20520 | € Aur (226)

154*  rabi al-nahr 1560 -7:24 | 62,37 -28;43 | o Eri (775)

155%  “ayyigq al-thurayya — 157;4 44;30 | 72;31 22;18 | o Aur (222)

156 shamali awwal 1580 -6;17 | 65,04 -27;58 | B Eri(773)
al-nahr

157 qgadam al-arnab 159;17  -24;2 62;28 -45;39 | eLep(811)

158*  rijl al-jawza’ 160;21 -9:43 67;04  -31;44 | B Ori (768)

159%  qarn al-thawr 161;9 27;20 | 73;16 04;51 | B Tau (230)
al-shamalt

160 mankib al-jawza’ 162;0 4;56 | 71;10 -17;28 Y Ori (736)
[al-aysar]

161 qarn al-thawr 163;0 23:8 74;24 00;28 ¢ Tau (398)
al-janibt

162 ra’s al-jawza@ 164;19 8:47 | 74;01 -13;56 | A Ori (734)

163 awwal al-nazam 1650 -1;40 | 73;30  -24;23 | 6 Ori (759)

164 sayf al-jabbar 166;0 =77 73;55  -29;55 1 Ori (765)

165 akhar al-qurid 167;2 -37,3 69;13  -59;42 | € Col (846)

166*  mi‘sam al-a‘na 168;9 36;25 80;14 13;14 6 Aur (225)

167 rukbat al-jawza’ 169;11 -10;27 | 77;12  -33;33 K Ori (771)

168*  yad al-jawza’ 17053 6;0 79;38 -17;13 | o Ori (735)
al-shargiya

169 shamali kharij 171;0 21515 | 78;13  -44;28 | 6 Lep (814) ?
al-arnab

170*  dhanab al-arnab 172;0 -14;55 | 80,09  -38;14 | n Lep (817)

171 awwal al-han‘a 173;54 21555 | 84;20  -01;33 | u Gem (438) !

172 al-sukkan al-shamalt 174;17  -43;30 | 79;24  -66;52 n Col (890)

173 rijl al-jawza’ [sic! cf. 175;0 -12;13 | 83;59  -35:42 | ?

no. 158!]
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174 thani al-han‘a 176;0 19;30 86;13  -04;02 v Gem (439) !

175%  nayyir al-han‘a 177;58 17;50 88;03  -05:44 | v Gem (440) ?

176 mirzam al-‘abiir 178;51 -17;47 88,32  -41;22 | B CMa (826)

177 taraf rijl al-kalb 179;0 -30;12 88;32  -53;47 | { CMa(834)

178*  suhayl al-yaman 180;57  -52;26 92;24  -76;01 o Car (892)

179 qadam al-jawza’ 181;59 14;30 91;57  -09;04 | & Gem (441)

180 rukbat al-taw’am 183;0 26;0 92:42 02;27 ¢ Gem (434) ?

181*%  al-‘abiir 184;17  -15;40 95;19  -39;10 | o CMa (818)

182 talt al-sukkan 185;0 -11;36 95;59  -35;05 | v Pup(891)
al-shamalt

183 udhun al-kalb 186;0 -21;36 97,54  -45;01 6 CMa (819)

184 talt suhayl al-yaman 187,43 -43;45 104;20  -66;57 ?

185 suhayl al-‘adhara 188;58  -23;5 101;59  -46;18 | o* CMa (829)

186 wasat al-‘adhara 189;57  -25;8 103;35  -48;15 6 CMa (831)

187*  nayyir mankibay 190;0 28;0 98;51 04;44 | v Gem (429) ?
al-taw’aman

188 mirzam al-ghumaysa 191,56 8:54 102;10  -14;11 B CMi (847)

189*  awwal al-dhira“ 192;2 33;0 100;13 09;51 | o Gem (424)
al-sha’amiya

190 Janibi al-kawthal 193;4 -36;20 | 110;42  -58;59 | & Pup (860)

191 akhar al-‘adhara 1954 -28;15 111;12  -50;43 n CMa (835)

192*%  al-ghumaysa 196;11 6;20 | 106;47 -16;18 | o CMi (848)

193 thant al-dhira“ 197;0 28;54 | 104;55 06;12 | B Gem (425)
al-sha’amiya

194 hharij al-kalb 198;11 -8;0 110;58  -30;16 8 Mon (836) ?

195 wasat [farsh] 199;11 -35;50 119;40  -57;27 | cPup (863) ?
al-kawthal

196 thani farsh al-kawthal 200;0 -38;20 122;07  -59;42 | BSC 2961 +

2964 (862) ?

197 taraf al-safina 2010 -21;25 117,09  -43;02 11 Pup (849)

198 thani mirfaq 202;0 -38;20 | 125,05  -59;15 | aPup (866) ?
al-kawthal

199*  rijl al-saratan 203;11 11;20 113;06  -10;24 | B Cnc (457)
[al-janibi]

200 muqaddam lisan 2040 -1;0 116;06  -22;25 ?
al-shuja“

201 taht al-farsh 205;58  -45;25 | 136;20  -64;51 | y Vel (883)

202*  lisan al-shuja“ 206;51 2;56 | 118;19 -18;,02 | ?

203 mubda’ al-safina 207;9 -53;0 148;03  -71;07 | x Car (884)?

204 awwal al-nathra 209;54 2150 117;44 00;16 | NGC 2632

(449)

205 akhar al-nathra 210;51 20;16 118;45  -00;16 6 Cnc (453)

