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Abstract

The present paper introduces, investigates, analyses, and comments on an
anonymous treatise in Persian named a/-Risala al-Ghazaniyya fi “I-alat al-
rasadiyya, “Ghazan’s (or Ghazanid) treatise on the observational
instruments”, which describes the structure, construction, and functions of
twelve “new” observational instruments in the medieval period that appear to
have been proposed and invented during the reign of Ghazan Khan, the
seventh Ilkhan of the Ilkhanid dynasty of Iran (21 October 1295-17 May
1304). In the sections below we consider the treatise in the light of two
issues: (1) the assumption that the primary historical sources may contain
interesting notes and claims concerning Ghazan Khan’s astronomical

* This is an enlarged version of the paper already published in Journal of American
Oriental Society: Mozaffari, S. M. and Zotti, G., “Ghazan Khan’s Astronomical
Innovations at Maragha Observatory”, JAOS, 132 (2012), pp. 395-425.
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activities and especially the new observatory that he founded in Tabriz, and
(2) the fact that at present there are hardly any sound and historically reliable
accounts of the activities of the Maragha Observatory from around 1280
onwards. It is thus essential to explore the issues that constitute the principal
historical features of the research, i.e., Ghazan, the Maragha Observatory, and
astronomical activities, and to clarify the contextual relations between them.
In what follows we present the key historical facts (derived from the primary
sources) regarding Ghazan and his connection to both astronomy and the
Maragha Observatory. Second, we describe the Maragha Observatory in the
period in question, giving further details about the observational programs
conducted there and noting the substantial differences between them. These
data cast new light on the activities of the observatory and, as we shall see
below, may challenge the established history. We then examine the treatise,
its contents, the manuscripts available, and the original approach applied to
the design and construction of the instruments. In the final section, we
examine the notes (and the possible misunderstandings as well) deduced from
the treatise as regards the instruments, their physical construction, and their
relation to Ghazan and the Maragha Observatory. The section also contains
two open discussions on the only possible archaeological evidence for the
instruments and the authorship of the treatise. The most important evidence
is, of course, provided by the instruments themselves and the new approach
applied to their design and construction, which we discuss in the second part
of the paper along with a classification of the different types of the
instruments. We describe the configuration and functions of each instrument
separately. These two sections are based on the text; a few changes in the
order and arrangement of the materials are introduced to give a fuller account
of each instrument in relation to the original text. These are followed by a
separate section containing critical comments on the instrument with regard
to either technical or historical considerations, including critical remarks such
as probable mistakes or omissions in the treatise and some suggestions for
corrections and completions, an analysis of our author’s claim concerning the
superiority of a new instrument over its precursors, the applicability of each
instrument, the comparison of a new instrument with similar historical
counterparts, and so on.
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1. Introduction

1.1. Ghazan Khan and astronomical activities

Ghazan Khan, the seventh Ilkhan of the Ilkhanid dynasty of Iran (r. 21
October 1295-17 May 1304), was described by his Iranian Vizier, Rashid al-
Din Fadl-Allah (645 H/ 1247 AD — 718 H/ 1318 AD),' as being interested
in theology, a prominent artisan (in gilding, blacksmithing, carpentry,
painting, molding, and turnery), an alchemist, an expert in medicine and
botany who invented a new antitoxin called 7iryag-i Ghazani, Ghazan’s
Antidote, and a mineralogist.” The primary historical sources’ also contain
references to his activities and skills in astronomy (especially in the field of
observational instrumentation) and about the observatory he founded in
Tabriz.*

Since the treatise studied here is directly related to Ghazan Khan (it bears
his name in the title, he is explicitly mentioned in the prologue, and we are
told that the twelve new instruments appeared during his reign, etc.), we start
by examining the historical materials connected to his astronomical activities.

The writings of Rashid al-Din contain two interesting fragments regarding
Ghazan’s astronomical interests (the Persian texts are in Appendix 1). They
belong to two different contexts. In the first it is told that Ghazan, after
returning from the first war against the Mamlik sultan of Egypt and Syria,
stayed in Maragha from 15 Ramadan until some time before 24 Shawwal

! [Rashid al-Din, History, Vol. 2, pp. 1331—41]; also see: [Sayil1 1960, p. 227].

2 Furthermore, his attempts to introduce widespread political and social reforms in Iran, which
had been devastated during seven decades of Mongol rule, establish him as a different kind of
ruler. He was baptized a Christian. In his youth he was instructed by Buddhist Mongol monks
(Bagshr in Mongolian language and Bakhshi in Persian). He converted to Islam after
ascending the throne.

? Primary sources for this period are: (1) Rashid al-Din Fadl-Allah al-Hamidani, Jamf al-
Tawarikh (The Perfect/compendium] of Histories) [1994, 2, pp. 1205ff]. Rashid al-Din was
Ghazan Khan’s vizier after 699 H/1300 AD. (2) Banakiti’s History [1969] by Fakhr al-Din
Abi Sulayman Dawiid b. T3j al-Din Abu-al-Fadl Muhammad b. Dawiid al-Banakti, Prince of
Poets at Ghazan Khan’s court. (3) Wassar’s History written by ‘Abd-Allah Wassaf al-Hadrah
Al-Nishabiiri, who dedicated his work to Ghazan on 3 March 1303 supported by two of his
viziers (the abovementioned Rashid al-Din and Sa‘d al-Din Mustawfi al-Sawuji); for one of
its editions see: [Wassaf 1967]. For other important sources see: Hamd-Allah Mustawfi’s
Tarikh-i Guzidih (written 730 H/ 1329-30 AD) [1960], Mirkhand’s Tarikh-i Rawza al-Safa
(written 1434/4-1497/8 AD) [2002], and Khandmir, Habib al-Sivar[1954].

* The data are compiled in [Say1l1 1960, pp. 224-232].
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699 H (4 June-before 13 July 1300 AD).” According to Rashid al-Din,
Ghazan arrived in Maragha on Saturday, June 4th, and
“On the next day [i.e., June 5th], he went to watch the observations; he
looked at all the operations (a‘ mal) and instruments, studied them, and asked
about their procedures, which he understood in spite of their difficulty. He
gave orders for the construction of an observatory next to his tomb in Abwab
al-Birr [in the district] of al-Sham in Tabriz’® for several operations. He
explained how to perform those operations with such clarity that local wise
men marveled at his intelligence, because such work (‘amal) had not been
done in any era. Those wise men said that constructing it [the observatory]
would be extremely difficult. He guided them, whereupon they commenced
building it and they finished it following his instructions. Those wise men
and all the engineers agreed that nobody had done such a thing before nor
had imagined doing it.”’

The second fragment is from the context in which Rashid al-Din speaks of
Ghazan’s skills and devotes a separate section to each one. In the paragraph
on astronomy, we read:

“[1] On several occasions he [= Ghazan] went to Maragha, asked for an
explanation of the instruments there, examined their configuration (kayfiyya)
carefully, and studied them. He had a general idea of them. [2] As per his
nature (Zab°), everything having to do with the siting (wad*) and the building
( “imarat) of the [Maragha?] observatory he commanded to construct [3] And,
as per his nature, he also erected a dome in order to investigate the Sun’s
motion and he spoke out with his astronomers about it. [4] All of them said
that although we never have seen such an instrument, it is reasonable /
sensible. [5] In the observatory next to Abwab al-Birr in Tabriz, a dome has

5 See: [Rashid al-Din, History, Vol. 2, p. 1296]; Banakiti [ History, p. 463] says nothing about
his order to construct the Tabriz observatory; Khandmir [ Habib al-Siyar, 3, p. 154] says that
Ghazan lingered on in Maragha until Dhu-al-hijja 699/September 1300, but according to
Rashid al-Din, the king left Maragha for an Imperial council (Kurultai) on Tuesday 24
Shawwal/13 July in Ujan.

®A rural area south of Tabriz where Ghazan built a gigantic dodecahedral tomb and 12 social
and scholarly institutes (including the observatory) around it during 16 Dhu-al-hijja 696—702
H (=5 Oct 1297-1302/03 AD). See: [Rashid al-Din, History, Vol. 2, pp. 1377-84]; [Wassaf,
History, pp. 229-231]; [Sayil1 1960, p. 226]. Ghazan himself draws the plan of this complex
[Rashid al-Din, History, 2: 1376].

" [Rashid al-Din, History, Vol. 2, p. 1296].
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been constructed that contains these things (“ma ‘anf’ lit. purports), as can be
seen.”

In the first quote it is reported that Ghazan ordered unprecedented
“operations” after visiting the Maragha Observatory and seeing the
astronomical procedures performed there at the time. The new “operations” or
“work” must have involved the new observatory that Ghazan commissioned
in Tabriz (1300 AD). We do not know exactly what these operations were, or
whether or not they were related to Ghazan’s hemispherical instrument for
solar observations, or how they differed from those carried out by his recent
predecessors, especially the scholars who set up the Maragha observatory and
worked in it for four decades before his visit. (In general, nothing is known
about the activities of the Tabriz observatory and their results.) Even though
the fragment is subject to the panegyric praise of a vizier for his sultan, two
facts nonetheless emerge from it: first, the proposal to conduct new
astronomical operations is attributed to Ghazan (though no details are given);
second, the Maragha observatory was active and alive at that time, and a
number of astronomers and engineers were working there.” It is also
understood that the operations carried out there were so extensive that an
interested ruler was forced to devote a good deal of time to watching and/or
learning them.

In the second quote, a tentative familiarity with the Persian language is
enough to verify that the word “Observatory” in the second sentence, i.e., [2],
refers back to “Maragha” in the first sentence, i.e., [1]. In addition, when, in

8 [Rashid al-Din, History, Vol. 2, p. 1340]; cf. [Sayil1 1960, p. 228].

? One referee speculates that at that time the Ilkhanid astronomical activities were centered in
Tabriz. Although, as we shall see below, a certain Shams al-BukharT (probably, Shams al-Din
Muhammad al-Wabkanawt al-Bukhari) worked in Tabriz for a while in the 1290s (about him,
see below), no observatory or the astronomical institute had yet been established in Tabriz.
(The Tabriz Observatory, as the first quote above indicates, was founded in 1300 AD.) Shams
al-Bukhari performed some observations individually (the 1293—6 eclipses) or invited some
foreign scholars (like Gregory Chioniades) to teach astronomy. After Ghazan ascended the
throne, by an imperial order (yar/ig), he instructed Wabkanawi, the most important
astronomer of this period, who was officially an astrologer and connected to Ilkhan’s court, to
compile a new zij. There is a table of parallax for the latitude of Tabriz (¢ = 38°) in
Wabkanawi’s zij, but the other tables of the zij are based entirely on the latitude of Maragha
(p=137;20°). Some observations mentioned in the zij(e.g., the lunar observation in 1272 AD
and the observation of the triple conjunction of Saturn and Jupiter in 1304-5) show that
WabkanawT was in Maragha before and after his presumably temporary settlement in Tabriz.
In any case, it suffices to say that the data available do not allow us to conclude that
astronomical activities during the period of Ghazan’s reign were essentially centered in
Tabriz.
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sentence [5] Rashid al-Din wants to speak of the new observatory of Ghazan
in Tabriz, he refers to it with the complete name as “the observatory next to
Abwab al-Birr in Tabriz”. (In other words, if one assumes that the word
“observatory” in the sentence [2] alludes to the “Tabriz Observatory” in the
fifth sentence, then it is not clear why in the fifth sentence, Rashid al-Din
needed to mention the complete name of the Tabriz Observatory and indicate
its location. In this quote, all that is said about the Tabriz Observatory is the
construction of a dome (a hemispherical instrument) for the solar
observations (sentences [3]-[5]). Now, based on our opinion that the word
“observatory” in the second sentence refers to Maragha in the first sentence,
on the strength of a straightforward reading of the full passage the phrase
“everything having to do with the siting and the building of the [Maragha]
observatory he commanded to construct” becomes significant; it refers
generally to the “materials” of the Maragha Observatory, which may include
the new buildings and architectural structures, renovating the old ones that
had been built some 40 years before and their superstructures, the
instruments, and so on.

Therefore, as seen above, the primary historical sources establish a clear
relationship between Ghazan, the Maragha Observatory, and astronomical
activities. From a historical perspective, there is no reason to doubt that
Ghazan paid attention to astronomical activities and, although he had founded
a new observatory in his capital, he certainly did not neglect the Maragha
Observatory. However, what the “operations” were or what Ghazan
constructed in the observatory is unclear. As we shall see below (Section 3),
Ghazan’s or the Ghazanid treatise substantiates the historical claim to a large
extent, by establishing a clear link between Ghazan and observational
instruments.

1.2. The Maragha observatory and a new perspective on its periods of
activity

The Maragha observatory was built in 1259 by Hiilegii (d. 1265), the founder

of the Tlkhanid dynasty of Iran; during its fifty-eight years of operation, it

represented the acme of Islamic astronomy. It appears that some observations

in Maragha had begun before the construction of the observatory: In his

treatise on the astrolabe (f7 kayftiyyat tastih al-basit al-kuri), Ibn al-Salah al-

Hamadhani (d. 1153 AD) said that, in Maragha, he had found the magnitude
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of 23;35° for the Total Declination (a/-mayl al-kullf; i.e., the obliquity of the
ecliptic)."

Two zijes were written during the first two decades of the observatory: al-
Tust’s Zij-i ilkhant in Persian and Muhy1 al-Din al-Maghribt’s Adwar al-
‘anwarin Arabic. Al-Tast completed the /lkhani Zijaround 1270. We assume
at present that it was the result of the observational program carried out by the
main staff of the observatory in the 1270s (see below for further details). Al-
Maghrib1 completed his zij in Rajab 675 H (= December 1276 / January
1277)."" 1t can be shown to have been based on the extensive observations
carried out by Muhyi al-Din himself. He later wrote Talkhis al-majisti'* in
which he described the observations with the numerical data obtained from
them and explained the procedures through which he recalculated Ptolemy’s
planetary parameters (e.g., eccentricity, the longitude of the apogee, the rate

10'See: [Lorch 2000, p. 401]. MS. Tehran, Majlis [Parliament] Library, No. 6412, fol. 62r: wa
huwa “ald ma wajadnahu bi-’I-rasad bi-Maragha 23 juz’an wa 35 daqgiga. Nevertheless, in
some later copies of it (e.g., Tehran, Majlis Library, No. 602, pp. 33—52, written originally by
Qadi-zadah al-Rimi in Rajab 892 (= July 1487), and MS. Tehran, Majlis Library, No. 6329,
pp. 24-35), the second part (maqala) of the treatise is the “Projection of the Astrolabe” ( 7astih
al-asturlab) of Muhyt al-Din al-Maghribi (d. 1283 AD), where that author stated his own
figure for the magnitude for the total declination, 23;30° (... bi-gadr al-mayl al-a‘zam, huwa
23;30 ‘ala ma wajadnahu bi-al-rasad ... ; Edited text in the thesis of one of the authors:
[Mozaffari 2007] (MS degree in History of Astronomy in Medieval Islam; Unpublished). In
the later periods, there were few references to the ‘new’ value of Ibn Salah and his
observations: e.g., in his Zij-1 Ashrafi, Al-Kamali (see: [Kennedy 1956, no. 4]) wrote:
“For observers, the amount of the extreme declination (ghayat al-mayl) [i.e., the
total declination] is, according to the Indians: 24;0°; Hipparchus and Ptolemy:
23;51°; Islamic astronomers: 23;35° some modern scholars (muhaddithin?):
23;33°; and the most learned of the ancients and of [their] successors, Nasir al-
Milla wa-’1-Din [Al-Tasi], and the most learned of this era, MuhyT al-Din al-
Maghribt: 23;30°.” [al-Kamali, fol. 39r]
' A copy of it [Mashhad, No. 332] in the author’s handwriting has survived, which bears the
date Dhii al-qa°da 674 H (= April / May 1276) in the end of canons [fol. 55v] and the date
Rajab 675 H (= December 1276 / January 1277) in the end of tables [fol. 124v].
"2 In the prologue of his last zij, Adwar al-anwar, Muhyi al-Din says that he wrote the zjj
after completing a (now lost) treatise named Manazil al-"ajram al-°ulwiyya (“Mansions of the
upper bodies™). Talkhis al-majisti has been dedicated to Sadr al-Din Aba al-Hasan °Ali b.
Muhammad b. Muhammad b. al-Hasan al-Tusi [ 7alkhis, fol. 2r], a son of Nasir al-Din al-
Tast, who was appointed director of the observatory on the death of his father [Sayili 1960, p.
205]. So it seems that 7alkhis was written after the completion of the Adwar al-anwar and
probably after the author’s return to Maragha from Baghdad (see n. 14, below). The contents
were presented and two parts of it were studied in [Saliba 1983, 1985, and 1986].
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of mean motion, and so on) and derived new values for some of them."
According to the 7alkhis, the period of observations on which Muhyt al-Din
based his parameters was from 8 March 1262 (Lunar Eclipse) to 12 August
1274 (Jupiter).

Thus, the two observational programs proceeded more or less
simultaneously. However, Muhyt al-Din survived al-Tis1 by nearly a decade,
though there is no evidence that he performed other observations in this
period (1274-1283), a part of which he had, of course, spent away from the
observatory." The two observations were also conducted independently:
none of MuhyT al-Din’s new values for the parameters (except the obliquity
of the ecliptic: 23;30°, derived from the observations performed on the three
successive days after the two dates 12 June and 7 December of the year
1264"), have been used in the [lkhani Zij.

A good time after the two zijes appeared, the third was probably written in
Maragha (see below): al-Zij al-muhaqqgaq al-sultani by Shams al-Din
Muhammad al-Khwaja Shams al-Munajjim al-Wabkanaw1 al-Bukhari,
completed between 1316 and 1324.'° He states that he had written the zijon
receiving a royal order (yar/ig) from Ghazan Khan and dedicated it to Sultan
Abu Sa“id Bahadur (the ninth Ilkhan of the Ilkhanid dynasty, r. 1316—
1335 AD) “as an inheritance (bi tarig-i “irth) from his fathers”." He praised
Sultan Uljaytuw (the eighth Ilkhan of that dynasty, r. 1304-1316 AD), to
whom the author had dedicated a compendium of the zij before completing
its final edition which, as Wabkanawt himself claims, pleased Uljaytuw so
much that he ordered it to be copied and to be sent to several other cities.'®
Wabkanawi also mentioned Qutluq b. Zangi (Cotelesse in European sources),

' The analysis of the lunar and planetary observations of Muhyi al-Din will appear in two
forthcoming papers by one of the authors.

14 According to Ibn al-Fuwati [vol. 5, p. 117], MuhyT al-Din deserted the observatory and
spent some days in the service of Al-Sahib Sharaf al-Din b. al-Sahib Shams al-Din in
Baghdad. The date of the migration has not been given, but he probably left after he had
finished writing the z7j, i.e., after 1276 AD.

15 Note that the solstices were on 14 June and 13 December 1264, in the Julian calendar.
161t is preserved at least in three full copies, marked with (A), (B), and (C) in the bibliography
(also, cf. [Mozaffari 2013a, pp. 241-242]). Two further partial copies of it are: (D) MS.
Tehran Univ., No. 2452, pp. 122128 (selected fragment for determination of hours) and (E)
MS. Tehran University, Theology Faculty, No. 190 D, fol. 163v—175v. [King and Samso
20017 only referred to (A).

17 [Wabkanawi, A: fol. 4r, B: 6r].

18 [Wabkanawi, A: fol. 4r, B: fol. 6r].
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Amir Ciipan,'® and Taj al-Din ‘Alishah of Guilan (d. 724 H/ 1324 AD), the
vizier of Uljaytuw and Abu Sa“id, for their support during his career. From
what the author says it appears that Abii Sa“id, Amir Ciipan, and Taj al-Din
‘Alishah were alive at the time of the dedication of the zij.

The information about Wabkanaw1’s career that can be drawn from his zij
shows that he probably worked in Maragha and Tabriz. The first observation
documented in his zij (see below) is reported to have been performed in
Maragha, which shows that he had been there since at least 1272; the tables
of the zij are based on the latitude of Maragha (37;20°); and, as we shall see
presently, he makes a number of remarks concerning the Maragha
Observatory, the zijes written there, and the observational programs. This
evidence allows us to conclude that he had connections with the Maragha
Observatory. What is more, in Wabkanaw1’s zij, besides the tables for
parallax for the Seven Climates and Maragha, there is a separate table for
Tabriz.”® We also know that WabkanawT was the astronomer royal of Ghazan
Khan and had been commissioned to prepare a new calendar, named Khanz'
This suggests that he probably spent some time in Tabriz, the Ilkhanid capital
of the day, and may have worked in the new observatory set up by Ghazan.
Also, since the preliminary version of his zij, as mentioned above, was
dedicated to Uljaytuw, it is probable that he would have worked in the
observatory that Uljaytuw founded in Sultaniyya (see below). Nevertheless,
since WabkanawT says nothing about the Tabriz or Sultaniyya observatories,
it seems that the Maragha Observatory was his main center of activity.

The period of Wabkanawt’s observations, as he himself says, extended
over 40 years. The first observation mentioned in his zij is the measurement
of the lunar altitude on 3 December 1272, which, as he explicitly mentioned,
was performed in Maragha.”* The last observation documented is that of the
triple conjunction of the two superior planets, i.e., Jupiter and Saturn, in
1305-6 (we are not told the place of the observation).” Meanwhile, he

19 Both were generals in the Mongol Army. Qutluq was killed during the Mongol invasion of
Guilan (one of the Northern provinces of Iran) in June 1307 AD. Cipan was murdered by
order of Abli Sa‘id in 1328.

20 'Wabkanawi, A: fol. 169r]. We know that a certain Shams al-BukharT was in Tabriz and
taught some mathematical astronomy to Gregory Chioniades. In the Greek writings, there are
fragments concerning the observation and the calculation of the parameters of three eclipses
(two solar, July 5, 1293 and October 28, 1296 and one lunar, May 30, 1295) in Tabriz (cf.
[Pingree 1985, pp. 348, 352, 394]). “Shams al-BukharT” may be identified with WabkanawT.
2 [Wabkanawi, A: fol. 2v; B: fol. 3v; also cf. II, 6: A: fols. 28r—30r, B: fols. 49v—54r].

22 [Wabkanawi, A: fol. 89v—90r, B: fol. 1551].

z [Wabkanawi, A: fol. 125r; B: fol. 235r].
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mentioned the observation of the annular eclipse of 30 January 1283 in
Mughan (see below, footnote 27) and that of the great conjunction of 1286
(again, the place of observation is not given).**

Based on the explanations given in the prologue of the zij, these
observations focused mainly on testing the data derived from the various zijes
at his disposal. It appears he paid considerable attention to testing the Zij-i
Ilkhani(which was regarded as the main achievement of the observatory) and
MuhyT al-Din’s Adwar against the observations.” He gives the numerical
results concerning his comparative studies. He was finally convinced that the
times of the occurrence of the astronomical phenomena such as conjunctions,
oppositions, and eclipses as well as the planetary ecliptical coordinates
calculated based on the Zij-i [lkhani never coincide with the data derived
from the observations, and added that, especially in the case of magnitudes
and the instants of the eclipses’ phases, strong disagreements and evident
differences were observed.” In contrast, Adwar al-anwar gave the results in
good agreement with the observations, which persuaded him to adopt all of
Muhyt al-Din’s new values for the Ptolemaic parameters in his zij: “we
observed all of them [= the astronomical phenomena previously mentioned]
based on the principles established in this zij and found the calculated
(mahsiab) [position and/or time] in agreement with the observed (mar’7)
[position and/or time]”.?” Although the data presented in Wabkanawi’s zjj'still
have to be checked with both the values derived from the Zij-1 llkhani and
Adwar al-anwar and the modern values, the fact that the author presented
such quantitative conclusions is significant and merits further study. He was
also highly critical of the Zij-i llkhanion the grounds that it was a mere copy
of the earlier zijes, especially as regards the fundamental planetary

u [Wabkanawi, A: fol. 3r, B: fol. 4v].

% In the case of the conjunctions of Jupiter and Saturn in 1286 and 1305/1306, as Wabkanawi
said [Wabkanawi, A: fol. 3r, B: 4v], he checked all the earlier zijes mentioned in the prologue
of his zij against observations, and the best agreement was obtained with MiuhyT al-Din’s.
26 [Wabkanawi, A: fol. 2v, B: 3v]. Concerning the conjunctions, the differences that
WabkanawT found are:

Mars and Saturn: in the period of direct motion of Mars: 6 days
in the period of retrograde motion of Mars: 8 days
Mars and Jupiter: in the period of direct motion of Mars: 5 days

27 [Wabkanaw, A: fol. 2v, B: 3v]. The most notable of the agreements observed between the
data obtained based on Muhy al-Din’s parameters and modern values is for the annular
eclipse of 30 January 1283. Wabkanawi expounds step-by-step the procedure of obtaining
this eclipse’s parameters (including the iterative process of calculating the values of the
luminaries’ parallax) in the third book (Section 14) of his zij; cf. [Mozaffari 2009; 2013a;
2013b].
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parameters. (The opinion may be supported by al-TiisT’s own assertions in the
prologue of the Z7j-7 llkhant))™ Wabkanaw stated that Muhyi al-Din’s Adwar
was based on the Rasad-i jadid-i [lkhani, “the New llkhanid Observations”
(i.e., Muhyt al-Din’s own observations) in order to distinguish it from the Z7j-
1 Ilkhani which was assumed to be obtained from the Rasad-i Ilkhani, the
“Ilkhanid Observations” (i.e. the observational plans supervised by Al-TiisI
and performed by his colleagues).” Since Wabkanawi contended that the /-
i Ilkhani was based mainly on the earlier astronomical tables, rather than on
independent observations, he referred only to MuhyT al-Din’s Adwar as the
“IIkhanid Observations.” These terms, coined to differentiate between these
observational activities in the observatory, appeared in Wabkanaw1’s work
for the first time; however, the same terms, as we shall see now, may have
been used in other works for different purposes.

The term Rasad-i jadid also appears in the works of an outstanding
contemporary of Wabkanawi, Qutb al-Din al-Shirazi, naming the
observations that led to the writing of the Zij-7 [lkhani. For instance, in Tupfa
al-shahiyya fi ’I-hay’a (“Gift to the king on astronomy”) and /lkhtiyarat-i
mugzafiari (“Selections by Muzaffar al-Din”; dedicated to Muzaffar al-Din
Bulaq Arsalan (d. 1305), a local ruler), he mentions that the solar eccentricity
for the “recent observers” (ashab al-arsad min al-muta’akhkhirin) is 2;5,51
(when the radius of the geocentric eccentric orbit = 60 units) while the
longitude of its apogee is time-based and so is different in their zjjes; but
according to the “New Observation”, Rasad-i jadid, it is 87;6,51° for the
beginning of the year 650 Yazdigird (= 5 January 1281).>' The value 2;5,51
for the solar eccentricity belongs to Ibn al-’A‘lam (the corresponding
maximum value for the equation of the centre is 2;0,10, which can be found
in the table of solar equation attributed to Ibn al-A‘lam in the Ashraff zij)>".
However, in the Zij-i Ilkhani, the maximum value of the solar equation of
center is 2;0,30 (the corresponding solar eccentricity = 2;6,10), which is the
value applied to Ibn Yiinus’ al-Zjj al-kabir al-hakimi. Note that al-Shirazi
here refers to his recentpredecessors. The value he mentions for the longitude
of solar apogee is nearly the same as the one tabulated in the Zij-1 [lkhani for

3 [al-TasT, zij, C: p. 7, T: 3r].

2 For example, [Wabkanawi, Book III, Section 3, Chapter 1: A: fol. 53r, B: fol. 96r; 111, 9, 5:
A: fol. 60r, B: fol. 108v; III, 13, 6: A: fol. 67r, B: 120v and many other places].

30 [Wabkanawi, A: fol. 3r, B: 4v].

3! [al-Shirazi, Tuhfa, fol. 38v]; [al-Shirazi, khtiyarat, fol. 50v].

32 [al-Kamali, fol. 236v].
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the year 650 Yazdigird.” Despite the value adopted for the solar equation of
center or eccentricity in the Zij-i [lkhani, this value cannot be considered to
have been borrowed from Ibn Yiinus’ z7j, simply because Ibn Yiinus gives
the value 86;10° for the longitude of the solar apogee in the year 372
Yazdigird®; since the value used for the precession rate in both zfjes is 1
degree per 70 Persian years, an approximate value of 90° will be produced for
the longitude of the solar apogee in the year 650 Y, which deviates by almost
three degrees from the value tabulated in the Z7kAani Zij.>> When mentioning
the solar apogee, al-Shirazi makes a bold difference and attributes its value to
the “New Observations”, a term that very likely means the ones performed at
the Maragha Observatory. Thus, as we saw, the term Rasad-i jadid was used
in al-Shirazr’s work to highlight the difference between the observations at
Maragha Observatory and those of his recent predecessors, Ibn al-A‘lam and
Ibn Yiinus. As mentioned earlier, Wabkanaw1 used the same term (in his first
statement), but to distinguish al-Maghrib1’s observations from the ones
conducted by the official staff of the observatory.

A more important note here is that, in spite of Wabkanaw1’s second claim
(and the general idea propounded in modern research as well)*®, the Zjj-/
llkhani is not based completely on the earlier zijes and ar least some
independent observations were made in the observatory to measure the
longitude of the solar apogee. More definite evidence of the observations
made by the main staff of the observatory is Zij-7 [lkhan’s second star table’’
which tabulates the ecliptical coordinates of eighteen stars, observed in the
observatory, accompanied by the coordinates measured by Ptolemy, Ibn al-
A<lam,”® and Ibn Yiinus. The star table is also independent of Muhy al-Din’s
observations.” Also, flkhani zij uses the value 40;18 for the radius of the

3387:6,21°.[al-Tusi, Zij, C: p. 56].

3% [Ibn Yanus, p. 120].

35 The value is also independent of MuhyT al-Din’s observations. He gives the value 88;20,47
for the longitude of the solar apogee in the year 600 Y [al-Maghribi, 7alkhis, fol. 64v] and so,
according to him, the solar apogee in the year 650 would have a longitude greater than the
value adopted in the Zij-i llkhani.

3 E.g., cf. [King 2000, p. 604].

37 [al-Tasi, Zij, C: p. 195, T: fol. 100r]. The table may be found in [Kennedy 1956, Chapter
17].

3% Note that the coordinates for the 18 stars which Zkhanr zij attributed to Ibn al-A‘lam are, in
fact, derived from the star table of the Mumtahan zij, ct. [Dalen 2004, pp. 27-28].

3% Muhy al-Din reported the measurement of the ecliptical coordinates of eight stars from
observing and measuring their meridian altitude and the time elapsed from the true noon to
their meridian transit. For some unknown reason, he did not use the armillary sphere of the
observatory; rather he used the central quadrant erected in the southern half of the
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epicycle of Mars (the radius of the deferent = 60), which was not known in
any text prior to the Z7khani zij.** A detailed numerical study is needed to
estimate what other differences may exist between the Zjj- llkhani and its
near or contemporary counterparts. Nevertheless, the points made above
make it clear that: (1) certainly some observations other than Muhyt al-Din’s
had been conducted at the Maragha Observatory, and that the results may be
found in the Zjj-i Ilkhani. (2) Wabkanawi differentiated between the
observations conducted by the main staff of the observatory and the
individual observations by MuhyT al-Din, and there is no doubt that they were
independent of each other. However, his latter claim that no observations
other than those of MuhyT al-Din had been performed in the observatory is
exaggerated and may be interpreted as indicating the inferiority of the results
of the observational activities of the main staff of the observatory in
comparison with Muhyi al-Din’s vast corpus of observations and
measurements.

Over a century later, another account of the observational programs in the
Maragha Observatory appeared in the prologue of Rukn al-Din al-Amuli’s
Zij-1 jami -1 Biisa ‘idi (written around 842 H/ 1438 AD). The text is edited in
Appendix 2, based on the two manuscripts listed in the Bibliography, one of
which, MS. T, is in the author’s handwriting. It was considered a key text for
making inferences and conclusions about the Maragha Observatory in
Sayili’s work (see below).*' Amuli states that his friends approached him
because it was necessary to compose a zij whose results were to be in
agreement with the Rasad-i [lkhani, “Tlkhanid Observations” — not with the
llkhanr zij, because al-TiisT had made some errors when he wrote it. The
errors in the /lkhani zij, as Amuli explicitly says, were well known (mashhiir)

observatory’s main building. As he noted in 7alkhis, “It is not possible for us to observe
either Vega (a Lyrae), or Capella (a Aurigae), both of which transit the circle of meridian in
its northern direction, because there is no northern quadrant [established] on the meridian line
by this auspicious, blessed observation [i.e. in the Maragha observatory]” [Muhyt al-Din,
Talkhis, fol. 114v]. The declinations of Vega and Capella were around 44° 51.5" and 38°
17.5', respectively, in those days, and so both transited Maragha’s meridian (¢=37;23,46°) in
its northern direction. It is interesting that the [/khani Zij's star table includes the ecliptical
coordinates of both Vega and Capella. A detailed study of the observations in Maragha by
one of the authors is being prepared.

4 The table for the epicyclic equation of Mars for the adjusted anomaly is symmetric with the
maximum value 42;12° in the mean distance (i.e., when the distance between the centre of the
planet’s epicycle and the centre of the Earth is equal to the radius of the deferent, which is
taken R=60); al-Tusi, Zij, C: p. 116, P: fols. 38v—39r, M: fols. 70v—71v. Also, see Al-Kashi,
Zij, 10: fols. 99r, 112r.

41" Say1l1 [1960, pp. 214-215] gives a translation of selected Sections.
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in his day. In order to explain what Rasad-i l[lkhaniis, Amuli tells a historical
anecdote: al-Tust wished that his son, Asil al-Din Hasan, should correct the
tables of the /lkhani zij with the aid of Qutb al-Din al-Shirazi. But Qutb al-
Din rejected the request and only submitted some words in the margins of the
zij. According to Amuli, the proposed corrections by al-Shirazi were:

Moon: the tabulated mean longitude +0;30°
Saturn: Centrum +0; 7
Jupiter: Centrum -1;36
Anomaly +1;21
Mars: Centrum +1;30
Venus: Centrum -1;30

The correction values, as Amuli says (see Appendix 2), should be added to
or subtracted from the accumulated values for the mean anomaly or mean
centrum extracted from the tables of the Zlkhani zij. Namely, the accumulated
values of the mean motions for a specific date extracted from the columns
and tables for the mean motion in years, months, days, and hours must be
corrected with the above values and then the ecliptical coordinates must be
computed. (However, it would be easier to add or subtract these values, once
and for all, to or from the epoch mean positions of the /lkhani zij.)

Amuli continues his anecdote by saying that after the death of al-TisT,
some of the observational astronomers (he mentioned four persons including
al-Maghribt and Najm al-Din Dabiran Qazwini) made observations during a
30-year period, with the result that in addition to the above corrections, three
arc-minutes must be subtracted from the solar Centrum so that the results
calculated (ma#hsiib) for eclipses, planetary conjunctions (giranat) and solar
conjunctions (7Atiragat) are in agreement with the observed (mar’7) data.

Rasad-i I[lkhani is again used in a historical account but to name a
different observational activity, performed after the death of al-Tusl. This,
however, is purely a fab/e that is at odds with some definite historical facts:
e.g., al-Maghrib1 lived around nineyears after al-TusT, during which time, as
we saw earlier, he was not continually present in the observatory, and in
addition there is no evidence that he made any other observations. Qazwini
also died on 4 Rabi‘ I1 675 (= 23 September 1276), i.e., only fwo years after
al-TusT’s death.

Amul?’s comment that the /lkhani zij is different from the /llkhani
observations also appears to be a misinterpretation of Wabkanawi’s
statements. Support comes from the manuscript T, which is in the author’s



59

The Observational Instruments at the Maragha Observatory after AD 1300

handwriting: it shows that the author first wrote Rasad-i jadid-i llkhanibut
had crossed out the word jadid (Figure 1) so that it does not appear in the

other manuscript used (P), which was copied in Safar 889 (

March 1484).
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The corrections attributed to al-Shirazi merit our attention. As a matter of fact
the Zij-i llkhani was updated on several occasions: the tables of planetary
mean motions in the surviving copies are from different periods.** Also, a
tentative inspection of the manuscripts shows that there are two editions of
some other tables. Referring to the manuscripts used in the present study
(mentioned in the Bibliography at the end of the paper), some variants
appear. In the tables of Mss. C and P, the equations of the luminaries are
given in steps of 0;6°, but those of the planets for each integer degree, while
in MS. T, all the tables of equations are in steps of 0;6°. MS. T bears
extensive marginal notes. At the beginning of the tables of the planetary
equations (the first equation of Saturn; T: fol. 50r), an unknown commentator
has submitted that “in the original version (dar asl), they [= the compilers of
the zij] put the tables for each one degree. Wehave expanded them in order
to be consistent with the tables for [the equations of] the luminaries. They can
also be written in the same way as they are submitted in the original version.”
(Therefore, Mss. C and P are original and MS. T is the later edition.) MS. T is
assumed to belong to the eighth or ninth centuries after Hijra (= 14™ and 15"
centuries AD). Nevertheless, there are good reasons for believing that MS. T,
or the earlier manuscript of which MS. T is a copy, belong, at least, to the
early 14™ century.” Who rearranged and modified the tables is not known.
The marginal explanations remind us of AmulT saying that al-Shirazi had
submitted some words in the margins of the zij while correcting it.
Nevertheless, whether or not they belong to al-Shirazi cannot be established
with the evidence available.