206 Jjanabt ra’s al-shuja“  211;12 4;45 122,22 -15;23 o Hya (894)

207 shamalr al-qafzat 212;0 50;0 112;54 28;57 1 UMa (20) !
al-ula

208 Janibi al-qafzat 213;11 48;53 114;04 28;03 kK UMa (21) !

al-ula
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209 ra’s al-shuja“ 214;12 8;10 124;35  -11;23 € Hya (896) ?
210 dhagan [MS: dgr] 215;13 8;0 125;37  -11;19 | ¢ Hya (898)
al-shuja“
211*%  mutagaddam al-ziba> 216;11 42;52 117;59 22;45 | BSC 3809 or
[MS: al-diba] 3612 (41) ?
212 wasat al-safina 217,0 -51;30 159;10  -66;22 | & Vel (886) ?
213 shamalf al-diba 218;15 39;18 120;35 19;43 38 Lyn (39) ?
214 ‘unq al-dubb 219;11 66;31 111;10 45;48 7 UMa (15)
215 Janibr al-diba 2209 36;38 122;52 17;33 | aLyn(38)?
216 Jjaniibt jabhat al-asad 221;6 28;2 126;02 09;28 ?
217*  raqabat al-dubb 2220 54,40 118;15 35;09 | 23 UMa (16) ?
218 shamalt al-taraf 223;11 24:50 128;44 06;54 | A Leo (463)?
219*%  suhayl al-farad 2239 6;2 133;53 -11;11 ?
220 sadr al-dubb 224;11 12;10! 133;09 -05;01 23 or v UMa
(16 0or17)?
221 Janabr al-taraf 2250 21,36 131;15 04;16 | ?
222 shamali raqabat 226;11 36,30 127:47 18;49 o Hya (899) ?
al-shuja“
223 Jjaniabt ra’s al-asad 22750 25;13 131;57 08;15 € Leo (465) ?
224 wasat al-shuja“ 228;0 -11;46 144;31 -26:;41 K or v! Hya
(906 or 907) ?
225 akhar al-safina 2299 -53;43 175;53  -63;20 | N Vel (889)
226 rukbat al-asad 230;51 12;3 139;26  -03;12 | m Leo (475)
227%  qalb al-asad 231,58 14;24 139;44  -00;37 | o Leo (469)
228% [shamali] al-qafza 232;57 45;30 129;46 29;00 | A UMa (28) !
al-thalitha [read:
al-thaniya)
229 shamali raqabat 233;59 26;20 137;40 11;17 ¢ Leo (466)
al-asad
230 wasat ragabat 234;51 23;20 139;25 08;43 v Leo (467)
al-asad
231 akhar al-jabha 235;58 22:0 140;51 07;48 n Leo (468) ?
232 Jjanibr al-gafza 236;0 43;33 132;53 27,59 | uUMa(29)!
al-thalitha [read:
al-thaniya)
233*  batn al-shuja 237,51  -14;3 155;24  -25;24 | u Hya (909) ?
234 ibt al-asad 238;51 11;58 146;51 -00;43 | p Leo (476)
235 muqaddam thalathat 2390 -14;10 156;36  -25;06 | u Hya (909) ?
al-shuja“ al-awwal
236 taht al-shuja 240,0 -16;0 158;22  -26;25 | ¢ Hya (910) ?
237 sabi ‘ashar al-nahr 241,40  -13;10 158;48  -23;11 | BSC 859 or
784 (788) ?
238 zahr al-shuja 242;51  -13;21 160,02  -22;54 | v Hya(911)?
239 zahr al-dubb 243;58 64,30 125;54 48;44 | o UMa (24)
240 qatan al-asad 244,59 23;14 148;19 11;54 | 60 Leo (480)
241 awwal al-batiya 24538  -15;18 163;34  -23;39 a Crt (921)
242%  awwal al-khurtan 246,57 23;43 149;51 13;01 6 Leo (481)
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243 thani al-khurtan 248;58 18;23 153;40 08:47 0 Leo (483)

244 Jjanibt al-qafza 249;51 34,45 147:43 24,09 | £ UMa (32) !
al-thalitha

245 [al-1shamali [min 250,58  -12;5 167;17  -18;38 | & Crt (923)
al-ithnayn alladhin
fT wast] al-batiya

246 fakhdh al-asad 251;34 13;28 157;53 05;11 1 Leo (484)

247 [al-]janabt [min 252;15  -14;13 169;25  -20;05 v Crt (922)
al-ithnayn alladhin
T wast] al-batiya

248 rijl al-asad al-yusra  253;58 14,30 159;39 07,02 ?

249 muqaddam thalathat 25451 -29;50 17924 -33;08 & Hya (914) ?
al-shuja“ al-thant

250*%  wasat thalathat 255;1 -30;50 180,07  -33;57 | o Hya (915)
al-shuja“

251%  janibi fakhdh al-dubb 256;51 52;5 143;26 41,51 ?

252*%  al-sarfa wa-hiya 257;58 18;40 161;33 12;22 | B Leo (488)
dhanab al-asad

253 talt thalathat 258;51  -24;40 | 180;23  -26;55 | & Hya(914)?
al-shuja“

254 awwal al-‘awwa’® 259;56 30 169;34  -01;15 B Vir (501)

255 Jjanibt wajh 260;51 9;0 168;02 04,37 | = Vir (500)
al-sunbula

256 shamalt wajh 26158 11;40 167,59 07;30 | o Vir (499)
al-sunbula

257*  mingar al-ghurab 262;59  -20;50 182;19  -21;49 o Crv (928)

258*  janah al-ghurab 263;51 -13;55 | 180;03 -15;11 v Crv (931)
al-ayman

259 thant al-‘awwa’ 265,58 2;30 | 175;18 00;41 n Vir (502)

260 ma’bid [MS: mabit]  266;8 -55;30 | 207;33  -50;24 ¥ Cru (965)
qantiiris al-ayman

261 Jjanah al-ghurab 267,58  -13;31 183;39  -13;11 6 Crv (932)
al-aysar

262 rijl al-ghurab 268;49  -19;33 | 187;01  -18;20 | B Crv (934)
al-ayman

263 kab gantiiris 269;51  -53;31 | 208;18  -47;31 | B Cru (966)

264 qatn qantiiris 270;58  -44;20 | 202;07 -39;28 ¥ Cen (957)

265 zawiyat al-‘awwa’ 271;18 2;20 180;15 02;40 vy Vir (503)

266 [bi-1qurb dhanab 272;0 72,13 | 129;26 61;17 | k Dra (73)
al-tinnin

267 rabi‘ al-‘awwa’ 273;51 8;28 | 180;07 09;18 | & Vir (506)

268 Jjanb al-sunbula 274;51 8:30 181;01 09:43 ?

269*%  kabid al-asad 275;58 41;40 | 165;18 39;49 | o CVn (36)

270*%  akhar al-‘awwa’ 276;48 15;5 180,02 16;31 € Vir (509)

271 al-jawn min al-dubb  277;0 60;0 149;39 54;54 | € UMa (33)

272 mutaqaddam al-azal 278;51 -2:5 188;57 01;37 0 Vir (505) ?

273 mankib qantiiris 27958  -32;2 202;33  -25;18 1 Cen (939)

al-aysar
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274 asl dhanab al-shuja‘ 280,59  -19;22 197;48  -13;25 v Hya (917)
275%  al-simak al-a‘zal 281,58 -7,5 193;46  -01;46 o Vir (510)
276 al-‘anaq 282;51 59;0 154;39 56;15 ¢ UMa (34)
277 ibt qantiris 283;51  -50;12 | 215;46  -40;00 M Cen (962)
278 hurqufat [sic: should 284;0 3;20 191;33 08;37 ¢ Vir (511)
be harqafat]
al-sunbula
279 alam al-simak 285:51 86,24 98;57 67;09 ?
280 Jjanb gantiris 286;59  -34;17 | 209;28  -24;49 v Cen (946) ?
281 badan qantiiris 287;51 -43;12 | 214;36  -32;33 £ Cen (952)
282 Jjanibr saq al-‘awwa’ 288;59 19;40 | 189;19 25,32 v Boo (109)
283 talt janb qantiris 289;0 -37:40 | 21243 -27;11 ¢ Cen (948) ?
284 rumh al-ramih 290,57 22;5 190;02 28;30 1 Boo (107)
285 fakhdh al-sunbula 291;59 4;14 198:41 12;32 90 Vir (517) ?
286*  dhanab al-shuja‘ 292;2 -24;5 209;25  -13;42 7 Hya (918)
287*  wasat al-ghafr 293,59 -6;37 | 204;38 03;12 K Vir (519)
288*  shamalr al-ghafr 294;55 -1;57 | 203:47 07;53 1 Vir (518)
289 Jjanubr al-ghafr 295:9 -9;9 206;38 01;16 A Vir (521)
290*  al-simak al-ramih 296;11 24:40 193;49 32,53 o Boo (110)
291 sa‘id qantiris 297,58  -38;50 | 220;24  -25;22 1 Cen (950)
292 mintaqat al-‘awwa’ 29859 33,39 191;29 42;00 o Boo (104) ?
293*  mankib al-‘awwa’ 299;51 41;30 | 186;43 49;09 v Boo (92)
[al-aysar]
294 qadam al-sunbula 300;59 -2;2 209;33 09;59 u Vir (522)
295 ‘ugb al-‘awwa’ 302;9 17;40 | 203;03 28;45 £ Boo (106)
296*  janibt al-zubana 303;54  -12;30 | 215;51 01,07 a Lib (529)
297%  fakhdh al-‘awwa’ 304,39 30;32 | 199;07 41;25 € Boo (103)
298 rijl gantiiris 305,32 -58;0 235;15  -40;51 a Cen (969)
299 ‘alt al-zubana 306,49 -5:42 | 216521 08;29 6 Lib (532) ?
300 badan al-sab“ 307,58  -41;25 229;18  -24;57 € Lup (976)
301 kitf al-sab“ 308;51  -36;25 | 228;10 -20;00 6 Lup (974)
302*%  shamalr al-zubana 309;48 -5:42 | 219;12 09;26 B Lib (531)
303 wasat al-zubana 310;51 -20;23 224:41 -04;14! v Lib (535) ?
[al-shamalr]
304*  mankib al-‘awwa’® 311,37 36;20 | 202:49 49;12 6 Boo (94)
al-ayman
305 talr kitf al-sab“ 312;59  -38;22 | 232;09 -20;48 v Lup (975)
306 shamali al-fakka 304,55 32;25 | 198;15 43;12 ?
307*  nayyir al-fakka 31650 30;5 211;36 45;06 a CrB (111)
308%* ‘ung al-hayya 317;7 8;58 | 221;48 25;37 a Ser (271)
309 al-dhikh 318;0 41;45 | 205;50 56;19 t Dra (70]) ?
310 awwal al-iklil 319;0 -23;15 232:47  -04;50 7 Sco (548)
311 thant al-iklil 320;14  -19;45 | 232;59  -01;10 6 Sco (547)
312 akhar al-iklil 32159 -17;20 | 233;12 01;24 B Sco (546)
313 akhar jabhat 323,51  -17;3 23538 02;18 v Sco (550) ?
al-‘agrab
314 al-niyat al-awwal 325,7 -23:4 238;12  -03;16 o Sco (552)
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315 talt kitf al-hawwa’ 326;11 -2:43 234:30 16;46 | yor k Oph
(236 or 238) ?
316*  galb al-‘agrab 3278 =245 240;14  -03;51 o Sco (553)
317 ‘adad al-jatht 328;11 21;43 | 229;36 40;55 | yHer (121)
[al-yumna)
318 al-niyat al-thant 329;0 -25;40 | 242;13  -05;02 | 7 Sco (554)
319*  mirfaq al-jatht 330;0 4;3 23651 24:14 K or u Her
(122 or 125) ?
320 al-sabiq al-awwal 3310 -14;0 241;43 06;46 ¢ Oph (252)
321 al-kharazat al-ula 332;0 -31;54 | 246,05 -10;38 | € Sco (557)

322 al-kharazat 333;0 -36;24 | 24747  -14;53 | u Sco (558)
al-thaniya

323 shamalt fakhdh 334;0 44;33 | 22426 64,03 | o Her (142)
al-jathi [al-ayman]

324 Jjanb al-jatht 335;0 33;28 | 233;16 53;53 | & Her (129)
al-ayman

325 fakhdh al-jathi 336;2 404 230;58 60;25 | n Her (141)
al-ayman

326 mankib al-jatht 337:4 9:56 | 243;17 31;24 | & Her (123) ?
al-aysar

327 wasat al-mijmara 338;0 -48;45 254,00  -26;23 o Ara (993)
328*  al-sabiq al-thant 338;0 -15;13 | 248;39 06;45 | m Oph (245)
329 Jjanb al-jatht al-aysar 339;3 32;52 | 239,06 54;13 € Her (130)

330 awwal al-shawla 340;46 -36;30 | 254;10 -13:58 | A Sco (565)

33] thant al-shawla 341;56  -36;50 | 255;10 -14;11 v Sco (566)

332 al-kharazat 342:4 -42;22 | 25601 -19;39 6 Sco (562)
al-khamisa

333 fakhdh al-jatht 343;9 38;23 | 242;39 60;22 | m Her (133)
al-aysar

334 al-kharazat al-sabi‘a 344;8 -38;0 257;:06  -15;08 K Sco (564)
335 al-kharazat al-sadisa 345;0 -39;30 | 257;59  -16;33 | 1! Sco (563)

336*%  ra’s al-hawwa’ 346;0 13;30 | 253;02 36;15 o Oph (234)

337*%  mankib al-hawwa’ 347,9 5:30 | 255;25 28;26 | B Oph (235)
[MS: al-jawza® ']
al-ayman

338 al-dhi’b al-awwal 348;3 66;22 | 175,07 85;13 | ¢ Dra (67)

339* ‘ayn al-tinnin 349;6 53;23 24223 75:55 B Dra (46)

340 kaff al-hawwa’ 350;0 [-19;30 | 259;51 13;44 | v Oph (243)
al-ayman

341 awwal al-na‘@’im 35150 -9;30 | 260,52 13;48 | n Sgr (594)
al-warida

342 al-raqis 352:0 45:0 254:40 68;09 | u Dra (44)

343*%  wasat mi‘sam al-jathi 353;0 28,46 | 259;59 52;06 | o Her (126)
[al-aysar]

344 rukbat al-jatht 354;0 37;43 | 260,09 61,06 | 6 Her (136)
[al-yusra)

345 al-zalim al-janiabt 355;0 -20;38 | 265;19 02;52 | u Sgr(574)
346 mi‘sam al-jatht 355;48 28:24 | 264,00 51;54 | & Her (128) ?
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347  al-rat 356;9 -25;0 266;31 -01;28 | A Sgr(573)

348  asl dhanab al-hayya 357;0 -T,15 | 266,54 16;18 | n Ser (279)

349  taht al-hayya 358;0 -9;2 267,58 14,32 7 Oph (244)

350  awwal al-na‘@’im 360;,0  -27;25 same as no. 1
al-sadira

Post-scriptum to the table (B:151r)
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Be aware — may God the Very High grant you success! — that I got the right
ascensions and declinations of the above-mentioned stars by copying (them), not by
observation. I could not find a specific epoch corresponding to the beginning of the
(underlying) observations. This is not due to a failure of the scientific method, but you
need a lot of spare time, which is difficult in these days of ours. Whoever happens
to be a person of judgment, it is his duty to ......(?). The scholars of sound judg-
ment who carried observations had mentioned that the right ascension (sic!) increases
each seventy years of one degree, which is approximately fifty-one seconds per year.
Whoever wants its observation (sc. its epoch), let him calculate the epoch date, bear-
ing in mind the above-mentioned increment. As for the declinations, you need to find
(the values of) their declinations and their signs (from the table), without (having to
consider) neither an epoch, a time (sc. your date), an augmentation nor a diminution.
Understand this and you will get it right.
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C.2 Stars featured on the illustrations of retes

The following is a list of the stars featured on the illustrations of retes in Najm
al-Din’s instrument treatise, arranged by chapter. The numbers refer to the
above table. The order — as in the edition of the Arabic text — corresponds to
increasing right ascension as measured on the illustration, starting with Aries.