With regard to the later updates and modifications in the Zij-i llkhani,
further study is needed to establish whether, as one may expect, the
corrections given by Amuli had been applied to its tables for the mean
motions. Also, testing the coordinates obtained by adopting these corrections
may show to what extent they were either useful in improving the quantities
derived from the Zij-1 Ilkhani, or even factual. At present, it can only be said
that the source of corrections is unknown; moreover, there is no reliable

42 For example, Mss. P and C contain the original tables for the years 600—700 Yazdigird,
MS. T for 700-800 Y, and MS. B contains the tables for 861-90 Y in addition to the
original ones [Kennedy 1956, Chapter 13].

“ Below the fixed stars table [T: fol. 100r] is written “Until the year 688 Y (= 1318 AD, i.e.,
87 years since the epoch of the z7j), (the longitudes of) the fixed stars have increased by the
amount of 1;18,18°.” This is, however, not in agreement with the increment of the precession
motion derived from the precession rate y = 1°/70y adopted in the llkhani zif, error =
+0;3,44°.



The Observational Instruments at the Maragha Observatory after AD 1300 61

historical evidence to support them, and no evidence that they are al-
Shirazi’s. Note that when writing the astronomical part of his encyclopedia,
Durrat al-tj Ii qurrat al-Dibaj, dated 24 Rabi’ 1 674 H (= 17 September
1275 AD), i.e., one year after the death of al-Tiis1, he was in Shiraz. In the
following years, he spent a great deal of time either as a political envoy in
Egypt or living in Anatolia. Moreover, nowhere in his preserved treatises
does he refer to these or any similar corrections, even when he explicitly
speaks of the “New Observations.”

As mentioned earlier, Amuli was Sayili’s main source for contemplating
the activities in the Maragha Observatory in its latter period. He adds the 30-
year period of observations after al-TusT to the date of his death (1274),
arriving at 1304, and then concluded that “the work at the observatory
continued up to the year 1304.”** Based on this he continues his line of
reasoning that the life of the observatory was, at least, 45 years.* He first
rightly deduced from Wabkanaw1’s statements that “the zij of Muhy1 al-Din
al-Maghribi is more truly representative of the work done at Maragha™* but
he wrongly inferred that “al-Wabkanawl seems to contradict here his
statements previously referred to the effect that none of the astronomical
tables existing in his time was complete as none had been based upon
observations lasting for thirty years”. Wabkanaw1 does not appear to have
said this. At the beginning of the prologue to his zij, Wabkanawi mentions
the prominent zjjes written up to his day, i.e., before the establishment of the
Maragha Observatory. He briefly considers the relations between them and
the statements of certain authors regarding others, and then he mentions that
he tested these zijes against his observations. Wabkanaw1 guofesal-Fahhad’s
criticism of the works of his earlier Islamic predecessors*’, that all of them are
in error because the parameters calculated based on these works were never in
agreement with the observed data.*® Although Wabkanawi says that “[in the
case of] those great men who constructed those Tables, despite their perfect
knowledge and their copious funding, and the order of the king, they died
before completing those important affairs™*’, this is before his discussions of
the earlier zijes; secondly, a contextual consideration of the text shows that he

4 [Sayil1 1960, p. 212].

43 [Sayil1 1960, p. 213].

46 [Say1l1 1960, p. 214].

47 Al-Fahhad al-Din Abu-’l-Hasan Al b. °Abd-al-Karim Al-Fahhad of Shirwan; About him,
see: [Kennedy 1956, no. 84]; [King and Samso6 2001, p. 45]; [Pingree 1985, pp. 7-8].

48 [Wabkanawi, A: fol. 3r, B: 4v].

49 [Wabkanawi, A: fol. 2r, B: 2v].
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is referring here to the writers of the /lkhani zij because the statements are
immediately exemplified by the deviations found in the time of occurrence of
the Saturn-Jupiter conjunctions of 1286 and 1305-06 calculated based on the
Ilkhani zij vis-a-vis the observed data.

In any case, putting his interpretation of the two statements by Wabkanawl
together, Sayili is wrong to state that “we may thus attach greater credence to
the words of Rukn al-Din al-Amuli, according to whom [...] the astronomers
of the Maragha Observatory actually did complete an observation program of
thirty years after the death of Nasir al-Din al-Taist. Rukn al-Din gives some
details concerning this activity of observation” (our emphasis). As seen here,
if we pay the necessary attention to the date of death of Mihy1 al-Din and
Najm al-Din al-Qazwini, it will be obvious to what extent Amuli’s account
may be wrong, untrustworthy, and pseudo-fable. In addition, because in
relation to the history of the Maragha Observatory Wabkanaw is a primary
source while Amuli is a secondary one (the two works are separated from
each other by around a century and a half), preference should be given to
Wabkanawi, who had been present in the observatory since at least 1272, had
inside first-hand knowledge about the observatory after the death of its first
director, and was thoroughly familiar with its activities and members.
Therefore, his account should not be placed in doubt by the comments of an
astronomer who lived a long time after it.

We would also challenge some other points of Sayili’s description of the
later period of the Maragha Observatory. He asserts that “Wabkanawi also
states that Muhy1 al-Din was busy observing at Maragha after Nasir al-Din al-
Tas’s death™ (our emphasis); but this is neither deducible from
Wabkanaw1’s zjj, nor is it historically true, as shown above. Nor do we know
why Sayili says that “al-Wabkanawr [...] speaks of the Maragha Observatory
as a thing of the past”.”! We have not been able to find a statement of this in
the place to which Sayili refers to. Sayili also claims that “he [= al-
Wabkanaw] started writing his zjj during the reign of Uljaytuw” while, as
noted earlier, it is certain that he started writing it during Ghazan’s reign and
dedicated some parts of it (a preliminary draft, maybe) to Uljaytuw before the
whole zij was completed.

At the end of this section, we should mention the third Ilkhanid
observatory, of which little (if anything) has been said in the secondary
literature: the observatory that Uljaytuw established in Sultaniyya (Iran,

0 [Sayil1 1960, p. 214].
St [Sayil1 1960, p. 212].
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Zanjan). Wassaf was present in the observatory when the Ilkhan visited on
Thursday, 24 Muharram 712 (10 June 1312), and read a poem (written in the
year 710 H/1310-11 AD, as Wassaf himself says) praising the Ilkhan and his
new observatory. In that time, Asil al-Din Hasan, a son of Nasir al-Din, was
present in the congregation and explained the meaning of an astronomy-
related verse of the poem for Uljaytuw.”” Based on the above, it is
conspicuous that the observatory was built before 1310 and that it was in use.
However, like Ghazan’s observatory, nothing more can be said about it at the
present time.

As a conclusion, the historical facts presented in these previous pages lead
to these results: there were probably three observational programs at the
Maragha Observatory of different durations and with different goals and
values: first, the one presumably conducted under supervision of al-TiisT and
carried out by the main staff of the observatory; second, the one performed by
al-Maghrib1. The two were nearly simultaneous but objectively independently
of each other, and they cover around two decades of the lifetime of the
observatory, i.e. 1260-1283. We suggest here the existence of a third
program consisting of a relatively long period of observations by Wabkanawi
to test and examine the results of the two previous programs. Based on his
observational data, at least a 30-year period of observations (from the lunar
observation in 1272 to the observation of the great conjunction in 1305-6)
can be safely assumed. Although, as mentioned above, there is sufficient
evidence to show that he was at the Maragha Observatory, we do not know
whether he was continually present there; so he may also have worked in the
other Tlkhanid observatories (especially Tabriz). Nevertheless, as argued
above, the Maragha Observatory was probably the main center of his
activities. Besides, when he completed his zij around 1320 AD, he spoke in
such detail of the Maragha Observatory, its history and the nature of the
observational programs conducted there (while saying nothing about the
other contemporary observatories) that we could argue that around five
decades after the death of its first director the Maragha Observatory still
retained its position of prominence in the astronomical activities. Therefore,
since Wabkanaw1’s observational activities were, in any case, connected to
the Maragha Observatory and the observatory has a colourful presence in his
work, it is safe to consider them the third observational program of the
Maragha Observatory.

52 [Wassaf, p. 285].
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The errors and defects of the //khani zij were known soon after it was
completed. In fact they seem to have been so well known that not even the
astrological predictions made based on the flkhani zij were accepted.”
Wabkanaw1’s zij is the first text in which criticisms appear. In the following
decades the scholars and astronomers were well aware of the errors and some
(especially al-Kashi) tried to correct or remove them.

Traditionally, the activities of the Maragha Observatory have been divided
into two periods, the one marked by al-TiisT and the //khani zij and the other
by MuhyT al-Din. However, all the historical facts presented here show that
this division is anachronistic and unjustified, simply because the two
observational programs were performed simultaneously. In fact, since Muhy1
al-Din’s results were of importance to the later astronomers working in the
observatory, and since his zij was considered the great achievement of the
Maragha Observatory, the date of his death can be regarded as a watershed
and the activities can be divided into two distinct periods, before and after
Muhyl al-Din’s death. The first period is marked by the observations
conducted by the main staff of the observatory and individually by Muhy1 al-
Din, and the later period by the investigation, testing, and critical study of the
results. Of course, although the classification is conventional, it provides us
with a clearer view of the activities conducted at the Maragha Observatory in
the light of the facts mentioned above.

The second period lasted approximately twice as long as the first, but
nothing worthy of comment has previously been mentioned; Sayili’s
concluding remarks are based on Amuli’s pseudo-fable anecdote and so
remain at best a story. Wabkanaw1’s zjj appears to be the last achievement of
the observatory in the field of mathematical and observational astronomy, so
the observational reports and the comparative studies embedded in it
constitute the main characteristics of the second period. As we saw earlier, the

53 According to a historical anecdote told by Rashid al-Din Fadl-Allah, the astrological
predictions made by Asil al-Din and Sadr al-Din, the two sons of Nasir al-Din al-TusT, based
on the /lkhani zij were not acceptable to the third Ilkhan, Ahmad Tekudar (r. 1282—1284)
[Rashid al-Din, History, Vol. 2, pp. 1138-39]. In an astrological text entitled Lata ’if al-kalam
i ahkam al-a‘wam written by Sayyid Muhammad the Astrologer on 7 Rabi® I 824 H/21
March 1421 AD in Lahijan (north of Iran), the author says that the calculations based on the
Ilkhanr zij never coincide with the real observations. The clear differences in the ecliptical
latitudes and longitudes were so great that even astrological predictions based on its quantities
were mostly in error! As he says, in that era, the astronomers relied mainly on Wabkanawt’s
Zij [Siyyid Muhammad, pp. 322-324]. Cf. the already-mentioned statement by Amuli, a
younger contemporary of Siyyid Muhammad, concerning the reputation of errors in the
Tlkhani zij.
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Maragha Observatory was active and alive around 1300 (Section 1).
Nevertheless, the activities at the observatory after 1300 may have been
influenced by the two other Ilkhanid observatories established in Tabriz and
Sultaniyya, but, as we stress, Wabkanawt used the longitude of Maragha as
the basic longitude of his zij completed between 1316 and 1324, showing that
the observatory maintained its leading position around five decades after the
death of its first director. Therefore, any other evidence that may shed more
light on this period should be seriously considered. After this long, but
necessary, explanation of the nature and periods of the observational
programs in the observatory, the rest of the paper will focus on one of them.

Significantly, during this period, besides Wabkanawi, there was an
outstanding astronomical writer, Nizam al-Din al-Nishabari,”* who wrote
detailed commentaries on al-TisT’s works and the //khani zij. Wabkanawi
severely criticized and sometimes sneered at al-Nishabiirm’s gigantic
commentary on the //khani zijnamed Kasht al-haqa’iq on account of its un-
necessarily long explanations and, more importantly, because it said nothing
about the conspicuous deficiencies of the //khani zijin spite of its bombastic
wording.” Later historical sources also refer to a mathematician named
Shams al-*Ubaydi in the period of Ghazan Khan.>

In this period, Gregory Chioniades was in Tabriz, where he translated Al-
Khazini’s Zij Al-Sanjari, al-Fahhad’s Zij Al<Ala’7, and a text on the 7/m al-
hay’a’’ into Greek.”® Chioniades says that he used the oral instructions of a
person named Zauy TTovyapnc born at Bukhara on 11 June 1254, who is
probably the same Shams al-Din al-Wabkanawi (cf. above, n. 20).%’ This
obviously makes the second period highly significant as the last phase in the
transfer of the astronomical heritage and ideas from the Islamic world to
Europe.®' In his al-As’ila wa I-ajwiba (“The Questions and the Answers”),

** About him, cf. [Morrison 2007].

55 Although the objections of Wabkanawi are valid, the Kashfcontains a detailed explanation
of mathematical astronomy; cf. [Al-Nishabari].

5 [Khandmir, vol. 3, p. 191].

57 Cf. [Paschos and Sotiroudis 1998].

8 We know for sure that he spent several years between 1295-1297 AD and 1310-1314 AD
in Tabriz; cf. [Westerink 1980]. Pingree [1985, p. 22] noticed that he was in Constantinople
in 1302. Ghazan Khan received envoys of from Emperor Andronicus II (1282-1328 AD) in
September 1302, so probably Chioniades was among them.

% [Pingree 1985, pp. 16-17].

8 Cf. [Dalen 2007]; [Mercier 2007].

81 While the teaching and translating were based in Tabriz, this appears to be an unavoidable
consequence of the fact that Tabriz had become the Ilkhanid capital before the foundation of
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Rashid al-Din answered the theological questions of a “wise Frank™ (hakim-1
farang),”* who is probably Chioniades.

1.3. The Treatise

The anonymous Persian treatise investigated here is, as already mentioned,
titled Risala al-Ghazaniyya fi ’[-alat al-Rasadiyya (“Ghazan’s” or “Ghazanid
treatise on the observational instruments™).** As we shall see presently, it was
written during the reign of Ghazan and contains a full description of twelve
observational instruments which were proposed and constructed in that
period.

Three copies of this treatise are preserved in libraries in Iran: one in the
Sipahsalar Library (No. 555D, fols. 15v—49v, henceforth referred to as S),
another in the Majlis [Parliament] Library (No. 791, pp. 29-97, P) and a last
— incomplete — copy in the Malik National Library (MS. No. 3536, pp. 41—
56, henceforth M).** MSS S and P are identical; they are in the same
handwriting, and they contain the same figures, scribal errors, repetitions, and
so on (see Figure 2). They were copied by a scribe named Ra’is al-Kuttab
(“Head of the scribes”) on Thursday 23 Jumada Il 1294 H/ 5 July 1877. In
both, the date is inaccurately written as 23 Jumada II /94 (P: p. 96; S: fol.
49r); on the opening page of MS P (before page 1), the scribe explicitly
mentioned his name and the date of copy as “1294”, and set his seal below it

an observatory there. The Byzantine scholar would have traveled from Constantinople to the
Ilkhanid realm because of the activities in the Maragha Observatory.

62 [Rashid al-Din, As’ila wa-"I-Ajwiba, Vol. 1, pp. 28-50].

% One referee mentioned that the translation given is a deliberate mistake that the authors
make in order to gain a desired result. The term “Ghazaniyya’ denotes that the treatise is
related or connected to Ghazan. Of course, he is not its author, nor is the treatise dedicated to
him (see below).

8 Two other copies appear to be available in the Library of Asafiya, Hyderabad, India and in
the Egyptian National Library, Cairo, Egypt, but we have not had access to them: [Storey
1958, Vol. 2, Part 1, p. 64]; [King 1986, p. 166].

In M, the prologue of the treatise has been wrongly attributed to Al-Kashi (d. 1436)
probably due to its similarity with Al-Kash1’s “Description of Observational Instruments”
(completed in Dhu al-Qa°da 818 H / January 1416),. His two treatises are also available in the
following MSS: Risala 17 ’istikhraj jayb daraja wahida (“Treatise on calculating the Sine of
one degree”; S: fol. 1v—8v; P: pp. 1-15, M: pp. 31-39) and Sharh-i Alat-i Rasad
(“Description of the Observational Instruments”; S: fol. 9v—14v, P: pp. 17-27, M: pp. 31-39,
edited in [Kennedy 1961]. On Al-Kashi’s Z7, see: [Kennedy 1956, no. 12].
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Figure 2: (A) MS. P, pages 51-2
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Figure 2: (B) MS. S, fols. 26v—27r.
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Figure 3: The opening page of MS. P on which the name of scribe and his seal can cféarly be
seen.

In the following, the prologue and the contents of the treatise are
introduced.

Classic instruments and our author’s critical notes
Our treatise begins with the description of the five classical instruments
mentioned in Ptolemy’s Almagest.

1. al-Halga al-nuhasiyya (Two Rings, 1, 12);

2. Lubna (Quadrant, I, 12);

3. al-Halga al-nuhasiyya [sic!] (Equinoctial Ring, III, 1);

4. Dhat al-halag (Armillary Sphere, V, 1);

5. Dhat al-shu‘batayn (Parallactic Instrument, V,12).

In S and P, the name of the classic instrument no. 1 is omitted, but in M it
is called “al-halga al-nuhasiyya”. In accordance with the author’s description,
no. 3, which has been wrongly given the repeated name of no. 1 in the list,
should be referred to by its usual name halgat al-’f tidal. Although both
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instruments were mostly made of copper, only the “Two Rings” were
customarily called al-halga al-nuhasiyya (lit. “the ring of copper”).”

Our author reviews the classical instruments and in general is critical of
them.

In the case of the equinoctial ring, he repeats (S: fols. 17r—17v, M: p. 44)
the difficulty which was encountered by Ptolemy in the A/magest (111, 1),
namely that the weight of the ring causes it to divert from its true position of
angle 90° — ¢ with respect to the horizon. Al-°Urdi has mentioned this
problem, and has introduced a solution for preventing it by fixing the ring
into a larger ring erected in the meridian plane.*

In the case of the armillary sphere, to measure the longitude of any star we
must first have the coordinates of a reference star. In the A/magest (V, 1),
Ptolemy describes a method by which one considers the position of the sun
determined beforehand (from the tables based on the solar theory) as the
primary reférence, and goes on to measure the unknown coordinate of a given
star with the moon’s position as an intermediate reference.®’” Thus, the meas-
urements will be approximate, not certain, or will not derive completely from
the experiments. The sun’s position may be obtained by the armillary sphere,
of which, however, Ptolemy does not speak. To this end, the instrument is set
in its correct position (regarding the geographical latitude, the zenith [vertical
orientation], and placement of the meridian ring of the instrument in the
meridian plane). The ecliptic ring of the instrument is to be placed in such a
position that its upper limb obscures its lower limb so that the ecliptic ring’s
inner surface will be in shadow. In this case, the instrumental ecliptic will be
in the plane of the true ecliptic. Now, the sun’s position may be obtained by
placing the outer latitudinal ring in line with the sun. This method, of course,
has some practical difficulties: evidently, with this method, only an object on

% In his treatise, Al-Kashi referred to the Halgat al-ftidil as Halgat ’Iskandariyya
(“Alexandria Circle”), which is connected with Ptolemy’s famous observation (A/magest 111,
1) that our author has mentioned: “...as happened to the author of the Almagest [i.e.,
Ptolemy] in Alexandria’s “Gymnasium” or “Palaestra” zedaiotpd, al-riwaq al-maf ab al-
’Iskandariyya, the [Sun’s] light appeared in the [Equinoctial] circle two times in one
equinox.” (S: fol. 17r—17v; M: p. 44). (However, it must be noted that “Palaestra” was not a
Stoa, riwag, as our author says) Some lines previously our author speaks of al-riwag al-
murabba ‘which is identical to “Square, zezpaydv, Stoa” in Almagest[Toomer 1998, p. 133,
esp. n. 7 and p. 134]. Ptolemy, as mentioned in A/magest111, 1, had “one” equinoctial circle
in Square Stoa and some in Palaestra. The terminology of our treatise here is adopted from an
Arabic translation of the A/magest [Arabic Almagest, fols. 28r, 28v].