Ch. 1 — (Northern projection) 91, 147, 158, 181, 192, 227, 290, 307, 316,
336,4, 19, 37, 48.

Ch. 9:* Northern projection: 290, 293, 308, 336, 4, 19, 37. Southern projec-
tion: 296, 48, 66.

Ch. 11 — Northern projection: 86°, 147, 158, 227, 233, 275, 307, 316, 19,
37,69, 48.

Ch. 12:° Northern projection: 86*7, 124, 181%, 251, 290, 296%*, 48%*, 69.
Southern projection: 109, 147%, 175%, 192%, 227%*, 252%*, 308%, 336%*,
19%, 68%*, 72*,

Ch. 14 — Northern projection: 91, 111, 124, 147, 158, 181, 219, 252, 275,
290, 308, 307, 336, 4, 19, 37, 69. Southern projection: 227, 9.

Ch. 15 (see Plate 17) — (Extended southern projection) 90, 91, 96, 103, 119,
124, 125, 138, 154, 155, 159, 168, 166, 181, 178, 187, 189, 217, 233,
227,228, 242, 250, 251, 269, 270, 290, 293, 308, 2973, 307, 304°, 339,
343,410 16, 19, 211, 37,302, 57, 69, 66, 79, 85, 84.

Ch. 17 — (Northern projection) 91, 120, 147, 155, 158, 168, 181, 192, 219,
227,233,257, 86.

Ch. 18 — Northern projection: 168, 175, 258, 275, 302, 4, 69. Southern
projection: 109, 110, 219, 19, 68.

Ch. 19'3 — (Northern projection) 275, 302, 337, 336, 11, 19, 68, 109, 168,
181, 219, 258.

4 Curiously only stars with right ascensions in the interval 180° < o < 360° have been chosen,
and their positions are as if the astrolabe were of the regular myrtle type, thus being unrelated to
the irregular disposition of the signs on the rete.

5 The position actually corresponds to no. 91.

6 The numbers marked with an asterisk indicate that the associated projection is incorrectly
given in the text.

The position is incorrect.

Incorrect position.

Incorrect position.

The radius is too large.

Radius too large.

Incorrect position.

The stars are projected as on a standard northern astrolabe turned upside-down, and their
right ascensions are independent of the weird arrangement of the zodiacal signs (on this rete
o = 0 corresponds to the beginning of Cancer, on the right-hand side).
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Ch. 20 — (Northern projection) 108, 158, 192, 257, 286, 302, 336, 19, 684,
86.

Ch. 21 — Northern projection: 258, 275, 1913, 86'6. Southern projection:
107, 15817, 68.

Ch. 22 — Northern projection: 101, 168, 258, 275, 19. Southern projection:
202, 31918, 72.

Ch. 23 — Northern projection: 86'?, 107, 138(?)%°, 168, 192, 219, 275, 319,
336, 84. Southern projection: 252, 19, 72.

Ch. 242! —211(7)??, 336, 19, 4, 48, 101.

Ch. 27 — Northern projection: 147, 158, 192, 219, 275, 31. Southern projec-
tion: 252, 302, 336, 19, 84.

Ch. 28 — Northern projection: 275. Southern projection: 168, 1923, 252,
336, 19, 84.

Ch. 33%* — Northern projection: 181,290, 336, 19. Southern projection: 175,
19223, 68, 86.

Ch. 34 — (Northern projection) 101, 108, 113, 120, 125, 1582, 170, 181,
192, 25077, 14728, 258, 275, 28827, 287, 296, 316, 336, 328, 25, 19, 48,

14 The right ascension is incorrect and the radius corresponds to a southern projection (which
was probably not intended).

15" There is a decorative pointer marked Y, symmetrically opposite to this one with respect to
the horizontal diameter.

16 There is a decorative pointer symmetrically opposite this one with respect to the horizontal
diameter.

17 There is a decorative pointer marked Y, symmetrically opposite to this one with respect to
the horizontal diameter.

18 Inaccurate position.

19 Wrong position.

20 The star is simply labelled barshawush. This could stand for rukba barshawush (no. 138),
which is already featured in Ch. 15. The position of the pointer, however, fits the coordinates of
mankib barshawush (no. 121) or mirfag barshawush (no. 126) better.

2l The positions of the stars-pointers for nos. 336, 4, 19 and 48 correspond to a standard
northern projection. That of no. 101 is symmetrically opposite its natural location with respect to
the horizontal diameter.

22 If the reading nayyir al-ziba’ is correct (the table has incorrectly al-diba’), then this could be
one of nos. 211, 213 or 215, and the star-pointer would be 90° anticlockwise from its expected
position. Note that a confusion with nayyir al-khiba> (Ch. 34) is possible, but the position of the
pointer makes this very unlikely.

23 This star-pointer is diametrically opposite to a second one with the same star-name! The
latter corresponds to the correct position of this star.

24 Stars 290 and 86 are associated with the myrtle rete and their position is accordingly dis-
placed by 180°.

25 The right ascension is displaced 90° anticlockwise.

26 The radius would better fit a southern projection, but since all other star-pointers are in
northern projection, this must also be northern (with radius too short).

27 Inaccurate position.

28 ‘Wrong position.

29 Inaccurate position.
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56/58/60%°, 86.

Ch. 35 — (Northern projection) 101, 146, 158, 43!, 192, 227, 3732, 258, 275,
290, 307, 336, 1933, 36, 25234, 86.

Ch. 36 — Northern projection: 146, 227, 287, 307, 336, 19, 37, 86. Southern
projection: 178.

Ch. 37 — Northern projection: 146, 181, 227, 275, 336, 19, 86. Southern
projection: 199%, 175, 252.

Ch. 38 — (Northern projection) 336, 19.

C.2.1 Concordance star number — chapters

88 different stars are featured on the illustrations of retes in Najm al-Din’s
treatise. The following list gives, for each of them, the chapters in which they
occur. The numbers in square brackets refer to astrolabe star numbers in the
following publications:

A = List of astrolabe stars in Kunitzsch 1959, pp. 65-86.

S = List in Kunitzsch 1990.

4 [A53/S4]: 1,9, 14, 15, 18,24,35 9: 14 11: 19 16: 15 19
[A54/S13]: 1,9, 11, 12, 14, 15, 18, 19, 20, 21, 22, 23, 24, 27, 28, 28, 33, 34,
35,36,37,38 21: 15 25:34 30: 15 31[AS55/S14]: 27  36: 35
37 [A56/S6]: 1,9, 11, 14, 15, 35,36 48 [AS58/S19]: 1,9, 11, 12, 24, 34
56/58/60: 34  57: 15 66 [A61/S33]: 9,15 68 [A63/S18]: 12, 18, 19,
20,21,33 69 [A62/S17]: 11, 12,14, 15,18  72: 12,22,23  79: 15
84 [A1/S15]: 15,23,27,28 85: 15 86 [A4/S35]: 11, 12,17, 20, 21, 23,
33,34,35,36,37  90: 15 91: 1,14,15,17 96 [A7/S20]: 15 101
[S53]: 22, 24, 34,35 103 [A10/S21]: 15 107: 21,23  108: 20, 34
109: 12, 18,19  110: 18 111 [A11/S54]: 14  113: 34  119: 15
120: 17,34 124 [A14/S9]: 12, 14,15 125 [A13/S34]: 15,34  138:
15, 23(?) 146: 35, 36, 37 147 [A18/S24]: 1, 11, 12, 14, 17, 27, 34
154: 15 155 [A20/S10]: 15,17 158 [A19/S37]: 1, 11, 14, 17, 20, 21,
27,34,35 159:15 166: 15 168 [A22/S36]: 15,17, 18,19, 22, 23,28
170: 34 175[K28]: 12, 18,33,37  178: 15, 36 181 [A23/S39]: 1, 12,
14,15,17,19,33,34,37 187 [A267]: 15 189:15 192 [A25/S40]: 1,
12,17, 20, 23, 27,33, 34,35  199: 37  202: 22 211: 24(?) 217:
15 219 [A29/8427]: 14, 17,18, 19, 23,27 227 [A30/S26]: 1, 11, 12,

30
31
32
33
34
35
36

The star-pointer is labelled nayyir al-khiba’, which could refer to any of those three stars.
The right ascension is displaced by 180°.

The right ascension is displaced by ca. 180°.

The radius is too large.

The right ascension is displaced by 180°.

Displaced 90° anticlockwise.

The radius is too small.
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14,15, 17, 35,36,37  228: 15  233: 11, 15,17  242: 15  250: 15,
34 251: 12,15 252 [A35/S28]: 12, 14, 23, 27, 28, 35,37  257: 17,
20 258 [A36/S43]: 18,19, 21, 22,34,35 269: 15 270: 15 275
[A39/S29]: 11, 14, 18, 19, 21, 22, 23, 27, 28, 34, 35,37  286: 20  287:
34,36  288: 34 290 [A41/S1]: 1,9, 12, 14, 15,33,35 293: 9, 15
296: 9,12,34 297:15 302:18,19,20,27 304: 15 307 [A45/S2]:
1,11, 14,15,35,36 308 [S12]: 9,12, 14,15 316 [A48/S30]: 1, 11, 34
319: 22,23 328:34 336 [A51/S11]: 1,9, 12, 14, 19, 20, 23, 24, 27, 28,
33,34,35,36,37,38 337:19 339:15 343: 15.
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A

Abraham ben Ezra: 106

Abi Ja“far al-Khazin: 210

Abii ’1-Faraj <Isa: 145

Abii Nasr Ahmad ibn Zarir: 74

Abu Nasr Mansir ibn “Alf ibn “Iraq:
69, 182

Abi al-Salt: 50

Abil Tahir: 84

‘Adud al-Dawla: 67, 73

Akbar: 3

al-ala al-jami‘a: 17, 81

Aleppo: 15, 19, 28, 30, 31, 145

Alexandria: 10, 16, 318

Alfonso X (King of Castilia): 62

algebra: 6, 12, 13, 15

Algiers: 10

“Alf ibn Tsa: 50, 60

<Al1 ibn Khalaf: 16, 60, 93, 94, 101,
103-106, 108

alidade: 36, 66, 69, 79, 84, 88, 89,
91, 100, 101, 166, 239, 246, 253,
269, 280, 286, 287, 320

al-‘Almawt: 14

altitude sundial: 115, 139-144, 302,

326
al-Andalus: 10, 21, 60, 93, 94, 102,
105, 171, 183

Apian, Peter: 219

Apian, Philipp: 88

Apollonius: 15

approximation: 21-22, 25, 52, 53, 59,
63, 120, 123, 134, 135, 139, 170,

173,214, 226, 285-293, 295, 300,
301, 303, 313, 314, 320, 322, 323,

332,333
see also timekeeping (universal for-
mula for)
archery: 14, 19

architecture: 181
Aristarchus: 80
arithmetic: 3, 12, 13, 25, 29, 30, 39,
51, 230
armillary sphere: 3, 4, 221, 262, 268,
269, 286
al-asa: 87
ascension: — tables
‘asr: 59, 90, 116, 140, 141, 148, 154—
160, 162-166, 170-179, 188-190,
196, 203, 210, 214, 215, 288—
293,301-305, 309, 310, 314-316,
319-321, 326-328, 330, 332-336,
341, 343, 344, 419
‘asr
representation on dials: 170-178,
304, 314, 316, 319, 326
astrolabe
anemone: 70, 73, 75, 252
buffalo: 77, 256
bull: 76, 254
counterbalancing: 75, 78, 249, 264
crab: 69, 73, 75, 76, 248
crescent: 78, 81, 267
cross: 79, 247
cup: 77,256
diverging: 78, 266
drum: 68, 75, 77-79, 250
eagle: 77, 260
fitting: 78, 267
frog: 77, 260
jar: 76, 254
kamil: 63-65, 240-243, 251
southern: 74
linear: 6263, 305
melon: 65, 77, 81-83, 257
myrtle: 67, 75, 78, 250
planispheric: 49-61, 234-237, 240-
262, 264-271
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non-standard: 63-83
southern: 57, 237
rete: 57
ruler: 79, 268
scorpion: 78, 265
skiff: 75, 79-81, 253
solid: 66, 253
spherical: 61-62, 259
spiral: 74, 79, 81, 243
symbolism of: 3
tortoise: 77, 255
tree: 69
universal: 15-17, 20, 28, 29, 51,
90, 94, 103-108, 112, 244-247
with mixed projections: 6678
zawragqr: 75, 79-81
see also tables
astrolabic quadrant: — quadrant
astrology: 3, 5, 7-8
astronomy
applied to religion: 6
folk: 20-21, 25, 222
practical: 6,9
spherical: 4, 6, 12, 16, 21-24, 27,
43, 104, 108, 230, 285, 357
theoretical: 7, 8, 12, 16
St. Augustine: 3
autograph: 15, 26, 88, 128
‘Aydhab: 318

B

badahanj: 222,318

Baghdad: 59, 74, 116, 145, 150, 209,
213

al-Bakhaniqt: 18, 86, 111

Bakka: = Mecca

al-Baklamishi, ‘Alt: 19, 111

al-Baklamishi, Taybugha: 18-19, 111

Bant Masa: 15, 181, 223

al-Battani: 62, 182, 187

al-Bayhaqi, Abii Bakr Ahmad: 33

al-Birani: 5, 8, 31, 38, 40, 50, 54, 58—
60, 62, 65, 67-72, 74-82, 102,
116, 150, 248, 249, 258, 268, 269,
302, 376, 379

Botticelli: 3

C

Cédiz: 10

Cairo: 5-7, 9, 10, 12, 13, 15-20, 24,
25, 30, 31, 34, 108, 183, 222,
247,293, 322

Cheikho, Louis: 151

chronology: 6, 10, 12, 26

climates: 22, 31, 84, 225, 285, 287,
293,323

compendium: 17, 172

coordinate systems: 113

Coptic calendar: 10, 18, 25

Coptic numerals: 26

Cérdoba: 98

cosmology: 80

D
dactylonomy: 19
Damascus: 13-18, 87, 145, 183, 190
Damietta: 318
al-Dantishart: 111
dastar: 209-211, 286
dawadar: 18
De Rojas, Juan: 102
Delambre, J. B. J.: 147, 151, 155, 183
diagrams: — illustrations
dial
azimuthal: 115, 166-170, 311-313
conical: 115, 150-153, 316
cylindrical: 115, 149-150, 333
definition: 114
portable: 113
ring: 115, 142-144, 323
didactics: 4, 12, 14, 17, 20, 23-24, 31,
39, 209
Diophantus: 15