6 [Seemann 1929, pp. 57ff, Instrument IV].

87 [Toomer 1998, p. 219].
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the ecliptic can be used as the primary reference. But only the sun is both on
the ecliptic and so luminous that it can place the inner surface of the
instrumental ecliptic in shadow, thus determining whether or not the ecliptic
ring is exactly in its true position. (Accordingly, if we do not want to use the
sun as the reference object, then we again need a source giving us a
previously determined position of such an object.) The fact that the reference
star has to be an object on the ecliptic (and this should be solely the sun)
limits the possible uses of the instrument. Our author criticizes this point (S:
fols. 18r—18v, M: p. 45). In his view, this procedure will make the
measurements approximate (bi tagrib), not certain (bi tahqiq).”®
In the case of the parallactic instrument, he says that

With this instrument, the highest altitudes of the stars [when they are
placed] on the meridian circle that are not in excess of 30° will [only] be
known approximately; because this instrument’s third rule, by which the
chord of the [zenith] angle is found, truly does not show the chord of [this
large] angle. (S: fol. 18v., M: p. 46)

This critique is actually similar to al-°Urdi’s views of Ptolemy’s Parallactic
Rule given at the end of his treatise.”” With a Chord Rule of only 60P,
altitudes below 30° could not be measured, only estimated.”

A new approach to constructing the observational instruments

Once our author had finished his critical survey of the classic instruments, he
immediately proposed a new approach to the design and construction of the
observational instruments (S: fols. 18v—191/M: pp. 47-48). The section also
contains historical information about the instruments, i.e. when the new
approach was presented and/or the instruments were designed and
constructed:

%8 See also: [Wlodarczyk 1987, pp. 177 and 182]. In his Talkhis al-Majisti, MuhyT al-Din al-
Maghribi introduced a rather complicated method for determining the longitudes of fixed stars
involving observation of their and the Sun’s culminations, the determination of the oblique
ascension of the ascendant, and calculation of the objects’ oblique ascensions, rather than
using the armillary sphere; see: [Saliba 1983, pp. 398-399].

% [Seemann 1929, p. 107].

" However, as Ptolemy used this instrument to measure lunar altitudes in Alexandria, this
limitation did not affect him.
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Over the years [I]”' have been praying for the imperial government of the
king of the world, the Great Ilkhan, the King of Kings on Earth, the sultan
Ghazan Khan—may God perpetuate his kingdom and spread his shadow over
all the inhabitants of the world.

For a time, | thought about and searched for observational instruments by
which observations can be produced precisely and certainly without suffering
and trouble, until in the government of the world’s king [i.e., Ghazan Khan],
twelve kinds of observational instruments appeared (riy numiid) that had not
appeared with any of his antecedents and their descendants, and had not been
possible for them [to conceive]. By them [i.e., these instruments], all
observations can be exactly and certainly known with the least cost and
effort, because these instruments consist entirely of rules and straight lines.
Although they are long, constructing them fully straight and dividing them
into minutes and seconds is possible and by them those [observational]
matters can be found exactly, whereas finding them by the five classical
instruments is not possible, as we will describe.

The panegyrical introduction in the above quote obviously shows that the
description that follows, as well as the twelve new instruments whose
construction and application are explained in the treatise, date from the reign
of Ghazan and it implies that the treatise itself was also written in this period,
or, more exactly, between 1300 and 1304.

Then, our author announces two parts (gzsm) of the treatise (S: fol. 19r; M:
p. 48):

1. Description of observational instruments and their applications, and

2. Calculating the stars’ positions in ecliptical longitude and latitude.

The second part, however, is not found in the extant copies.

" Our author introduces himself as bandih-i kaminih kamal, “a pupil, having minor
perfection”, to indicate his humility, a common practice in the Islamic medieval period. One
referee assumed that the name of our author is “Kamal”. Even if we misread the above phrase
as “a minor pupil, Kamal’, the opinion cannot be verified for two reasons: first, authors did
not usually introduce themselves by only their first name, without a title or their father’s
name, even if they copied the treatise in their handwriting. In such cases the phrases of
humility were often used instead of honorific titles, but the full name was given. The
examples are numerous: e.g., in the only copy survived from Muhyt al-Din’s Talkhis al-
majisti(MS. Leiden, Or. 110), which is in the author’s handwriting, he calls himself “a/- ‘abd
al-faqir 1la Allah ...” ([fol. 1v]; see also [Saliba 1983, pp. 389-391]) and immediately
mentions his title and father’s name. Second, if the scholars or scribes of the previous
centuries connected to the treatise had read the phrase as the referee assumed, they could not
have misattributed the treatise to al-Kashi, as is clear in all three copies inspected (cf. note
64). D. A. King, Survey (cf. note 64) and A. Monzavi [2003, vol. 4, p. 2999] have also
mentioned that the treatise is anonymous.
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On the superiority of this construction over old instruments (i.e., that the
new ones are based on long straight beams and avoid the building of circular
structures) he later adds (S: fol. 23r—23v; M: pp. 54-56):

This instrument [i.e., #2] is preferable and superior to all [observational]
instruments for four reasons:

1. Each [older] instrument, which is well known and in common use, is
dedicated to an important [application]—as we said earlier—while with this
[new] instrument the determination of all quantities that can be found by
those [previous] instruments is possible.

2. The expenditure, cost, effort, and occupation of [constructing] this
instrument are less than for the preceding instruments, as a whole.

3. What was observed was not revealed with certainty and exactitude by
the [previous] instruments, because all those instruments are made up of arcs
and circles, so that if they are small, it is not possible to divide them into
minutes and seconds, and the results are approximate. If they are large, it is
not possible to make them completely circular, as they ought to be, and then
their defect (fasad) and disorder (khalal) are more than their benefit, whereas
these [new] instruments are made up of straight rules (mistara-hay-i
mustaqgim) and straight lines (khutit-1 mustagim), [so that] however long, to
construct them being straight, without disorder and trouble, is possible.

4. In those [old] instruments, the arcs are determined [directly], whereas in
these [new] instruments, the parts [functions of arcs; i.e., sin, tan, etc.] whose
corresponding arc (Hissa-yi gaws) is often smaller are determined; therefore
the arcs are determined [more] exactly and with certainty.

A simple comparison of this treatise with the treatises written before and
after this era confirms our author’s claims.”

2 To validate our author’s claim, we considered several treatises on astronomical
instrumentation before this period. From the Buwayhid period, we find only one important
instrument named a/-halqa al- adudiyyawhich al-Sufi mentioned in his Book of Fixed Stars.
The instrument was more likely a solstice ring (and probably a large version of Ptolemy’s
“Two Circles”). See [Charette 2006] for a discussion of the instruments of the early Islamic
period. Charette mentions [p. 133] that al-halqa al="adudiyya was an equinoctial ring, while
al-Sufi clearly says that he used it to measure the latitude of Shiraz, which is not the assumed
application of an equinoctial ring — it is not for measuring the celestial arcs but for finding the
instant or day when an equinox occurs. From the Seljuk Period (the scientific circle of Seljuk
Sultan Malikshah I), we have a few treatises by Al-Khazini (on Al-Khazini and his treatises,
see: [Lorch 1995, Papers XI, XIV] and [Sayili 1956]). More important than these two is
Mu ayyad al-Din al-“Urdi’s F7kayfiyyat al-arsad[Seemann 1929], from the first period of the
Maragha Observatory. Al-°Urdi described the instruments built in Maragha for al-TusT: a great
mural quadrant; armillary sphere (with some improvements over Ptolemy’s); solstitial and
equinoctial armillae; Hipparchus’s dioptra (with improvements to observe eclipsed diameters
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In all copies, the places for the names of the instruments are left blank. We
find only the names of instruments #1 and #2 in the description of the latter,
where they are called, respectively, the “Triangle Instrument” (&lat-i
muthallath) and “Perfect Instrument” (Z/at-f kamila).” Instrument #12 is
introduced with a rather long descriptive sentence.

In what follows, our author adds that, up to this time, the best
observational instrument was the “Azimuth Instrument” (a/at-i samtiyya)
invented by Abii al-°Abbas al-Lawkari, which however also suffers from the
three previously mentioned flaws).”*

of Sun or Moon); a double quadrant made of copper inside a circular wall, capable of
measuring, at the same time, azimuths and altitudes of two objects; an improved version of
Ptolemy’s parallactic instrument; an instrument to determine sine (of zenith distance) and
azimuth using a wooden bar rotating on an iron axis inside another circular wall, on which
one end of the alidade can slide, the other end sliding up a vertical central pillar; another
similar instrument to determine Sine and Versine; and a “Perfect Instrument” consisting of a
rotating parallactic rule inside a circular wall. We can see parallels between those instruments
and the ones described here, and will note them where appropriate. From the time after our
treatise, we have, e.g., from Ulugh Beg’s period, al-Kashi’s Description of Observational
Instruments (See above, n. 64) From Istanbul Observatory, e.g., Taqi al-Din Muhammad Al-
Ma‘riif’s works. The approach proposed in our treatise cannot be found in any of these
treatises.

73 Note also that al-*Urdi names one of his instruments, a rotating parallactic rule for azimuth
and altitude measurements, the perfect instrument [Seemann 1929, pp. 96—104]. He had built
this instrument for Malik Mansiir, the ruler of Hims (the ancient Emesa, now Homs), in
650 H/1252-3 AD, in presence of Mansiir’s vizier Najm al-Din al-Lubtidhi. Clearly, this is
not the same as our perfect instrument.

™ Abu al-°Abbas al-Lawkar (d. 464 H/1071-2 AD), one of the leading figures of Islamic
philosophy, was a contemporary of Khayyam (d. 515H/1121 AD). He is one of the
intermediaries of a famous chain of Islamic peripatetic philosophers: Ibn Sina — Bahmanyar —
Abi al-Abbas al-Lawkar — ... — Nagir al-Din al-Tusi. The ancient sources provide little
information about him. For example, see: [al-Bayhaghi 1994, pp. 110—111] and [al-Shahrztirt
1976, vol. 2, p. 54]. We know nothing of his role in the scientific circle of Malikshah Saljiiqt
(447 H/1055 AD—485 H/1092 AD, r. from 465H/1072AD) led by Khayyam, which is our
only source of information on the scientific/astronomical activities of the period. (On
Malikshah’s command, the task of purifying the solar (Iranian) calendar (with its origin at the
spring equinox of 1079 AD) commenced in 467 H/ 1074 AD and possibly continued until the
king’s death. In his History, Ibn al-’Athir named Khayyam’s collaborators, but did not
mention al-Lawkari. See: [Ibn al *Athir 1966, p. 98]; [Kennedy 1968, pp. 671-2]. Lawkari,
though, wrote an encyclopedia entitled Bayan al-haqq 7 diman al-sidg including an epitome
of Ptolemy’s A/magest, which must have been well known at the time since Qutb al-Din al-
Shirazi referred to it in the prologue on astronomy of his own Persian encyclopedia (Durrat
al-taj Ii qurrat al-Dibaj) dated 24 Rabi° 1674 H/17 Sep. 1275 AD in Shiraz [al-Shirazi 1944,
Vol. 2, 1]. On the other hand, an instrument only used for determining azimuths dates back to
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The Tables of the Treatise
The pages for the tables are shown in the manuscripts S and P.

1. Zill-i mustawi (Cotangent, or Umbra Recta) (S: fol. 44v);

2. Mayl-i awwal and mayl-i thani, First and Second Declination (S: fol.
45r1);

3. Zill-i m& kiis (Tangent, or Umbra Versa; S: fol. 45v);

4. Jayb, Sine (S: fol. 46r);

5. Sahm-i gaws-i nisf~i dawr, Versine for the arcs 0, ..., 180° (S: fol. 46v);

6. Matalf -i mustaqim wa ma’il, Right and Oblique Ascension of the parts
of the ecliptic for the latitude of Maragha (S: fol. 47r);

7. Hadha al-jadwal [correct: jadwal) al-samt alladhr li-hadhihi al- urud Ii-
kul khums rub® rub® da’irat a- ufuq, an uncommon table titled “The table of
azimuths of these [geographical] latitudes for each quadrant of the horizon
circle per five degrees”.

Our author says that he copied these tables from the //khani Zij, although
we have not found table no. 7. Tables 1-5 have been left empty. From the
text it can be deduced that the treatise originally contained other tables for the
equation of days and daylight hours for the equator line” and for Maragha,
which are also lacking in these copies.

1.4. Discussion and Conclusions

(A) The first quote from our author (above, Section 3) suggests that these
new instruments were indeed constructed. There is no reason to doubt his
statement that “the ... instruments appeared ...”, even though there is no
support from the material record, as in the case of al-‘Urdi’s instruments.”®
The general atmosphere regarding the treatise also reinforces the idea that it is
a “manual” for building and operating the new instruments rather than a
“proposal” for constructing them. For instance, when introducing the tables
(which can only be applied while using the instruments) our author used the
title “some tables from the [lkhani zij in order to correct (zashif) what is

the epoch of Ibn Sina, who built a model of it in Isfahan (between 415 H/ 1024 AD—-428 H/
1037 AD); see: [Wiedemann and Juynboll 1926].

75 Of course, this is an erratum, because there are always 12 hours of daylight in the equator
line and so the equation of days for the places located on it does not exist.

7 Note that neither al-‘Urdi’s instruments nor those belonging to Ghazan’s period have
survived and thus there is no support for them from the material record. We have roughly the
same evidence for both: some references scattered throughout the historical sources and a
treatise describing them.
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mentioned in this treatise so that, whenever they [the tables] are needed
[when measuring and observing by the instruments], it is not referred [i.e., it
become unnecessary to refer] to the zjjes” (S: fol. 48v). Also, suggesting
alternatives for the configuration of the instruments in order to facilitate
(asani) or to simplify (ikAtisar) fabricating them may readily be interpreted as
results from experiments due to engaging in the physical construction and to
avoid difficulties with it. Thus, until we find other evidence to disprove what
our author clearly says (the first quote in Section 3), we may safely assume
that the instruments were indeed constructed’”.

(B) Assuming this to be the case, the instruments were probably located in
the Maragha and Tabriz observatories. Let us consider the material at our
disposal to consider this possibility.

The tables of the treatise that contain the latitude-based functions (for
instance, the hours of daylight), have been extracted, as our author says, from
the Zlkhanr zij, which is based on the latitude of Maragha. This suggests that
Maragha was probably the place of the instruments, because it initially seems
unlikely that the instruments would have been installed in (or even
“proposed” for) a specific site and the auxiliary tables given for a different
location. However, it does not completely exclude the Tabriz Observatory
from being the location of the instruments; it is possible that the instruments
had been in the Tabriz Observatory but for simplicity’s sake and because of
the small difference in latitude between Maragha and Tabriz, our author
would have copied the tables from the /Zkhani zij. But we cannot be sure of
this; as we saw earlier in the case of Wabkanawt, he had a table of parallax
for the latitude of Tabriz which is probably one of the places where he
worked. Similarly, if the instruments were in fact constructed and were
installed in the Tabriz Observatory, it is only natural that the astronomers
would arrange the tables mentioned in the treatise for the latitude of Tabriz
(this would not have been a difficult task). In addition the latter possibility
conflicts with the explicit phrase “our city of observation which is Maragha”
which the author of the treatise used in association with tables (S: fol. 48v).

We saw in Section 1 that Rashid al-Din spoke only of a hemispherical
instrument for the solar observations in the Tabriz Observatory. No other
instruments or implements from the Tabriz Observatory are indicated
throughout Rashid al-Din’s Aisfory. Nor do we know whether the Tabriz

" Only for instrument #10 may we have doubts about the physical implementation. The
description lacks dimensions and instructions for its assembly.
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Observatory, an institute founded on one of the sides of Ghazan’s
dodecahedral tomb (see above, footnote 6) was large enough to hold the
observational instruments other than a hemispherical one. We have already
seen (the first quote in Section 1) that the Maragha observatory was active at
that time. Thus, the contention that the instruments were used there does not
Ipso facto present any historical difficulties. And as we shall see below,
archaeological remains from the site of the Maragha Observatory are very
similar to the foundations proposed for instrument no. 11 of Ghazan’s
treatise.

After all, since the material at our disposal does not appear sufficient to
identify either Maragha or Tabriz as the place of the instruments (supposing
they were indeed constructed), we prefer to leave the question open.
However, on the basis of the evidence available it is much more likely that
they were installed in the Maragha observatory than in Tabriz.

(C) Archaeological Evidence: In Maragha, with an average rainfall of 300—
1000 mm during spring and long periods of freezing weather (114 days), after
four decades the mainly wooden instruments of Al-‘Urdi, and especially their
fine graduations required for observations, would have been destroyed. Al-
‘Urdi (d. 1266 AD) died eight years before Al-Tasi (d. 1274 AD); obviously,
then, he could not reconstruct his own inventions, but we know that the
activities in the observatory continued for, at least, four decades after the
1270s.