Diya’ al-Din (Moghul instrument-maker):

103

E

earth

daily rotation of the: 80
ecliptic ring: 4
Egypt: 5, 10, 16, 18, 67, 83, 106, 166,

313

ancient: 208

Elkhadem, Hussam: 61
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England: 4, 88

equatorium: 98

error: 359

instrumental: 84

Euclid: 15, 53

Euphrates: 318

exactness: 11, 21, 25, 231, 286, 303,

305, 321

F
al-Farghant: 18, 52, 182, 258
al-Fazari: 163, 182, 222
Fazari balance: 147, 163-164, 211, 222,
291, 323
forgery: 33
formulae: 23, 357
see also tables, timekeeping
function, mathematical: 113
Fustat: 13, 313

G
Garbers, Karl: 182
geography: 8, 12, 22
see also tables
geometry: 3, 6, 12, 13, 56, 236, 262,
285, 320
Germany: 88, 219
globe: 61, 62, 81
gnomonics: 5,9, 12, 36, 43, 181-208
literature on: 181-184
graphs: 113, 114, 120, 157, 159, 222
Greece: 4
Guillelmus Anglicus: 95, 103
Gurganj: 5, 31

H

Habash al-Hasib: 59-61, 181, 182, 199,

207, 210
hafir: 115, 154-160, 314, 315
Hajji Khalifa: 69, 74, 99, 111
halazin: 156, 159
Hamid ibn “Ali: 60
al-Harrant, Jabir ibn Sinan: 62
Hartmann, Georg: 3, 88, 128
Hebrew

translations into: 95

Hebrew sources: 66

heliocentrism: 80

Helt, Hugo: 102

Heraclides of Pontus: 80
Hevelius: 4

Hibatallah al-Baghdadi: 74, 89
horary quadrant: — quadrant

al-Husaynt al-Dimashqt, “Umar ibn “‘Uthman:

25

I

Ibn al-<Abbar: 98

Ibn al-Adami: 183

Ibn al-Akfant: 5, 7, 12, 13

Ibn al-Haytham: 5

Ibn al-Raqgam: 183

Ibn al-“Attar: 7, 14, 15, 19, 65, 73, 84,
86, 103, 219

Ibn al-Banna’: 103

Ibn Baso, Abi “Ali al-Husayn: 106,
108-111, 273

Ibn Baso, Ibrahim ibn “Ali: 108, 247

Ibn al-Farrukhan, Muhammad ibn “Umar:
182

Ibn al-Ghuzali: 14, 15, 17, 18, 38, 71,
90, 209

Ibn Hajar: 14

Ibn al-Haytham: 15, 183

Ibn Had: 11

Ibn Ishaq: 105

Ibn Isra’l, al-Hasan: 66

Ibn al-Kammad: 10

Ibn al-Majdt: 7, 8, 16, 19, 20, 86, 183

Ibn Musa ibn Shakir, Muhammad: 258

Ibn al-Nadmm: 60, 181, 183, 207

Ibn al-Qalanist, Aba Ya‘la Hamza: 14

Ibn al-Raggam: 205

Ibn al-Sabbah, Muhammad: 182

Ibn al-Saffar, Muhammad: 171

Ibn al-Sa’ih, Muhammad: 239

Ibn al-Samh: 50

Ibn Sam‘an: 13, 24, 90, 222

Ibn al-Sarraj: 14-16, 18, 20, 28, 29,
31, 38, 39, 67, 86, 90, 105-107,
111, 184, 209, 213, 219

Ibn al-Shatir: 9, 15-19, 23, 24, 38, 39,
65, 81, 89, 111, 112, 172, 190,
209, 219, 380
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Ibn Sina: 5, 11, 80
Ibn Yunus: 83, 89, 187
Ibn Zanki, Nur al-Din Mahmid: 145
Ibn al-Zarqgalluh: 10, 60, 93-102, 104,
105, 108
Ibn al-Zubayr, Abi Ja‘far Ahmad: 59
Ibn al-Zubayr, Abi °1-Qasim al-Zubayr:
59
Ibrahim ibn Sinan: 66, 68, 69, 73, 182,
199, 200
iconography: 3
illustrations: 28, 30, 32, 34-36, 3940
ilm al-mawagqit: = miqat
im al-migat: = migat
India: 3, 4, 73, 80, 103
instrumentation
classification of: 4
instruments
didactic aspects of: 4
iconography: 3
mathematical: 4
observational: — observational in-
struments
price of: 14
representations in art: 3—4
Isaac al-Hadib: 66
Isfahan: 66, 120, 160
al-Iskandari, Nur al-Din: 313
ivory: 16, 84

J
al-Jabart1, ‘Abd al-Rahman: 26
al-Jabarti, Hasan: 26
Jabir ibn Sinan: — al-Harrant
Jakob ben Makhir: 66, 95
Jjayb al-awtar: 15, 17
al-jayb al-gh@ib: 15
al-Jazart: 40, 223
al-Jazzar, ‘Ali ibn Ibrahim: 73, 106
Jean de Ligneres: 74, 106
Jedda: 318
St. Jerome: 3
Johannes of Brescia: 95
jurisprudence: 7

K
al-Karadist: 90, 184

al-Karajt: 15

Kepler: 4

al-Khalilt, Shams al-Din: 86
al-Khama’ir1: 73

khanga: 14

al-Khujandt: 60, 88, 89, 99, 116

al-Khwarizmi, Abii “‘Abd Allah Muhammad:

4,61, 150
al-Khwarizmi, Muhammad ibn Miisa:
50, 61, 181, 187, 209, 210
al-Kindr: 181, 258
al-Kindi, Zayd ibn al-Hasan: 15
King, David: 6, 15, 25, 26, 28, 105,

142, 181, 222
al-Kuht: 5, 54
L
Latin

translations into: 95
Latin sources: 50, 95, 106, 210
law, Islamic: 7
lawh al-anwar: 160
Livingston, J.: 151
locust’s leg: 115, 139-142, 145-149,
174-175, 292, 302, 324-326
Lorch, Richard: 67
Luckey, Paul: 182
Luyts, J.: 4