In addition, there are five circular traces to the south, southeast and north
of the central building of the observatory in Maragha. These traces appear to
be the remnants of the instruments’ foundations. Al-“Urdi described only four
large instruments that required circular foundations. The fifth is a Double
Circular Trace (Figure 4a). It is strikingly similar to the foundation of the
instrument no. 11 in the treatise (Figure 4b), which described two concentric
circles of radii 2 and 3 cubits (= 133 and 199.5 cm) (cf. below, Section
2.11.3). The radii of the available circles in the trace are, however,
appreciably larger (the inner radius of the lesser circle is around 288 cm and
the outer radius of the bigger circle is around 2-288 cm). Nevertheless, the
average radii of the two circles (see Figure 4a) maintain a proportion of
roughly 3/2. Before the summer of 2011, the trace was marked only with
separate stones and so it was exposed to changes of all kinds; it was then re-
constructed, but imprecisely (as evident from Figure 4a) so it is difficult to fix
areliable measure for the radii of the circles and for the gap between the two.
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Nevertheless, Ghazan’s treatise is evidently the only document that refers to a
configuration of this kind for an instrument of the Maragha Observatory. "®

Figure 4: (a) Double Circular Trace, one of the five circular traces around the central
building of the Maragha Observatory, located to the southwest of it

8 According to one referee, the archacological excavations suggest that all the remnants of
the observatory were constructed in the same “historical period”; he therefore doubted that
these instruments were built in the Maragha observatory. Even if correct, these findings are
clearly irrelevant to the question of whether the instruments were really constructed there; the
remnants are merely the foundation of the central building of the observatory and its
peripheral architectural structures, while the installation and/or replacement of the instruments
in particular or any other change in the superstructures in general would not have modified
the foundations or the main architectural structure of the observatory in any way that might be
detected by archaeological inspection. Obviously, any changes in the instruments are
unrelated to the renovation of the buildings. In addition, when one uses the term “period” in a
historical sense, one should keep in mind that it means “a stage in the history of a culture or of
a civilization having a definable place in space and time” and may last from several centuries
(e.g., Ancient Rome: 753 BC—476 AD) to several millennia (e.g., Mesopotamia: BC 6000—
1100 BC). In our case, it clearly denotes the Ilkhanid Period, which covers the whole lifetime
of the Maragha Observatory (AD 1260-1324). Simply, everything concerning Maragha
Observatory belongs to “one historical period”. It is not clear how even archaeological
inspections can distinguish any difference in the stone foundations whose destroyed buildings
belong to the same architectural and historical period and are separated in time by only four
decades or so. It is worth emphasizing that we are dealing with instruments whose original
models have not survived. For this reason, we do not draw any conclusions from the presence
in our treatise of a documented trace corresponding to the double circular remnant (Figures
4). Since the purpose of the two circles which are clearly depicted in the figure related to
instrument 11 in the treatise (Figure 4b), and whose sizes are also given, is not clear to us at
present (see below, instrument no. 11 in Section 2.11.3), further study is needed to
demonstrate whether or not there exists a solid relation between the two, or even between the
remains and instrument #5.
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Figure 4: (b) the circles around the foundation of the instrument no. 11 as depicted in
MS. S, fol. 44r.
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(D) Authorship: Two centuries after the fall of the Buwayhids, Persian
scholars again began writing in their native language, with result that the
great majority of mathematical and astronomical treatises written after the
mid-thirteenth century are in Persian. However, the language of these
treatises is not as pure as that of their tenth-century counterparts; Arabic and
Mongolian are used liberally (although the latter is less frequent in
astronomical treatises, except in descriptions of the Chinese-Uighur calendar).
This has a corrupting influence on phraseology, and since mathematical and
astronomical treatises, whether in Arabic or Persian, also usually adopted a
simple unitary style, the combination of the two makes the identification of a
distinctive literary style very difficult. It is clear that our author is a
professional astronomer with ample knowledge of observational astronomy
and instrumentation and capable of comparing and drawing critical
conclusions. We can therefore propose al-Wabkanawi and al-Nisabiir
(though less confidently), as the most likely authors. In some respects—
particularly in terms of the type and order of explanation, the frequency of
technical terminology, the structure of sentences, and the remarkably sparse
descriptive material—our treatise is so similar to al-Wabkanaw1’s zjj that in
fact the authorial voice seems to be identical; it is less similar to al-N1sabtirt’s
treatises, with their typical excess of explanation. The style of Wabkanawt’s
zij and the Ghazanid Treatise seems to be practically indistinguishable. All
this, along with the fact that al-Wabkanaw1 was Ghazan’s astronomer-royal
and had received an order (yarligh) to complete a zijin that period, indicates
that the author was indeed Wabkanawi. Nevertheless, no further evidence is
available at present to establish this identification, or to pose an alternative for
the authorship of the Ghazanid Treatise.

(E) Ghazan and the Ghazanid Treatise: In Section 1.2 we discussed the
straightforward historical notes concerning Ghazan’s relation to observational
activities and to the Maragha Observatory. As mentioned above, new
operations in this field have been attributed to him. Although we are not told
what these operations were, or what he ordered to be constructed there, the
fact that he is associated with the construction of a hemispherical instrument
for the solar observations at Tabriz (about which, however, we know
nothing), and the involvement of engineers in the operations suggest that they
may have included instruments. Now, a treatise at our disposal describes a
new set of observational instruments inspired by a new approach and
constructed during the reign of Ghazan. We will not assess whether the
sentences in the first quote from our author (Section 1.3) may be taken to
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indicate that Ghazan was the inventor of the instruments. However, the
author’s clear insistence that the instruments appeared during his reign and
his emphasis on the fact that they were unparalleled echoes the language used
in the historical sources to describe Ghazan’s astronomical activities. This
raises the question of whether the Ghazanid treatise documents Ghazan’s
observational operations (possibly with some improvements or changes made
by his engineers or astronomers working at the observatory, in view of the
role attributed to them in the historical sources). In our view, this may be one
of the instances in which the historical sources and a treatise on a specific
topic are intimately coupled with each other to support a historical claim (i.e.,
the second quote in Section 1.1). The claim now seems to be justified, yet we
prefer to still keep the question open. Nevertheless, there is no reason now to
deny or to cast doubt on the evidently established link between the three main
elements mentioned at the beginning of the paper: that is, Ghazan,
observational activities, and the Maragha Observatory. What is obvious,
indisputable, and important is that the instruments are based on a new
approach and are also connected, in some way, to Ghazan, the period of his
reign, and the Maragha (or maybe Tabriz) Observatory.

Regardless of who invented the instruments, whether they were actually
constructed, where they were installed, what makes the research on this topic
truly significant is the fact that we have fairly complete information on the
structure, configuration, and the applications of the new twelve observational
instruments in the medieval period, with the aid of which we can perform a
critical study of the technical aspects. This study is the subject of the
following section.

2. The Instruments

The instruments are described but not named (except for instruments #1, #2
and #12), so we will refer to them by their sequence number. We describe
each instrument with subsections “configuration” and “application” closely
following the treatise, plus a “comments” section, in which we discuss
difficulties with the translation and some practical considerations found
during the creation of the virtual reconstructions made for illustrative
purposes. #12 will be presented in more detail and a full translation will be
provided.

The treatise gives numerical values for the dimensions of the instruments
and their parts. Our author, though, has not explicitly specified which of the



82 S. Mohammad Mozaffari, Georg Zotti

definitions of dhird" (cubit) used at his time he is adopting.” The definition
we used in the reconstruction is the one found in al-UrdT’s treatise, which
applies the Old Royal Iranian Cubit (dhird” al-malik or dhird al-hashimi) of
665 mm and its fractions as shown in Table 1. Frequently, however, not all
dimensions are given, and for the reconstruction, we had to estimate useful
dimensions ourselves. In addition, some numbers are obviously copying
errors and do not make sense when used as given literally. We will mention
occurrences of this kind in the comments.

Symbol Unit Arab Persian Relation Length (mm)
cb cubit dhir® gaz 24 fg 665
sh handspan shibr wajab 1/3 cb 8 fg 221.67
hd handbreadth qabda — 1/6 cb  4fg 110.83
fg finger ‘asbd angusht _1/24cb  1fg 27.71

Table 1: Units of measurement used in the treatise

Instruments #1-—+#4 are based on the concept of rigid right isosceles
triangles, or moving triangle legs with a Chord Rule to measure the chord of
the angle, crd @ = 2 sin(/2). In accordance with common practice, lengths
and angles are defined so that the base length of the triangle legs is divided
into 60 parts which are each divided into 60 “minutes”, and the hypo-
tenuse/chord of the triangle shows a graduation in the same units; so we will
write Crda@=60crde, and similarly, Sina =60sin &, etc. The
hypotenuse of the right triangle will then be of length

Crd 90° = v/2.60° =84°51'10"
Most instrument descriptions with Chord Rules mention regular graduations
up to 85”, which slightly exceeds the required length, but was obviously done
for practical purposes.

In the course of presenting the first instrument, we describe some
mathematical principles of working with these triangle-based instruments
which are then also used in later instruments.

In this treatise, the azimuth is counted from the east—west line; in the
Islamic period, there were three systems (n2azm) for the azimuth: 180° west or
east from north, 90° from the east—west line to north or south, and 90° from
the meridian to the east—west line.

General Scope of the Instruments
We can classify the instruments into seven types, as shown in Table 2. In
types A, D and E, we see that the latter instrument in each type is an

™ For the numeral values of kinds of dhird, see W. Hinz, “dhira® in EF (B. Lewis ef al.
1965).
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improved and more sophisticated version of the first. We can compare #9 and
#4 in type F in a similar way. In other words, the treatise approximately
follows an evolutionary model for describing the instruments. The
instruments of type C form a related couple, in which one instrument is better
for high elevations than the other.

An explicit distinction between al-‘Urdi’s instruments and the ones
described here is that al-“Urdi mostly had made his instruments in teak
brought from India,*® while in the latter metals play a more important role.®'

Type Functions involved Nos.
A (triangle-type instruments) A special function described in the treatise #1 & #2
Chord arm on circle #3

C (wire instruments) Sine, Chord and Tangent #5 & #6
D (square-type instruments) Tangent #7 & #8
E Sine and Versine #1& #11
F Improved Ptolemy’s Parallactic Instrument Chord #9 & #4
G Pinhole Device #12

Table 2: The types of the 12 instruments

The Instruments and similar examples from Europe
Some of the instruments bear a great similarity to instruments constructed in
Europe in the following centuries.

The most notable similarity, clearly, is between our #7 and #8 and Georg
von Peuerbach’s Quadratum Geometricum (described, e.g., in Canones
Gnomonis, MS. Vienna No. 5292, fol. 86v—93r, printed in Nuremberg,
1516)* (See Figure 15).%

Instrument #12 is a pinhole image device, and the considerations applied in
its construction are quite similar to those described at least two decades later
by Levi ben Gerson (1288—-1344 AD). As we will see in Section 2.12.3,

80 [Seemann 1929, p. 29].

8! Iron and pure tin (Arziz) were brought from Minor Asia (Wassaf, History, 229). There is
also a seventeenth- century treatise on the construction of the astrolabe stating that brass was
brought from Hashtarkhan (today, Astrakhan) in the North of Azerbaijan. [al-YazdT, fol. 13v].
82 [Hellman and Swerdlow 1974, pp. 477-8].

8 One referee assumed that instrument no. 7 is simply a quadrant (rub ), the models of which
were usually built and widely used in the medieval period, and so doubted that its similarity
with Peuerbach’s Quadratum Geometricum was significant. It should be noted that instrument
no. 7 is a square (murabba‘) not a quadrant (rub°), simply because the quadrant is the
instrument consisting of one-fourth of a circ/e while the instrument no. 7 has a square frame.
The application of the two instruments is also different: in the quadrant, the operator directly
reads the altitude off its graduated scale while in the square, the tangent of the angle is read.
As we see in Section 2.7.3, squares were not widely used for observational purposes.
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instrument #12 can be seen as a link between the ancient Dioptra and the
instruments that were used in particular as Camera Obscura.

The basic knowledge needed to create both instruments was readily
accessible to the astronomers of both cultures, so it is probable that the
instruments developed independently. However, this period saw strong
politico-cultural relations between Iran and Europe.*

2.1. Instrument #1
The applications of this instrument are: establishing the altitude and zenith
distance of a [culminating] star, determination of the obliquity of the ecliptic,
finding local latitude.

2.1.1. Configuration
The instrument (Figure 5) consists of:
Three rules (mistara) of copper, iron or wood, namely AC, AFand CF, so

that CF = +2AC = 2AF . The rule CFis divided lengthwise into two
halves by a line which is erased after construction of the instrument.

Alidade: Its length is identical to CB and its width and thickness are
slightly less than the rules ACand AF.

There is a hole (thugba) in point B (at the midpoint of the line that divides
CFinto two halves), in which the alidade is joined to the instrument by a ring
(halga), washer (fals) and axis (gutb). The alidade is bisected lengthwise like
the rule CFby a virtual line (khatt-i muntasit-i°ard). One half of its outermost
1/3 length, defined by this line, is removed.®

Two vanes of copper or brass or wood are placed as in an astrolabe, with
two holes (sights). Note that the vanes are perpendicular on the alidade’s
outer surface.

84 Cf. [Comes 2004]. On a possible connection of Peuerbach and Maragha astronomy not
concerning instruments, see: [Dobrzycki and Kremer 1996].

85In other words, 1/6 of the alidade is removed, so that the centerline now forms a fiducial
edge.
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Figure 5: Instrument #1: (top) Mathematical principle. — (bottom) Instrument reconstruction.

Both legs ACand AFare bisected in the middle of their lengths so that the
upper and lower parts are used in order to measure zenith distance z or
altitude A of a given star respectively (z= 0° in A and 45° in the midway of
ACAF, and A= 0°in (JF and 45° in midway of AC/AF).

In addition, the legs are divided lengthwise into three bands, on which
there are several types of graduations of the rules [counted from both ends]:

The outer band is divided into 1/12-parts of the length BC (in total, eight
parts in each half of the rule, plus some excess).

The middle band is divided into 1/60-parts of the length BC . (= 45°

according to our author; the exact magnitude is Sin45° =42P25'35", see
below.)

The inner band is divided into the minutes of aforementioned parts,
namely each part of the middle band is divided into 60 parts. In total, we have
2x (42x 60 + 25) = 2x 2545 divisions on the inner band.

Finally, the instrument is fixed into a wooden framework and is placed on
a wall parallel to the meridian line.
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2.1.2. Application
The problem that this instrument is used to solve is the determination of an

altitude 4 (or zenith distance 2) from a value x =CD, where BC =60. Our
author describes several methods which are, in modern formula language:

Method 1
In the triangle CDE we have:

SinZDCE _ Sind5°  Sin90°
DE DE CD
from which we can deduce DE , and CE= \/EZ — ﬁz . (However, it is
obvious that DE = CE .) With BC =60, BE = BC — CE,,and BD" = DE_ + BE .
The altitude of a star, h=Z/DBC is now known from

SinZDBC = £
BD

Also, #BDC =180°— (£DCB[=45°]+ «DBC). In ABCD
SinZCBD _ SinZBDC
CD BC
which gives ZBDC as well.

Method 2
If we divide the alidade into 60 parts, we can read BD directly, so that if we
know the zenith distance z = ZABD , we have in ACBD
SinZDCBJ[=45°] _ SinZBDC
BD BC
Then, Z/ADB =180°— /BDC , and therefore
ZABD =180° - (LADB + ZBAD[= 45°)).
Our author says that this method does not give accurate results, which is clear

given that BD can only be in the range 42°25', ..., 60° and changes only
slowly with the measured angle.
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Method 3
We calculate the Sine of any angle between 0, ..., 45° from the base up to

half of AC/AF (=45°)in accordance with Method 1. In this case, by reading
a distance such as CD on the rule CA, we can directly obtain the angle
h=2ZDBC by looking up in the table.

In modern formula language,

CD
J2./CD’ +BC’ — J2.CD.BC
The results of these calculations were apparently listed in the manuscript
under the title “The parts of chords of one eight (1/8) of a circle”. Our

manuscript copies leave empty space for the table, of which we have
calculated a short version (Tab. 3 (b)).

h(ﬁ) =arcsin

2.1.3. Comments
The author presents triangle-based instruments instead of other instruments
that were more common in his time, such as quadrants and armillary spheres
which are based on circular arcs as described, e.g., by al-‘Urdi, and declares
that his instruments are superior in accuracy and usability. Now, can these
claims be supported? Clearly, producing straight rules and graduating them
uniformly is much easier than producing accurate circles. On the other hand,
to use them for angle measurements, a lookup table for either chord values or
a specially derived length (Table 3(b)) was required. Another option would
have been to precompute the lengths CD for all angles and graduate the scale
in unequal units according to the measured angles, as al-*Urdi described,* but
apparently this was not done in our case.

Table 3(a) shows both the chord function (dashed) and the function cp(h)

(solid curve). Obviously, they are equal at 2= 0° and 2= 90°. Note also the
simple forward computation:

BC.sin( h)
sin(135°—h)

The chord function is a very smooth curve, giving a good correlation
between A and Crd(/). Our new function shows higher variability. Given the
steeper ascension of the solid curve in the first 13 degrees, it can be argued
that for small angles, reading a length CD on our triangular instrument allows

CD(h) =

8 [Seemann 1929, p. 85].
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a more accurate determination of these angles. For angles of 13°, ..., 70°, a
chord instrument appears to be more accurate. The graduation step width, for
a “minute” graduation of 60'/p, where BC =60°, results in an angular step
width of 40.5" at A= 0, and 1’ 21" at 45°. For the chord function, the step
width per “minute” of graduation is 57" at 0°, and 1’ 21" at 90°. The
instrument graduation is counted from both outer edges towards /= z=45°,
so the more accurate regions are around 2=0, ..., 13°and z=0, ..., 13°or A
= 77, ..., 90°. However, these differences are small, and for practical
considerations, accurate partition of the scales, the absolute size of the
instruments, and issues of flexion of the long rules involved were almost
certainly more important than these differences in the curves.

2.2. Instrument #2
The second instrument adds the capability of measuring altitude in a
(presumably) preselected azimuth to instrument #1.

2.2.1. Configuration
A. Base of the instrument

Iron Shaft: A round cylindrical shaft (migyas, scale) of iron with
dimensions 3 fg (diameter) x 1 cb (height) is placed into a cavity with
dimensions 3 fg (diameter) x 1/2 cb (height) and is strengthened here by tin
and lead. It is clear that half of the shaft rises up from the ground.

Diagonal Rules: Two intersecting long rules called diagonal rules
(mistarah-i qutr), with dimensions 15 cb (length) x 4 fg (width) x 2 fg
(thickness) if made from copper, or 15 cb (length) % 4 fg (width) x 1/4 cb
(thickness) if made from teak wood, perpendicular to each other in their mid-
lengths, where there is a hole 3 fg in diameter so that the iron shaft passes
through it. If copper rules are used, two other wooden rules with the same
length and width, but 4 fg thick, are affixed on the copper diagonal rules by
nails (mismar). [This clearly promotes the stability of the instrument and
decreases its wear.] The diagonal rules that are placed along the meridian and
east-west lines are kept immobile by stones and plaster.

Side Rules: Four other rules, called Side Rules (mistarah-i dif), with
dimensions 102 cb (length) x 4 fg (width) x 2 fg or 1/4 ¢b (thickness) join at

the ends of the diagonal rules to make a square, in which there are four right
isosceles triangles where the half of each diagonal rules form their legs

(N75°+75° = 10% ). The height of the side rules is 1/2 cb, kept in place by
stones and plaster.
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Table 3: (a) Length of triangle segment CD vs. angle 4 (solid), and Crd(4) (dashed).