M
Maddison, Francis: 61
madrasa: 6, 7, 84, 181
Dar al-Hadith al-Qalanisiyya (Dam-
ascus): 14
Janibakiyya (Cairo): 7, 19
Maghrib: 10, 59, 96, 103, 108, 247,
263
al-Maghribi, Muhyt al-Din: 15
al-Mahant: 83, 181
maknasa: 201, 205-207, 325, 335
Mamluk
vocabulary: 41
Mamluks: 5-9
al-Ma’mun (Andalusi ruler): 98, 99,
105
al-Mansir (Abbasid caliph): 60
al-Magst, Shihab al-Din: 13, 28, 183
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Maragha
observatory: 3
al-Maridini, Jamal al-Din: 19
al-Maridini, Sibt: 20, 86, 184
al-Marrakushi: 9-13, 18, 21, 23, 24,
28,29, 36, 38, 40, 50, 52, 54, 59,
62, 65,67-69,71,73,74,79-81,
88-90, 95, 100, 103, 111, 113,
116-119, 124, 125, 127-129, 142,
145-151, 154-156, 159, 161-164,
166, 171-173, 183, 187, 192, 195,
197, 199-201, 203, 205, 208-218,
220, 222,230,231, 258, 314, 326,
327, 330, 355, 357, 385, 389, 394
al-Marwarruadht: 60
al-Mas‘adt: 60
mathematics: 5, 6, 11, 15, 16, 23, 28,
34, 62, 66, 103, 219
applied: 4, 6, 113
Mayer, Leo: 15
Mecca: 28, 29, 108, 120, 171, 247
mechanics: 14, 39, 88, 166, 223
medicine: 8, 11
Menelaus: 200
Michel, Henri: 73
Middle Arabic: 31, 40, 41, 322
see also vernacular
Millas-Vallicrosa, José Maria: 95-98
miniatures
Islamic: 3
Minya: 10
migat. 6-9, 12, 14, 20, 22-25, 28, 38,
99, 393
migat: 6
migqatr: 28
migatt: 18
al-Mist1, Najm al-Din: xix, xx, 5, 10,
21-43, 45, passim
Mittelberger, Th.: 97
al-Mizza: 13
al-Mizzi: 13-14, 39, 65, 73, 84, 86,
87, 176
Morelon, Régis: 182
Moshe Galino: 97
mosque: 6-8, 12, 16, 84, 181, 320
of ‘Amr ibn al-‘As (Fustat): 13, 313

al-Azhar (Cairo): 7, 8, 19, 20
of Ibn Taldn (Cairo): 24
of al-Mu’ayyad (Cairo): 20
Umayyad (Aleppo): 19
Umayyad (Damascus): 13, 16, 17,
87, 190
mubakkash: 223-226, 263
muezzin: 6,7, 12, 16, 17
al-Mubhallab1: 184
Muhammad ibn Abi al-Jarrada: 15
Muhammad ibn Nasr: 69, 74
Mujahid (Rasilid Sultan: 18
al-murabba‘a: 17
al-Muradi, Ibn Khalaf: 40, 88, 166
musatira: 18, 166, 168, 239, 270, 271,
282,312
musatira: 87-92, 279-282
Mustafa ibn “Alf al-Qustantini: 86
Mustafa Sidqt: 33
al-Mu‘tamid (Andalust ruler): 98, 99
al-muthallath: 17
muwagqqit: 6-9, 12, 13, 16, 19, 20, 22,
84, 86, 181, 183
muwagqqit
origins of the profession of: 8
myrobalan: 67

N

Najm al-Din al-MisrT: — al-Misr1, Najm
al-Din

al-Naqqash, Nar al-Din: 19

Nastr al-Din Abi ’1-Fath Muhammad:
8

Nastilus: 69

al-Nayrizti: 61, 62

Neugebauer, Otto: 43

al-Nishapiri, al-Hasan: 33

nomography: 113

North, John: 104

Nuremberg: 88, 143, 159

(6]
observational instruments: 4, 5, 62, 63,
221-222, 262, 286, 332
observations: 4, 10, 16, 60, 83, 98,
105
octant (thumn al-da’ira): 17
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organum Ptolemeei: 102

orthogonal projection: 65, 102, 111,
210, 302

orthography: 103

Ottoman Empire: 3, 9, 23, 34, 40, 66,
69, 84, 103, 111, 117, 176, 181,
209

P
paper: 84
parallactic rulers: 4, 221, 286
Pedersen, Olaf: 184, 186
Persia: 3, 33, 103, 130
Safavid: 119, 159, 160
Persian language: 130, 223, 304
philosophy: 11, 80
plate
astrolabic: 50, 51, 53-61
azimuthal: 54, 57, 263
hour curves on astrolabic: 57-58,
278-279
of horizons: 59-61, 104, 108, 259
prayer curves on astrolabic: 58-59
universal: = shakkaziyya, zargalliyya
Poulle, Emmanuel: 103
Prague: 159
prayer times: 6, 7, 12, 25, 58, 181
tables for the: = tables
see also ‘asr, zuhr
precession: 10
projection: 5
extended: 63-65, 84, 111, 251
mathematics of: 9
mixed: — astrolabes (mixed)
orthogonal: — orthogonal projec-
tion
scale of: 70, 75
stereographic: 36, 49, 51, 52, 54,
57, 61, 87-89, 91, 92, 95, 101,
105, 119, 168, 219, — stereo-
graphic projection
universal: 92-112
Ptolemy: 3, 4, 31, 49, 80, 221, 237,
359
Puig, Roser: 96-98, 102, 104

Q
al-Qadir (Andalust ruler): 98
al-Qasim ibn Hibatallah al-Asturlabi:
145
Qayint, Qasim ‘Ali: 160
gibla: 6, 8, 116, 160, 190, 210, 343
quadrans novus: 66
quadrant
‘Ala’t: 15, 17
astrolabic: 14, 16-19, 38, 56, 63,
65, 66, 81, 83-87, 137, 237, 239,
242-243, 272-278, 293
bull: 85, 276
counterbalancing: 85, 274
drum: 85, 274
jar: 86, 276
myrtle: 85, 274
skiff: 85, 275
spiral: 85, 272
tortoise: 85, 275
universal: 271-273
azimuthal: 56, 277
hilalr: 17,71
horary: 113, 115-139, 238, 295-
302
universal: 211-215, 284, 300
with azimuth lines: 137-139, 238
jami< 112
kamil: 23, 65, 84
mujannah: 14
mujannak: 215-218, 283
mural: 4
musattar: 14, 15, 18, 67, 86-87,
270, 271, 277, 282-284
shakkazr: 18,19, 111-112, 219, 271
double: 112
sine: 14, 15, 17-19, 23, 65, 69, 84,
170, 176-178, 209-211, 213, 215,
217, 285, 304, 320
tamm: 17, 24
questions and answers: 12, 24
quince: 68
Qusta ibn Liqa: 62

R
al-Rabwa: 13
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al-Rashidi, Muhammad ibn Abt Bakr:
64, 65

Rayy: 88, 99

al-Razi, Fakhr al-Din: 7, 80

Regiomontanus: 74, 102, 106

religious science: 7

Renaissance Europe: 3, 88, 102, 106,
124, 128, 159, 166

ring

ecliptic: — ecliptic ring
al-Rishi, Ahmad al-Kawm: 15

S

al-Safadt: 14, 16

al-Saghant: 182

Sa“id al-Andalust: 99, 105

al-Samarqandi: 183

Samarra: 181

Samsé, Julio: 96

sandiiq al-yawagit: 17, 172

al-Sathi, Ahmad ibn Ibrahim: 24

scales: 57, 59, 63, 75, 79, 84, 91, 97,
111,113,114, 117-124, 126, 128,
130, 132, 136, 139, 146, 147, 150,
151, 154-157, 159, 160, 163, 165,
176, 189, 195, 210, 211, 213, 221,
223-225