89

cD h cD h cD h
01  00° 407 59773 15 12° 07’ 10716 29 27° 26’ 21756
02 01° 22" 58710 16 13° 04° 5591 300 28° 40 30718
03 02° 05" 56746 17 14° 03’ BR74 31 29° 55 38”70
04 02° 49 56715 18 15° 04° 9701 32 31° 117 34787
05 03° 34" 5R"47 19 16° 05 38749 33 32° 28 24”10
06 04° 217 4774 20 17° 0% 21738 34 33° 45 50754
07 05° 08" 16720 21 189 127 18726 35 35° 04’ 17700
08 05° 56" 34”10 22 19° 17 28”60 36 36° 237 12740
09  06° 45° 5961 23 20° 23 51763 37 37° 427 40786
10 07° 36" 3385 24 21° 31 26737 38 39° 02 37768
11 08° 28" 1788 25 22° 40" 11753 39 40° 22' 57788
12 09° 217 12769 26 23° 50° 5”59 40 41° 43’ 36”36
13 10° 157 1917 27 25° 01" 6773 41 43° 04 27784
14 11° 107 38710 28 26° 13 12786 42 44° 25 27700

(b)

Table 3: (b) Angle values 4 for a measured value CD (for BC =60 ).
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Figure 6: (a) Virtual reconstruction of Instrument #2: (1) Iron Shaft (2) Diagonal Rules (3)
Side Rule (4) Azimuth Rule (5) Perpendicular Rule (6) Chord Rule (7) Alidade.
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Figure 6: (b) Finding the Azimuth.

Second configuration: For simplicity, our author suggests removing the
diagonal rules. In this case, instead of the round cylindrical iron shaft, a round
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wooden cylinder with 1/2 cb in diameter is first placed into a cavity. In a
second step, a round cylindrical iron shaft with 2 fg in diameter is placed in
its center (it is unclear why the diameter of the iron shaft has been changed).
It is clear that the side rules are coplanar to the top surface of the wooden
cylinder.

B. Upper Part

There are four other rules of copper or brass, named Azimuth Rule,
Perpendicular Rule, Chord Rule and the Alidade Rule; the first three make a
right isosceles triangle which is perpendicular to the horizon.

Azimuth Rule: with dimensions = 8 cb (half the diameter of the
abovementioned square, or 7.5 cb=R, + 0.5 cb) x 2.5 fg (width) x 2.5 fg
(thickness) which has a hole to place it on the round cylindrical iron shaft at
one of its ends. The distance between this hole and the joint of the azimuth
and perpendicular rules is 1/4 cb.

Perpendicular Rule: with the same length R, but narrower and thinner.

Chord Rule: with length of /2 x height of the perpendicular R or of
azimuth R, or almost 11 cb.

Alidade Rule: length and width the same as for the perpendicular rule and
1 fg thick. As we have seen in instrument #1, one third of the alidade height
in respect to the bisecting line of its width is removed [in other words, one
sixth of the alidade] to make a fiducial edge in order to improve the reading
of degrees.

2.2.2. Graduation and application

Each of the side and Chord Rules are divided like the triangle sides of
Instrument #1 (namely 2545 parts from each end to the midway of the Chord
Rule).

To determine the altitude of a celestial body, the perpendicular triangle is
moved and placed in the plane of a Great Circle passing through the zenith,
the nadir and the celestial body. Then, the alidade is moved so that the light
of the observed celestial body shines through its sights. To calculate the
celestial object’s altitude 4 or zenith distance z the methods of instrument #1
are applied (In order to understand the procedure for finding the angle of
azimuth by this instrument, see Figure 6b and compare it with Figure 5).
2.2.3. Comments
Our author gives definite sizes and dimensions for most of the rules, and
instructions regarding the materials to use for the construction. However, the
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2.5 fg wide Azimuth Rule will only fit the second configuration with its
thinner shaft. Our reconstruction (Figure 6a) presents the first configuration
with an Azimuth Rule of 4 fg in width.

We were doubtful of the usability of this huge instrument. If made of
copper, the mass of a4 fg x 2.5 fg x 8 cb bar of solid copper is about 364 kg
(with 2.5 fg width: 227 kg). The perpendicular rule (no thickness given
explicitly) of (assumed) 2fg x 2 fg x 7.5 cb adds 137 kg, and the Chord Rule

of 2fg x 2 fg x 7.5 V2 ¢b another 193 kg. An alidade of only 1 fg x 1 fg x
7.5 cb, with 1/6 of it removed at the end to provide a fiducial edge, would add
another 28 kg, but should be even heavier if the dimensions of the rules are
followed strictly. In total, this gives a moving mass of more than 700 kg (or
with the azimuth rule width of 2.5 fg: almost 600 kg)! It seems clear that this
instrument could only be used to measure the altitude of a celestial object in a
preselected azimuth, like the meridian or east-west vertical, set by several
strong assistants. For high altitudes, a ladder was clearly required to read the
scale value.

2.3. Instrument #3
This instrument can measure both azimuth and altitude. Contradicting the
straight-rule concept, it uses a graduated ring for reading azimuths.

2.3.1. Configuration

Great Circle: A copper and brass circle with an arbitrary (but as large as
possible) diameter (radius 7), 3 fg in width and 2 fg in thickness, is installed
0.5 cb [sic! see below] above the ground, and secured by stones and plaster.
Quadrant lines are drawn on the outer surface (mafhdab) of the circle along
the meridian and east—west lines. Each quadrant is divided into degrees and
minutes, namely 90 x 60 = 5400 min (Figure 7a).

Great Cylinder: In the circle’s center there is a pit of 1/4 cb in diameter,
where a round wooden cylinder (named “great cylinder”, ustuwanih-i kabir)
is placed. In the center of the upper surface of the wooden cylinder, there is a
cavity with dimensions 2 fg (diameter) X 1/4 cb (depth) for a round
cylindrical iron shaft [similar to the second configuration in instrument #2].
The upper surface of the wooden cylinder is covered by an iron plate to
reduce wear, kept in place with nails. It is clear that both the upper surfaces of
the iron plate and of the Great Circle are coplanar.
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Figure 7: (a) Virtual reconsction of Instrument #3: 1) Gret Crce 2) ret Cylinder (3)
Azimuth Rule (4) Alidade (5) Chord Rule. —

Figure 7: (b) The connectionf the Azimuth ule to the Great Cylinder and the connection of
the Alidade to the Azimuth Rule.
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I ] .
Figure 7: (c) Sharp Nail attached to the lower surface of the Azimuth Rule, indicating the
angle of azimuth.

Figure 7: (d) Alidade and its sights.
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Figure 7: (e) Chord Rule in the split of the Azimuth Rule.

Figure 7: (f) The Measurement of Altitude.

Rules:

Azimuth Rule: A rule of teak wood or copper, parallel to the horizon, with
dimensions “larger than the radius of the copper/brass ring” (length /) x 3 fg
(depth) x 3 fg (thickness), with a hole (2 fg) on the inner extremity so that the
iron shaft passes into it. It is secured here by a wedge (faras) and washer/ring
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(halgah) as in an astrolabe (Figure 7b). In the outer extremity, at a distance
approximately 0.5 cb from its outer edge, there is a pointed nail (mismar-i
muhaddadah) sliding along the outer surface of the Great Circle to count the
degrees shown in it (Figure 7c). On the Azimuth Rule, at a distance of 1 sh
from the central hole, there is a rectangular cavity where the Alidade Rule is
attached [in #2, this distance was 1/4 cb] here by a nail through the sides of
the square cavity.

Alidade Rule: It is 1 sh shorter than the Azimuth Rule. We make its inner
extremity with a lengthy protrusion to fit inside the square cavity of the
Azimuth Rule (attached by a nail) so that the alidade can freely move along
the Azimuth Rule. It is clear that the distances between the outer extremities
of both the rules from the joint place are equal. On the Alidade Rule there are
two sights (hadafa) which are placed at least 1 hd from each other (Figure
74d).

In the outer extremities of both the rules are rectangular splits for joining
the Chord Rule.

Chord Rule with length /2 times the distance between the joint place of
the Azimuth and Alidade Rules and their outer extremities, namely
V2(1-1sh)x1fy (width) x 1/2 fg (depth). It is jointed with the Alidade Rule in

the split of its outer extremity by a nail and can freely move in the plane of
the Alidade and Azimuth Rules. Its outer mobile extremity is placed at the
split of the Azimuth Rule (Figure 7e).

2.3.2. Graduations and Applications

“The Chord Rule is divided into the same parts as the Azimuth Rule.” Of
course, it is clear that the Azimuth Rule is never divided (or graduated). Our
author’s intention is to instruct that if the Azimuth Rule is divided into 60
equal parts, the length of each part will be used as a unit for graduating the
Chord Rule. As we have seen above, the length of the Chord Rule was 85/60
~ /2 times that of the distance between the outer extremities of the two other
rules from the square cavity on the Azimuth Rule.

To observe, the alidade is moved so that a star’s light is seen through both
the sights. As far as we have seen, the outer extremity of the Chord Rule
allows that it moves freely in the split of the Azimuth Rule. The distance on
the Chord Rule between the outer ends of the two other rules is Crd 4
(Figure 7f). The azimuth is read directly off from the graduated limb of the
Great Circle.
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2.3.3. Comments
Despite the original attempt to present only instruments built from straight
bars, one crucial component of this instrument is the azimuth ring.

The elevation part of this instrument is in principle a version of Ptolemy’s
parallax instrument tilted 90°. A crucial dimension, the circle diameter, is not
given, but it must be large. The Azimuth Rule is about 1/2 cb longer than the
circle radius. However, if built with the height as given in the manuscript, it
would be strictly limited to the observation of altitudes close to the zenith: for
lower altitudes, the Chord Rule will slide along the rectangular slit
downwards and will finally hit the ground (Ex.: for an assumed rule length of
2 cb and 0.5 cb height of the Great Circle, the maximum zenith angle is less
than 25°.)

If we assume a copying error or omission, namely n712(0.5) instead of duw
wa nim (2.5), and accept a height of the ring of 2.5 cb instead of 0.5 cb, we
would find a very usable instrument (Figure 7a). The height of the ring is
now only slightly less than shoulder height. However, to provide a Chord
Rule which would not collide with the ground for low altitudes, this height
(plus the Azimuth Rule thickness) must be at least equal to the chord length.
This limits the Azimuth Rule length to about 2 cb and the ring diameter to 3
cb, as shown in our reconstruction. On the usability side, reading the scale
value at the split where the Chord Rule slides along the Azimuth Rule is
straighforward and does not require a ladder. Any larger instrument would
require a higher elevation of the azimuth ring, a step for the observer, or
possibly a ditch for the Chord Rule, or would be limited to the zenith area.

The small size shown in the reconstruction suggests that the instrument
could be used by a single scholar, aided by an assistant standing outside the
ring and reading the values from the scales. Made of copper, however, the
alidade mass for 3 fg x 3 fg x (2 cb — 1 sh) would be almost 70 kg, again
requiring at least another strong assistant; using teak, the estimated mass
would be around 1/10 of this figure.

2.4. Instrument #4

2.4.1. Configuration (Figure 8a)

Meridian and East-West Rule: Two rules made of teak wood with arbitrary
(but as long as possible) length /and 4 fg wide and 1 hd thick are connected
perpendicularly in their midways. Their width bisector lines are placed along
the meridian and east-west lines. There is a hole 3 fg in diameter at their
intersection.
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Shaft: A round iron shaft 4 cb in length x 3 fg in diameter is placed in the
hole perpendicular to the horizon and is strengthened here by tin and lead.

Half-Diameter Rule and Alidade: Two equal rules of brass or copper with
dimensions 1/2 /(= A) x 2 fg (width) x 2 fg (thickness) are linked at one of
their ends (upper end) like a compass in order to be mobile. The back of one
of them has rings of a diameter slightly larger than the iron shaft which is
placed in them. This rule is called half diameter rule (nisf-1 qutr) to represent
half of the [celestial sphere’s] diameter [in the text literally “Meridian’s
diameter” (nisf al-nahar qutr)]. The other rule is the alidade with two sights
on its upper surface.

Chord Rule: At the lower end of the half diameter rule, there is a cavity
where one of the ends of a third rule is linked, namely the Chord Rule, with
an iron nail. In addition, there is a split in the lower end of the alidade for the

Chord Rule. It is clear that the Chord rule’s length is approx. V2 , or 85/60
times, greater than the half diameter rule/alidade, and it is accordingly divided
into the parts of the chord of a quadrant, or 85".

Azimuth Rules: Two rules of teak wood, equal to and graduated like the
Chord Rule, are placed on the upper surfaces of the meridian and east-west
rules, at equal distances from the instrument’s center, one of them in north-
eastern direction and the other in south-western direction, and pivoting on the
east-west rule, one on the east end and another on the west end. Therefore,
the Azimuth Rules have one fixed head and one movable head. [Note that
they can move freely, so the movable head of each can easily meet the two
ends of the meridian rule. Therefore, only one Azimuth Rule is needed to
measure the azimuth angle in each half of the horizon: one for the eastern half
and the other for the western half.]

Supportive Rules: Four rules with 1 cb in length are joined with the
meridian and east-west rules to make a square that supports the Chord Rule.
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Figure 8: (a) Virtual reconstruction of Instrument #4: (1) Meridian Rule (2) East—West Rule
(3) Iron Shaft (4) Half-Diameter Rule (5) Alidade (6) Chord Rule (7) Azimuth Rules (8)
Supportive Rules.

Figure 8: (b) Measuring azimuth (lateral view); the alidade is still shown in an elevated
position, but would usually hang down vertically. The wooden block supporting the Azimuth
Rule (with the chord rule indicating azimuth by a nail) is not documented, but is a functional
requirement.
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Figure 8: (c) Measuring the azimuth (top view).

2.4.2. Graduation and Applications

The half diameter rule is rotated and the alidade moved until the light from
the celestial object shines through the alidade’s sights. Then the Chord Rule
is placed in the split at the lower end of the alidade. Finally, the part of the
Chord Rule between these two rules is the chord of the zenith distance of that
celestial object (Figure 8a).

In the following step, (without rotating the half-diameter rule) the Chord
Rule is placed parallel to the horizon on one of the Azimuth Rules (Figure 8b,
c).

There is a mark/indicator (miqyas, lit. “scale”) in the lower surface of the
Chord Rule for counting azimuth parts engraved on the Azimuth Rule. The
height of the indicator is 3" of the 60” of the half diameter rule, so that the
Chord Rule placed parallel to the horizon is higher than the Azimuth Rule by
(3/60) x A= (3/60) x (1/2) 1.

The Azimuth Rule is moved until its free end is placed tangentially to the
nail pointing downward close to the Chord Rule’s 60-part mark. [This mark
is not necessarily exactly at the 60-part mark, but at a length equal to these 60
parts measured from the central axis.] On the Azimuth Rule, the mark shows
the chord of the celestial object’s azimuth (Figure 8c).

2.4.3. Comments

Again, the author gives the instruction to select the base length “as long as
possible” and then gives the dimensions for the thickness of the rules, from
which we must estimate usable sizes.
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Although our author says nothing about the dimensions of the Chord Rule,
its width and thickness are clearly less than the two abovementioned rules.

The Alidade Rule has to be lifted high for low altitudes. Its length can only
be estimated. The mass of a copper bar of 2 fg X 2 fg as described is about 18
kg per cubit of length. It seems obvious, from the point of view of usability,
that the alidade length cannot have been much more than 3 cb; this seems
reasonable for use by a standing observer, supported by one strong assistant.
A longer alidade would require a ladder for the observer at low altitudes, and
probably several assistants to lift it. Of course, if built from teak wood, much
longer rules could be handled.

The exact placement of the Supportive Rules is not given, but their role, as
our author clearly noted, is to act as support for the Chord Rule when it is laid
in its horizontal position, circulating in a surface parallel to the horizon, as
shown in Figure 8a; thus they would have been placed on top of the base
cross. Some support for the free end of the Azimuth Rule is also required, as
shown.

Given the potentially greater base length, this instrument can provide the
altitude and azimuth of a celestial object with higher accuracy than
instrument #3, although the computation of the azimuth will require some
effort.

2.5. Instrument #5

Although not explicitly mentioned, instruments #5 and #6 form a pair, which
can be used for different altitude ranges. The previous instruments used long
pieces (muistarah) of wood and brass or copper, but instruments #5 and #6
used a Khayt, a catgut or copper wire, for measuring.

2.5.1. Configuration (Figures 10 and 11)
Pillar: A cylindrical wall or a wall with a rectangular base, made of sun-dried
bricks, with arbitrary (but substantial) height /.

Cone: On top of'it, a cone is erected and covered by iron or copper until it
is round. Its height is one sh.

Top Ring: On top of the cone, there is a small ring of iron, whose area is
slightly smaller than that of a silver coin (diram).
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Shaft: On top of the cone, there is a shaft (migyas) [probably of iron]. The
shaft is kawkabah-shaped,®’ so the Top Ring cannot fall off the Shaft. The
Top Ring can move around the Shaft.

First Khayt: A thin but long khayt (wire) of copper or catgut (riidkish)
attached to the Top Ring.

Indian Circle: We draw an Indian circle (da’irih-i hindi) on the ground,
and we deduce the meridian line, one of the diameters of the Indian circle.
(The other diameter is of course the east-west line, but our author does not
say whether the east-west line is drawn within the Indian Circle). The
diameter of this circle is arbitrary but as large as possible.* The Indian circle
is made of stones and plaster, and it is completely circular.

The Pillar is erected whether it is in the center of the Indian circle or not.
Nevertheless, the line bisector of [the width of] the Pillar should be
perpendicular to the meridian.*

At the base of the Pillar, under the ground, there is a hidden thickness
(thakhn-i nahani) of firm wood or iron.”

Base Ring: Around the base of the Pillar there is a circular groove of 1/2 fg
(depth) x 1/2 fg (width), into which a circle of iron is fixed so that it can
freely move around the Pillar.”!

Second Khayt: A thin but long khayt attached to the Base Ring which is
called the Shadow khayt (khayt-i zill)."*

Third Khayt: Another long k#Aaytis placed on the meridian line and near
the base of the Pillar and kept in place here with a nail and a ring. This khay?
represents the meridian line.”

87 The Arabic term kawkab means star, but here apparently the Persian kawkabahis meant, a
staff with an incurved head. We can assume this form here. Originally, it was also a
representative symbol of a staff with incurved head with an iron ball hanging from it, carried
ahead of the king.

8 In our reconstruction, the circle encloses the pillar at the distance of the pillar’s height.

% This instruction is surprising, because the shaft around which the Top Ring rotates appears
to be in the central axis of the Indian Circle. Maybe our author means that with this
instrument, it is only necessary that the central Pillar is placed on the meridian line.

% Its purpose is not given, but it was probably to increase the stability of the instrument. See
comments.

! 1t is not completely clear whether the circle is attached to the pillar as shown, or in some
undescribed way to the ground (maybe to the “hidden thickness” just mentioned), where it
could also encircle a non-circular pillar. The instrument’s principle would not change if this
circle were fixed to the ground; a rectangular pillar could be used with such an arrangement.
92 zill can mean either shadow or tangent. In this case, shadow appears more appropriate (see
comments).

% This description may be misleading. See comments.
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Alidade: This is 1/4 cb long and has two vanes. On the end nearer the apex
of the Pillar, there is a hole to join it to the first &4ayt. On the back of the
alidade, corresponding to the eye sight, there is a ring through which a fourth
khaytpasses, the Alidade khayt, which has a conical plummet at its other end.

Graduated Rule: A rule made of wood: if we assume the height of the
Pillar is H, this rule can be H/2, H/3, or H/10. In the first case, it is divided
into 30 parts, in the second case, it is divided into 20 parts, and in the third
case, it is divided into six.

Figure 9: The instrument #5 as illustrated in MS. S. Note that this instrument cannot actually
be built following this schematic configuration. The fiducial triangle’s vertical edge must be
carried along the pillar wall.
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Figure 10: Instrument #5: (1) Pillar (2) Cone (3) First Khayt (4) Indian Circle (5) Second
(Shadow) Khayt (6) Third Khayt (7) Alidade (8) Steps. A fiducial triangle is formed by the
point where the First Khayt bends around the top cone, the ring on the Base Ring where
Second and Third Khayt are attached, and the alidade endpoint, where the plumb line goes
down to the ground.

Figure 11: Instrument #5. (a) Top of the pillar, showing (1) Top Ring, (2) Kawkabah-shaped
shaft, and (3) the Khaytbending at the roof corner.
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Figures 11: (b and c) Base Ring, where on a small ring the two Khay#s for measurements are
attached. The moving ring was either in the ground next to the pillar, or around its base.
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2.5.2. Applications

First method

To measure the altitude, first we hold the alidade in the right hand, we then
stretch the First KAayfwith the other hand and move away from the pillar so
that we can see a given star through the two sights. Then, we release the
plummet until it touches the ground to leave a mark. Then the distance 4
from the mark to the pillar’s foot is the umbra recta (cotangent) of the
altitude, A, of that given star. We place the Shadow Khay? (Second Khay?) on
this distance and measure it with the Graduated Rule™*.

To measure the azimuth, we stretch the Meridian Khay¢ (Third Khay?) so
that it coincides completely with the meridian line and never departs from it.”
The angle between the Shadow Khayf and the Meridian Khayt is the co-
azimuth (Az'=90°-Az)*® To measure it, we produce a line N
perpendicular to the Meridian Khayt through the place marked by the
plummet and measure it with the Graduated Rule. The result is the Sine of co-
azimuth [counted from the meridian], but based on the length 4 of the
fiducial triangle (OP in Figure 12a). Thus,

Sin(Az') = 60(ﬂ]
1,

To test the accuracy of this procedure (Figure 12a), we stretch the Shadow
Khaytto the plummet mark P, and then we assume an arbitrary point Son the
Shadow Khayt. Then we stretch the Meridian Khayf on [parallel to] the
meridian and we produce a perpendicular line from the arbitrary point [ S] to
the Meridian Khayt. Therefore, we have a triangle made of three sides: as the
first side a part m of the Meridian Khay#, as the second side the perpendicular
line n, and as the third side the part s of the Shadow Khayt. We measure the
second and third sides with the Graduated Rule [and validate:]

% This is not exact, because one has to take the correction due to the height p of the
observer’s eye into account. The correct relation must be expressed as below (see Figure 12b):
cot(h)y=h /(H-p). Our author neglects this correction here, but considers a similar one in the
measurement of azimuth (below).

% In our reconstruction, we understand this instruction to create a true meridian line for the
current azimuth setting, 7.e., attaching the Meridian Khayt from the same small ring (zirzh) on
the Base Ring where the Shadow Khayt is attached outwards parallel to the meridian line
drawn on the ground in the instrument’s centerline. The literal description in the text, where
the Meridian Khayt is directly attached to the Pillar, presents obvious problems.

% Remember that azimuths are counted from east/west in this treatise. In modern use, this
angle is the azimuth.
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. n n N
Sin(Az') = 60(—) - —=—
S s 1,
To test the altitude, if
Umbra recta of the altitude (= length along the Shadow Khayt 5)

= \/(part of Meridian Khayt M)? + (perpendic ular line N)?

then the altitude is correct.”’
Second Method

If the length of the First Khayt is equal to the height of the pillar [ L = H],
then the Shadow Khayt will be the chord line. [In this case, the plumb is not
used. ]

Ladder/Steps: At the end of this section, our author adds that we make a
ladder of stone and plaster from the base of the pillar until the altitude of a
star with any zenith distance (even for stars close to the horizon) is known by
it.”®

N

(a)

Figure 12: Using instrument #5: (a) Top View: Testing accuracy with similar triangles.

%7 Such a validation using similar triangles appears to make sense only if the original distances
are longer than the longest available measuring rule.
% According to our understanding, the instrument has a lower limit for altitude: see comments.
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H

(b)
Figure 12: (b) Side View: Angles and lengths for sines and tangents.

2.5.3. Comments

The description of this instrument is very confusing and leaves many details
open, and we had considerable trouble in developing an instrument that both
fits the description and provides correct and usable measurement results. The
sketch in the manuscript (Figure 9) shows the First KAayrattached to the top
center of the pillar, and the Second Khayt to the base of the central axis,
which is however obviously buried in the stones of the pillar, preventing a
physical implementation of this idea. No physical (or proper virtual) recon-
struction can follow this illustration, but we propose a usable, working
instrument based on an interpretation that does not contradict the textual
description except for one detail, the attachment point of the Meridian Khayr
(Figure 10).

Our pillar shown here is 10 cb high and 1 cb in diameter, though neither
dimension is explicitly given. The key idea of this instrument as we interpret
it, although not described in the treatise and even contradicting the original
sketch, appears to be that the fiducial triangle does notuse the central axis of
the pillar, but a vertical line that is formed by the point where the First Khayt
bends around the corner of the flat conic roof on top of the pillar
(Figure 11a), and the small ring (zirzh) on the Base Ring, where the Shadow
Khayt, and quite likely also the Meridian Khayt, are attached
(Figure 11(b)(c)). The roof’s tilting angle therefore also defines the minimum
altitude of observable objects. The only dimensional instruction found in the
treatise is a roof height of 1 sh, which would form the low angle shown with
our (assumed) pillar diameter of 1 cb. If the pillar is made thinner, the roof
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would be steeper. As soon as the First Khayt does not bend around the edge
of the cone but is directly stretched from the central shaft on top of the pillar
(for our dimensions, these are altitudes below about 33.7°), any
measurements would be erroneous. We cannot assume that an obviously
erroneous instrument would have been used, so the flat cone appears to be a
required component, and its diameter must be identical to the Base Ring’s
diameter.

The Meridian Khaytis described literally as being attached to a fixed point
on the pillar’s base on the meridian line. In this case it appears pointless to
have another movable kAayt, because the meridian line permanently drawn on
the ground would fulfil the same purpose. Also, the measurements and
calculation of azimuth would have to take the radius of the pillar (or, for a
rectangular pillar, the radius of the Base Ring) into account. To be usable as
simply as described, it appears likely that this khayfwas also attached to the
Base Ring on the same point as the Shadow Khayt, so that a “local coordinate
system” is cleverly carried around the pillar.

The originally assumed name (“Tangent Khay?’) of the Shadow Khaytand
description of its usage are misleading. The term zi//means both shadowand
tangent, and we understand that shadow is the better translation here,
probably given because this Khaytalways follows the pillar’s shadow on the
ground as seen from the observed object. However, a true connection with the
(co-)tangent function could also be found, if the length p of the Alidade
Khayt (plummet line) is measured (see Figure 12b), as described in Section
2.5.2.

Nor is it clear whether the alidade was fixed on the lower end of a First
Khaytoflength /; = H= 60P, or was sliding along the lower end of a Khaytof
undefined length. In the first case, the assumed solution concerning the length
of the Shadow Khayt (5 = Cos(h) =Sin(z) = / cos(h) = / sin(2)) is correct,
but it was not possible to measure objects around the zenith, where the eye of
the observer would have to be below ground. It may be significant here that
our author uses only the cotangent function. If the alidade were sliding along
the First Khayt, the abovementioned solution 4 = Cot(4) = Tan(z) = (H-
p)cot(h) = (H-p)tan(2) (cf. n. 94) after measuring p could have been applied.
Regarding the treatise, the latter solution is more acceptable.

The Base Ring is shown to run on the ground in a 1/2 fg deep groove just
adjacent to the pillar (Fig. 11b). This arrangement also allows in principle the
case of a rectangular pillar. However, in this case the ring must be fastened to
the ground, or else it can easily be pulled up and out of its described 1/2 fg
deep groove. (An iron ring of 1 cb diameter and 1/2 fg thickness weighs less
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than 2 kg.) The “hidden thickness” mentioned in the description just before
the Base Ring might also indicate a buried structure holding the Base Ring,
instead of giving additional support to the pillar. On a circular pillar, it
appears possible that the ring was mounted on the base of the pillar itself
(Fig. 11¢), so it could be securely fixed in the vertical position of the ground
plane. In any case, the conical roof’s lower circular rim must be of a diameter
identical to the Base Ring to provide a usable instrument with a vertical edge.
Regarding stairs or a ladder, it seems possible that simple stones or bricks
were used as steps up to moderate heights, but any higher device could hardly
be called practical for fast removal to another place. We show a staircase in
the meridian only, where it appears to make the most sense. Its position and
shape are governed by the need to look through the alidade and lower the
plumb onto the ground. Of course, for lower altitudes (Ze., when the First
Khayt must be lifted higher), errors caused by flexion and slack of the First
Khayt will increase. For altitudes lower than the angle of the top cone, the
instrument was however unusable as shown above; for these cases,
instrument #6, which we will now describe, was the natural complement.

2.6. Instrument #6

2.6.1. Configuration

Indian Circle: On an open field or on a wide, round and extensive ground, we
select a platform which we make firm by stones and plaster. We carefully
draw an Indian Circle, Meridian and East—West Lines.

Shaft: A relatively thin cylindrical shaft with a hemispherical head and a
length of >1 fg. There is a small ring on the head of the shaft, which can
rotate freely. We place the shaft perpendicular to the center of the Indian
Circle.

Alidade: An alidade with length >1 sh with two sights on one of its
surfaces. There is a small ring on the lower surface of the alidade in a point
opposite to the observer’s sight.

Wires: Two wires (khayf) made of copper or catgut (rizdkish), one from the
small ring on the shaft to the small ring of the alidade, and another hanging
from the small ring of the alidade onto the ground, which has a plummet on
its lower end.

Ruler: If the length of the first Khayt (from shaft to alidade) is Z, the
length of the ruleris 1/2 L or 1/3 Lor 1/10 L. We graduate it into parts so that
the whole length of the first wire is assumed to be 60 parts (namely 30, 20 or
six parts for the three instances, as in instrument #5).

Pulpit An auxiliary chair as an observing pulpit.
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Figure 13: Virtual reconstruction of Instrument #6.

2.6.2. Application

To calculate the altitude of a given star, we raise the alidade with both hands
so that we observe the star through both sights (Figure 13). At this moment,
the first wire must be stretched fully. We release the plummet until it touches
the ground. The distance from the small ring of the alidade to the plummet is
the Sine of the star’s altitude, which is measured with the ruler. If the star is
very high on the horizon, we use the pulpit.

We mark the location of the plummet on the ground. Then, we place the
first wire on the East—West Line so that it is stretched fully as a straight line.
Then, we draw a perpendicular line from the mark of the plummet on the
ground to the East—West Line. We measure it with the ruler (x, the Sine of
Azimuth in parts of the Sine of co-altitude, 7.e., zenith distance z). Therefore,
to calculate the azimuth (Az), we have:

X _ SinAz
Sinz  Sin90°

where Azis measured from East or West respectively.
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2.6.3. Comments
The instrument is remarkably simple. However, its application may be error-
prone: the alidade must be parallel to, and extend, the wire. With a small ring
where the wire is attached to the alidade, there is the danger that the user will
not align the alidade exactly with the wire, but will tilt it slightly, so the
altitude measured will be wrong. Also, long wires may stretch and cause
problems because of their slack.

Note that Al-°Urdi explicitly rejected the use of threads or ropes at least to
measure the chord length of a parallactic rule, as their length is non-constant
and depends on their tension.”’

2.7. Instrument #7

2.7.1. Configuration (Figure 14)

Square: A square made of four rules that have equal and parallel sides. On
two ends of the upper side, at the corners [between the upper rule and two
perpendicular sides], there are two circular holes.

Each side is divided into 60 parts, and each part is also divided into
minutes and seconds. [Although this is written in the text, it is clear that there
is no need for the upper side to be graduated. In the figure available in the
treatise, only two perpendicular sides have been graduated (Figure 15a).] The
divisions [of the two vertical rules] are counted from the holes.

Alidade Rule: The Alidade Rule of /2 times the length of the other rules
has a hole with the same diameter as the hole of the upper sides of the square,
placed on the end of the surface (nahayat-i sath-i) of the alidade. The alidade
has two sights on the upper side as we find in the figure in the treatise.

The alidade is installed on the square and is kept in the hole by a washer
(fals), ring (halgah) and axis (qutb) only for the time of observation,
depending on the direction, north or south, in which a given star is seen; or
we use two alidades, which can both remain installed on the square.

This instrument is installed in the plane of the meridian so that two of its
sides are parallel, and the other two sides are perpendicular to the horizon.

% [Seemann 1929, p. 107].
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Figure 14: Virtual reconstruction of Instrument #7: (1) Square (2) Alidade.

2.7.2. Applications

This instrument is used to determine the obliquity of the ecliptic from the
equator (mayl-1 kulli), the latitude of the place [of observation], and the
maximum altitude of a given star. We move the alidade in the direction of a
given star so that the star is seen through both sights. If the free end of the
alidade is placed on one of the two rules which are perpendicular on the
horizon, then the Tangent of the altitude will be obtained. And if it is placed
on the one [lower] of the two rules which are parallel to the horizon, the
Tangent of the co-altitude/Cotangent of the altitude will be obtained.

2.7.3. Comments

In this instrument, the base of divisions of the Tangent is 60 ( ‘a/z3) instead of
12 (asabr) or 6.5 (or 7) (’agdam) which were customary in the Islamic
period. As al-Birtn1 (973—-1048) says in /fiad al-maqal, Kiishiyar al-Jili used
60 parts as the base to calculate the Tangent. Al-Biizajani considered the
radius of the trigonometric circle as one.'”

This instrument is practically identical to the Quadratum Geometricum of
Georg von Peuerbach (1423-1461) (See Section 1.4). The differences in the
latter are that it was not fixed in the meridian, but mobile, and was equipped
with a device for vertical alignment similar to the one described by Ptolemy

190 [Biriini 1948, pp. pp. 42—43]; [Biriini 1976, Vol. 1, p. 99].
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for his parallactic rule (A/magest V, 12), and its graduation on the two sides
opposite its singular alidade was counted up to 1200 (Figure 15b).

Figure 15: (a) Instrument #7, early 14th ct. AD (S: fol. 36v)
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Figure 15: (b) Peuerbach’s Quadratum Geometricum, mid 15th ct. AD [Schéner 1544, fol.
62v]

Figure 15: (c) A movable model by Tycho Brahe [Brahe 1602, fol. B3|B4] [Barrettus 1666,
Proleg., p. cxvii]

Several samples of Peuerbach’s instrument survived, e.g., the ones
fabricated by Christoph Schissler in 1569, now in the Staatliche
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Kunstsammlungen Dresden. We also find a gigantic, movable model of it in
Tycho Brahe’s Observatory in Uraniborg, probably built by Hans Crol (d. 30
Nov 1591)'"" in ca. 1588 AD.'"” This was one of Tycho’s four great
instruments essential to solar observations (Figure 15¢).

We do not know whether Peuerbach knew of this instrument or whether he
made an independent re-invention. The instrument may have not been
completely new to either author: Lelgemann'® describes a reconstruction of a
Skiotherikés Gnomon (shadow frame) as an antique precursor of the
Geometric Square, for use as (terrestrial) trigonometric survey instrument.
Also, Al-Biriini used a similar instrument for terrestrial surveys.'**

2.8. Instrument #8
“This instrument provides the altitude and the azimuth of a given star with
complete accuracy and certainty. Using this instrument, all observations that
were known through the observational instruments, as well as several other
matters, are known and witnessed. This instrument is preferable to other
observational instruments for the four reasons mentioned earlier.”

— S: fols. 37v—38r (Four reasons mentioned in Part I, Section 3.)

2.8.1. Configuration (Figure 16)
First Square: A square is made of four equal rules of copper with dimensions
arbitrary in length, but “it will certainly be more correct if the length is taken
as long as possible”, x 4 fg in width x 2 fg in height. The length of each rule
is divided into two halves. Each division mark coincides with one of the four
points displaying North, South, East or West. The width of each rule is
divided into three parts. Therefore, we have three bands, where the upper
[outer] band is divided into 60 parts from any of the four points to its end.
The middle and lower [inner] bands are divided, respectively, into minutes
and seconds. Therefore, there are 120 parts on the upper band of each rule.
This square is placed in a wooden framework.

We determine the Meridian and East-West lines. We place the square
parallel to the horizon and keep it in place here by stones and plaster. The
height of the square from the ground is [1] cubit.'”

1% [Christianson 1999, pp. 170f].
192 [Thoren 1991, p. 178].

103 [ Lelgemann 2005, pp. 238-247].

1% [Birtini 1962, pp. 210-212].

105 Unfortunately, the exact value is omitted in the text; we assume that it is “one cubit”
because, in Persian and Arabic, sometimes “one” is not written.
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Iron Shaft: There is a cavity in the center of the instrument [Ze., the
intersection of the meridian line with East—West Line] with dimensions 3 fg
(diameter) % 0.5 cb (height) where a round cylindrical shaft of iron with
dimensions 3 fg (diameter) X 3 cb is fixed perpendicular to the horizon with
tin and lead.

Second Square: Another square is made of four equal rules of copper so
that the length of each side of it is half as long as the diagonal of the first
square. On the [outer] surface of one of its sides, there are 40 (chihzl) round
rings [probably a scribal error for 4, chahar] with equal separation from each
other. The diameter of each ring is slightly greater than the diameter of the
iron shaft. When the Second Square rotates, its lower side will touch the
upper surface of the First Square.

On the intersection of the side which has rings with the lower side of the
second square, there is a hole. The opposite sides are divided into 60 parts
and their minutes and seconds, as far as possible, from the corner opposite the
hole (muqabil-i zawiyih-i thugbih), namely from the outer-upper corner. [The
latter statement is dubious. As we will see in the Applications, the two
remaining sides of the second square have to be divided from the outer-lower
or inner-upper corner, respectively, to the outer-upper corner.]