Schmalzl, Peter: 14, 17, 18, 117, 209

Schoy, Karl: 155, 183

science

usefulness of: 6

Sédillot, Jean-Jacques: 9, 10, 146

Sédillot, Louis-Amélie: 9, 10, 73, 88,
95,103, 117, 211

Seville: 10, 98-100

al-Shadhilt: 111

shajjariyya: 101, 105, 246, 270

shajjariyya: 105

shakkaziyya: 61,94-96, 100, 101, 103—
105, 108, 109, 111, 112, 219

al-shamila: 88, 89

al-Shataw1, Abii “Abd Allah: 182

Shiraz: 3

al-Shirazi, Qutb al-Din: 80

al-Sijz1: 54, 60, 67, 69-73, 75,76, 78—
81, 84

Simplicius: 80
sine quadrant: — quadrant
al-Siqillt: 151
skull-caps: 14
sphere
armillary: = armillary sphere
star catalogue: 359
star-pointer: 35, 57, 58, 64, 81, 84,
104-106, 359, 371-373
stars: 12, 26, 35, 42, 66, 80, 83, 211,
217
see also tables
Steinschneider, Moritz: 95, 106
stereographic projection: 239
al-Suft, ‘Abd al-Rahman: 153155, 159,
394
al-Suft, Ibn Abi ’1-Fath: 15, 184
sundial: 3, 6, 7, 13, 17, 40, 50, 59, 69,
88,222
definition: 114
equatorial: 20
fixed: 181-208
horizontal: 188-190, 306-311, 328,
343
inclined: 199-207, 328, 335, 337,
339-344, 347-351
on columns: 196-199, 320-323
three-dimensional: 208, 325, 331—
332
vertical: 192-196, 334, 336-339,
343, 346
horizontal: 59
portable: 115, 145-160
horizontal: 153-159, 291, 314, 315
universal: 160-165, 287-291
vertical: 145-153
see also dial, altitude sundial, tables
sundial theory: 184—186
sundials: 22, 29
Suter, Heinrich: 14
symbols: 23

T
tabl: 68
table
for constructing astrolabes: 232, 233,
294
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for constructing sundials: 233
geographical: 26
tables: 6, 7, 29, 39, 63, 90, 91, 114,
163, 214, 355
auxiliary: 22-23, 25-27, 39, 51
for constructing altitude dials: 117,
132, 137-139, 149, 151
for constructing astrolabes: 18, 29,
57, 84, 109
for constructing sundials: 13, 29,
30, 147, 150, 161, 181-183, 187—
188, 192, 202, 205, 207, 208
for the prayer times: 59, 173-174,
177
for timekeeping: 13, 18, 22, 25-28,
53,59
geographical: 10, 11
of ascensions: 57,79, 211
of fixed stars: 10, 98, 99
of formula: 23, 357
of the Cotangent: 52, 53, 64, 194
of the cotangent: 287
of the Tangent: 99
solar: 10
Taqt al-Din ibn Ma‘rif: 3
Taqt al-Din, surnamed Aba Tahir: 111
teaching of science: 6-7, 9, 39, 84
terminology
of astrolabe: 49-51
of sundial: 187
Thabit ibn Qurra: 15, 182, 199, 200
Pseudo-Thabit: 201, 207
thread: 66, 83, 84, 116, 118, 130, 132,
133, 151, 176, 208, 211, 214, 217,
218, 221, 222,224,239, 245, 246,
264, 269, 277, 286, 293, 295-
302, 305, 306, 317, 326, 332, 333,
337, 342-344
timekeeping: 4-6, 12, 21, 25, 29, 90,
105, 114, 190
universal formula for: 22, 135, 140,
147, 151, 161, 210, 211
see also tables
Tinnis: 10
al-Tizini: 86, 87, 111
Toledo: 98

triens: 88
trigonometric instruments: 209-221
see also quadrant (sine, mujannah,
shakkazr, mujannak, al-tamm), al-
Jjayb al-gh@ib, al-muthallath, al-
murabba‘a
trigonometry: 12, 219
spherical: 8, 199
Tripoli: 10
Tunis: 10, 62
al-Tis1, Nastr al-Din: 3, 80, 387
al-Tus1, Sharaf al-Din: 62
Tycho Brahe: 4

U
universality: 21-22

\'%
Van Eyck: 3
van Maelcote: 74
varnish: 84
ventilator: 222, 318
vernacular: 40, 41
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PLATE 1
P:26r — End of Ch. 1, with illustration of the plate and rete of a northern

astrolabe for latitude 36° (courtesy of the Institut fiir Geschichte der Natur-
wissenschaften, Frankfurt am Main)
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PLATE 2
D:57v — Second half of Ch. 27, with illustration of the rete of the frog astrolabe
(courtesy of the Chester Beatty Library, Dublin)
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PLATE 3
P:4v — First half of Ch. 34, with illustration of the plate of the scorpion as-
trolabe for latitude 36° (courtesy of the Institut fiir Geschichte der Naturwis-
senschaften, Frankfurt am Main)
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P:28v — Ch. 53, with illustration of the diurnal musatira for latitude 36°
(courtesy of the Institut fiir Geschichte der Naturwissenschaften, Frankfurt

am Main)
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PLATE 5
D:81r — Ch. 10, with illustration of the rete of the universal astrolabe which
pertains in fact to the second half of Ch. 9 on f. 80v; the note in the margin
warns that their respective illustrations have been inadvertently commuted
(courtesy of the Chester Beatty Library, Dublin).
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PLATE 6
D88v: — Ch. 66, with illustration of an horary quadrant with almost equidistant
hour-lines, for latitude 30° (courtesy of the Chester Beatty Library, Dublin)
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PLATE 7
D:90v — Ch. 70, with illustration of an horary quadrant with vertical straight
day-lines, for latitude 36° (courtesy of the Chester Beatty Library, Dublin)
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PLATE 8
D:93r — Ch. 75, with illustration of an horary quadrant with diagonal straight
day-lines, for latitude 36° (courtesy of the Chester Beatty Library, Dublin)
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D:96r — First half of Ch. 4, with a table complied from Najm al-Din’s huge set
of auxiliary tables of the time-arc (Jadawil al-Da’ir). This page was written
by copyist C3 (courtesy of the Chester Beatty Library, Dublin).
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PLATE 11
D:54v — Ch. 96, with illustration of a bracelet dial for latitude 36° (courtesy
of the Chester Beatty Library, Dublin)
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PLATE 12
D:77v — Second half of Ch. 61, with illustration of a universal lunule sundial
(courtesy of the Chester Beatty Library, Dublin)
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PLATE 14

D:36r — Ch. 115, with illustration of an inclined sundial (D = —45, i = 30)
displaying equal hours before sunset, for latitude 36° (courtesy of the Chester
Beatty Library, Dublin)
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PLATE 15

D:94v — Ch. 77, with illustration of various possibilities of tracing curves for

the afternoon prayer (‘asr) on a sine quadrant (courtesy of the Chester Beatty
Library, Dublin)
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PLATE 16
P:3r— Ch. 32, with illustration of the universal instrument called al-mubakkash

(courtesy of the Institut fiir Geschichte der Naturwissenschaften, Frankfurt am
Main)
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PLATE 17
P:24r — Second half of Ch. 15, with illustration of the rete of a southern kamil
astrolabe (courtesy of the Institut fiir Geschichte der Naturwissenschaften,
Frankfurt am Main)
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PLATE 18
P:14r — Second half of Ch. 4, with illustration of two versions of the quadrant
called al-sukkar al-munabbat, which bears markings for the time-arc since
rising and for the azimuth, for latitude 36°. Note that this page was drawn
upside-down in the manuscript (courtesy of the Institut fiir Geschichte der
Naturwissenschaften, Frankfurt am Main).
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