Alidade Rule The Alidade Rule is /2 times as long as each side of the

second square, or [\/E x] half the length of each diagonal of the first
square.'® The alidade has two sights. On one of its ends [its inner end], there
is a hole with dimensions equal to the second square’s hole. The alidade’s
hole is at the very end of its length [namely, as with instrument #7, the hole
of the alidade is placed at the end of the surface (nahayat-i sath-i) of the

alidade].

19 /., also as long as the side of the first square.
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Figure 16: Virtual reconstruction of Instrument #8: (1) First Square (2) Iron Shaft (3) Second
square (4) Wooden Framework (5) Alidade.

2.8.2. Applications
We move the second square in the direction of a given star so that it is seen
through both of the sights. The tangent of the altitude, or the co-
altitude/zenith distance, will be seen on the graduated sides of the second
square.

The lower side of the second square will [on the first square] indicate the
tangent of the azimuth or co-azimuth.

2.8.3. Comments
Our author devotes special importance to this instrument, described at the
beginning of this section.

Whereas instrument #7 was lacking in comparison to Peuerbach’s
Quadratum Geometricum, this instrument now surpasses it for astronomical
observations, allowing the measurement also of the azimuth. This
combination is similar to instruments #1 and #2, where a pure meridian
instrument is described first, followed by a rotating extension. Using viable
dimensions, this smaller instrument is easier to handle than #2. We estimate
the upper frame with 2 cb x 2 fg x 2 fg bars, still giving about 160 kg of
moving mass for the frame with the alidade.
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2.9. Instrument #9
2.9.1. Configuration (Figure 17)
Double pillar: after determining the meridian line, we place two pieces of
teak wood parallel to each other and perpendicular to the horizon, so that the
distance between them is 4 fg, and the meridian passes between them.
Alidade: its dimensions are slightly less than 4 fg in width and 2 fg in
thickness, and its length is less than one of the two abovementioned rules.
One of its ends is linked to the double pillar by a pin (axis) which is parallel
to the horizon, so that its other end is 0.5 cb higher than the ground [probably
a scribal error or omission, see comment. 1.57] and the alidade can move
freely. There are two sights on the alidade.

Chord Rule: the rule whose length is 85/60 = V2 times as long as the
alidade’s, 2 fg wide and 1 fg thick.

On the lower end of the alidade, there is a split in which the Chord Rule is
placed. It is kept there by a pin (axis) so that it can move freely about the split
in both directions. The other end of the Chord Rule, which is in contact with
the two parallel rules at the site where the lower end of the Alidade is placed
between two pillars, is free. The Chord Rule is divided into the parts of chord
of a quadrant. The graduation begins at the joint place between the alidade
and the Chord Rule (the place of the axis). There is a small ring on the
alidade end with the halving split to which we attach a rope of catgut (Khayr
az riidkish) from which the arch of cotton-beating is made.'"’

Another pillar: with height equal to the height of the double pillar, it is
perpendicular to the meridian line so that the distance between it and the
double pillar is more than the alidade’s length. On its apex, there is a pulley
wheel (bakrah). The abovementioned rope passes through this wheel.

2.9.2. Applications
This instrument is used to determine the maximum altitude of a given star.
We pull the rope [lifting the alidade] until a given star is seen through both
sights of the alidade. The distance between the halving split end of the alidade
and the other end of the Chord Rule'® is the chord of the zenith distance (co-
altitude) of that star.

197 In Ancient Iran, a method for cotton-beating was to use a big arch with the very strong and
elastic catgut made from intestine (ridih) of sheep.

1% This description is inexact: we should draw a mark on the two parallel rules where the
lower end of the alidade swings through. At the moment of observation, we move the Chord
Rule right below this mark, and then the distance between the head of the alidade and this
mark will be the chord of the zenith distance of the star.
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) 2009 Creneg Zond
Figure 17: Instrument #9. (1) Double Pillar (2) Alidade (3) Chord Rule (4) Single Pillar (5)
Pulley. The form of the ladder is not documented.

2.9.3. Comments

This is obviously another variant of Ptolemy’s parallax instrument (A/magest
V, 12). The interesting differences are the full-length Chord Rule and the
pulley (both already described by al-“Urdi, who mounted it to an arm
extending from a wall) and the mounting of the Chord Rule on the alidade.
The latter however makes it necessary to raise the point where the loose end

of the chord goes through the double pillar: for a Chord Rule of length V2 of
the base length, the chord will point 1/4 of the base length below this contact
point at zenith distance z=41.41°, and may collide with the ground if it is not
high enough'”. We choose 5 cb as base length, as this size is identical to the
similar instrument described by al-“Urdi, which, however, has the chord
attached to the base of the double pillar. Literally the text says “the lower end
of the alidade is 1/2 cb above ground”, which would allow no more than 2 cb
base length. If the instrument had been built with this length, we no longer

19 In an instrument of base length 1, when measuring zenith angle z the chord rule of length
V2 extends below the contact point by y =sin %(\/E —crd z) - The maximum extent is where

4sin 2,(v2 - 2sin 2) =0, thus z = 2arcsin @ = 41.41°, where this amount is y = 1/4.
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need the pulley wheel machinery intended to aid in the lifting. In his treatise
Description of the Observational Instruments, Al-Kashi clearly states that the
base length /should not be less than 2.5 cb.'"” In the Almagest, | > 4cb is
given.""" Assuming another scribal error, and a true elevation of 1.5 cb, we
can solve the problem; otherwise a trench of almost 1 cb depth for the Chord
Rule must be assumed just south of the double pillar, although there is no
mention of this in the text. So, the double pillar may have been as high as 7
cb, base length 5 cb, and must have had the chord contact point at a height of
1.5 cb.

2.10. Instrument #10

2.10.1. Configuration (Figure 18a)

Sine and Versine Rules: Two rules of copper with parallel surfaces of equal
lengths, but one is slightly wider and thicker.

At one of the ends of the larger rule, there is a hole with dimensions equal
to the width and thickness of the smaller rule, so that the latter is
perpendicular to the larger one, which can move along the length of the
smaller one. The upper end of the larger rule is connected with the head [end]
of the smaller rule that is further from the hole, made of catgut (zih), so that it
[the catgut] is always above the smaller rule’s surface, and the larger movable
rule will not come out from its hole.

The movable larger rule is the Sine Rule, and the stationary rule is the
Versine Rule, or arrow (sahm; Ver a.= 60 — Cos o).

Alidade Rule: A third rule, the Alidade Rule, has dimensions (width and
thickness) equal to the Versine Rule. One of its ends is linked to one of the
ends of the Versine Rule like a pair of compasses. These rules have equal
length."'” The sights on the alidade must be attached on the side, as our author
says, on the “outer surface” (Sath-i Kharij), of the alidade, or else the Sine
Rule will block the target sight.

10 Al-Kashi, Sharh, S: fol. 9v; M: p. 31; T: fols. 115v—116v: fol. 115v; [Kennedy 1961, p.
99].

" Toomer 1998, p. 244]; [Arabic Almagest, fol. 71v]. However, 1 Greek cb has the value of
463.2 mm.

"2 Their conceptual lengths are the same. Of course, the physical construction requires that
the Versine Rule is slightly longer in order to traverse the Sine Rule.
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Figure 18: (a) Virtual reconstruction of Instrument #10: (1) Sine Rle ) Versine Rule (3)
Alidade (4) Catgut.
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Figure 18: (b) Application.

2.10.2. Graduation and Application
The Sine and Versine Rules are divided into 60 parts, and each part is divided
into minutes and seconds.'"” The origin of the graduation in the Sine Rule is

'3 “Minutes and seconds” can again only mean a division into meaningful smaller units.
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the hole, and in the Versine Rule it is the end that is related [ 7 e., closer when
the Versine Rule is pulled almost out] to the hole. This instrument is installed
in the meridian plane so that the Sine Rule is perpendicular to the horizon and
the Versine Rule is parallel to it.

We move the alidade until a given star is seen through both its sights, then
the Sine Rule is brought onto the alidade until they touch (Figure 18b). The
distance on the Sine Rule from the alidade to the hole of the Sine Rule is the
Sine of the star’s altitude. The distance from the catgut join on the end of the
Versine Rule, which is linked to the Sine Rule, is the Sine of the co-altitude
(or the Cosine of the altitude) of the star. [It is clear that the remaining
distance on the Versine Rule, i.e. the part that protrudes through the hole, is
the Versine of altitude (Ver A= 60 — Cos A).]

2.10.3. Comments

No dimensions of the rules are presented in the text. From the description of
instrument #11 we also estimate a length for the rule of 3 cb, so that the
“minute” divisions are about 0.55 mm apart. Based on this length and the
dimensions for the rules found earlier in this text, an alidade and a Versine
Rule of 1 fg x 1 fg x 3 cb weigh about 14 kg each, the Sine Rule, with an
estimated 1.5 fg x 1.5 fg x 3 cb, would weigh about 31 kg.

The author does not state how the instrument is installed, and just instructs
that it be placed on the “meridian’s surface” (Sath-i Nist al-Nahar). It should
be noted that this is stated only in the case of Instruments # 1 and #7, both of
which are installed, above the ground, on a wall. So it would be reasonable to
assume that the instrument was likewise installed higher than the horizon,
e.g.,on awall. Around 1.5 cb seems to be a usable height. Given the sliding
Sine Rule and the purpose of the catgut to prevent the Sine Rule from falling
off the Versine rule, the only fixed point can be the end of the Versine Rule
where the alidade is attached. This solution (Figure 18b), however, would
face mechanical and deformation problems; a support for the other end would
be required, which would render the catgut unnecessary to prevent the Sine
Rule from leaving the saAm.

Possibly, however, this description just presents the basic thoughts for the
next instrument, and was never actually built.
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2.11. Instrument #11

2.11.1. Configuration (Figure 19)

Meridian and East—West Rules: These are two rules of teak wood or copper.
We draw a line on the surfaces of them bisecting their widths. These rules
intersect each other so that the two abovementioned lines are perpendicular to
each other. We place them on the meridian and east—west lines so that the
lines bisecting their widths coincide with them. We keep these structures in
place by means of stones and sariy (a plaster of lime, ashes, and sand).

Shaft of Iron: At the intersection of these rules we make a cavity in the
ground, 2 fg in diameter and 1 sh in depth. A very round iron shaft is kept in
place here, perpendicular to the horizon, by lead and tin.

Supportive Rules: Four parallelepiped rules of teak wood with a length of
1 cb are attached to these two rules so that they provide a square which
supports the instrument.

Versine Rule: A very round copper rule, 2.5 fg thick, with a round hole on
one of its ends equal to the diameter of the iron shaft linked to it by aring and
washer. The distance from its central hole (#hugbih-i qutb) to its outer end is
equal to the distance from the central hole of the two abovementioned rules to
their outer ends.

Sine Rule: A parallelepiped rule of copper of the same length as the
Versine Rule, 2 fg wide and 0.5 fg thick.

Pipe: There is a pipe (anbibih) perpendicular to the lower end of the Sine
Rule, 3 fg in length and thickness (diameter) equal to the thickness of the
Versine Rule. We place the Versine Rule inside the pipe so that it can move
along the Versine Rule, which is then perpendicular to the Sine Rule.

Alidade: A parallelepiped rule of copper of the same length as one of the
Sine and Versine Rules (its dimensions are probably similar to the Versine
Rule, as in Instrument #10), is linked to the outer end of the Versine Rule like
a pair of compasses. There are two sights on it. [In the figure in the treatise
(Fig. 4b), there are several sights.]
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Figure 19: Virtual reconstruction of Instrument #11. (1) Meridian Rule (2) East-West Rule (3)
Iron Shaft (4) Supportive Rules (5) Versine Rule (6) Sine Rule (7) Alidade (8) Pipe. To
measure the altitude, the Sine Rule was shifted to touch the alidade (cf. Figures 18a and 18b).

2.11.2. Graduations and Applications
On the Versine and Sine Rules there are three bands: one graduated into 60
parts, and two are divided into minutes and seconds [ Ze., smaller parts].

To determine the altitude, we target a given star through the alidade’s
sights, and then we slide the Sine Rule [along the Versine Rule, and in
vertical position] onto the alidade until they touch (Figure 19) and the
bisector lines of the widths of the Sine and Versine Rules are perpendicular to
each other (see Figure 18b).

To determine the azimuth, we hold the Versine Rule in its current place
[Ze., the place of observation] and rotate the Sine Rule around the Versine
Rule so that their width bisector lines are [still] perpendicular to each other
and the Sine Rule touches the East—West Rule (Figure 20a). We slide the
Sine Rule onto the outer end of the East—West Rule (Figure 20b). At this
point,

VW =SinA Sine of the Azimuth of the observed object, jayb-i samt-i
irtifd

OV =Sin(90°— A) Cosine of the Azimuth of the observed object, jayb-i
samt-I tamam-i irtifa‘
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2.11.3. Comments

In the treatise, three separate figures are devoted to this instrument, more than
for any other: S: fols. 41v., 42r., and 44r (top), which show, respectively, the
upper part, the foundation and the general shape of the instrument.

With this construction, objects close to the horizon cannot be observed,
because the pipe will collide with the central axis, and thus the alidade cannot
be moved lower than about 15 degrees when it should still touch the Sine
Rule. The observation of objects very close to the zenith may also be
impossible due to a collision between the pipe and the Sine Rule with the
alidade joint.

The original drawing (S: fol. 44r above, Figure 4b) shows three concentric
circles labeled as having semi-diameters of 1.6 cb, 2 cb and 3 cb (Figures
20a, and 20b), and with the largest one having the same radius as the rule
lengths, from which we assume this length of 3 cb for Versine, Sine and
Alidade Rules. The mass of a copper alidade of 1 fg x 1 fg X 3 cb is about
14 kg, which also seems reasonable.

The purpose of these circles is not documented. The circle of 1.6 cb radius
would indicate an altitude angle of 7= 62° 11’, or a culminating declination
of o= 9° 31, while the circle with 2 cb radius indicates 2= 70° 31', or a
culminating declination of 0= 17° 52, equivalent to ecliptic longitudes of
N24°/ h6° or E20°/8 10° respectively; however, the purpose of these dates
is unclear.

The description on the reading of the azimuth probably hides a clever
detail of construction, and would only be fully correct if the Sine Rule were
labelled from the axis of the Versine Rule. However, on the physical
instrument, the scale on the Sine Rule starts on top of the Versine Rule, to be
used with the alidade. With the dimensions described, this distance is 1.25 fg
=34.64 mm. On a 3 cb instrument, one unit on the Sine scale (1/60) is 33.25
mm. To read the azimuth, the unit count read on the outer end of the East-
West Rule had to be reduced by 62.5', or roughly 1°, to find the correct result.
If the Versine Rule was only 2.4fg in diameter, this offset would have been
exactly 1°.
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()
Figure 20: Instrument #11: To determine the azimuth, the Sine Rule was laid on the ground
(a) and shifted to the end of the East-West Rule (b).

2.12. Instrument #12

The description of this instrument in our MSS appears to be somewhat
misplaced in the text. It is placed after the date of copy (S, fol. 49r.—49v.),
and seems to be an appendix to the treatise. Nevertheless, two figures, one
apparently intended to illustrate the description and the other depicting the
base of it, were drawn five folios earlier (fol. 44r) below the last sketch of
instrument #11 (Fig. 4b), thus dispelling the doubt that it might not be one of
our treatise’s instruments. Strangely, the figure rather seems to depict al-
‘Urd’s dioptra for eclipse observation. But our author speaks of 12
instruments, and this number will only be completed if we count this
instrument.
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Figure 21: Virtual reconstruction of Instrument #12: (1) Great Pinnula (2) Small Pinnula (3)
Rule (4) Base/Support: the support construction is shown following al-“Urdi’s description of
the dioptra.

2.12.1. Configuration:
2.12.1.1. Upper Part [Figure at S: fol. 44r, middle]:

The exact translation of our author’s name given to the upper part of
Instrument #12 is as follows:

“The rule with which by the image of the ray (“aks-i shu”&) the radial
magnitude of the eclipsed sun is found.'"*

“From a straight and rigid piece of wood, we make a rule like the
astrolabe’s alidade. There are pinnulae (/ubnih) at both of its ends. One of
them is 4 fg wide, and the other one is 2 fg wider [total: 6 fg]. On the center
of the greater pinnula, there is an exactly round hole (thugbah).

"4 The use of this long qualitative description instead of a specific term such as Dioptra may
be due to the fact that the term Jidzzpd had apparently not been translated or entered into
Arabic. In the initial sentences of A/magest, V, 14 in which Ptolemy says: “We too
constructed the kind of dioptra which Hipparchus described, which uses a four-cubit rod”
[Toomer 1998, p. 251-2] [Heiberg 1899, p. 417]. Ishag-Thabit’s Arabic translation reads:
“We too constructed the Migyas which Hipparchus made, with a four-cubit rod/rule, Mistara.”
[Arabic Almagest, fol. 74r] In Arabic and Persian, Migyas (“scale”, “measuring tool”) is a
general term without a specialized usage; for example, as we have seen up to now, in
Ghazan’s treatise, it would have been applied to name different things. (To mention just
Instrument #4, both the Central Iron Shaft and the Chord Rule’s Nail Pointer are called
“Miqyas’.) Therefore, it seems that the Islamic medieval astronomers, following the linguistic
style of the Arabic A/magest, appealed to qualitative practical descriptions such as “the rule
by which ...” to name the Dioptra-shaped instruments.
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Around the center of the smaller sight, which is aligned with the center of
the greater sight, we draw a circle whose radius is equal to the apparent radius
of the sun.”

2.12.1.2. Base of the Instrument:

According to the figure illustrating the base of the instrument (S: 44r, bottom;
Fig. 4b), it consists of (1) a cross-shaped base, Sa/ib, in the middle of which
(2) a central axis has been erected. (3) Twelve “supportive” wires in the
figure, all called Da‘ama, hold and support the central axis, three on each side
connecting the ends of each branch of the cross-shaped base with three
different heights of the central axis. The supporting wires seem to provide a
strong base for the instrument, but the figure is very sketchy and there is no
textual description with details of the construction. (For Figure 21 a base
adopted from Al-‘Urd1’s description of the support of his own dioptra has
been used.)

2.12.2. Graduations and Application
The exact translation of our author’s statements concerning the application of
Instrument #12 is as follows:

“To draw this circle, two days before the eclipse, we place this instrument
facing the sun so that the size of [the circle of] the sunlight coming through
the hole of the great pinnula and shining on the small pinnula is revealed.
Then, the circle around the center of the smaller sight is drawn with the
dimensions of the illuminated circle.

Then we divide this circle’s diameter into 12 equal parts, revealing the
digits of the diameter [of the eclipsed sun] ( ‘asabf -i qutr).

Then the circle’s circumference is divided into 12 parts, revealing the
digits of the area [of the eclipsed sun] ( ’asabf -1 jirm).

We draw semidiameter lines from the center of the circle onto the parts of
the circle’s circumference.''> We draw circles on the digits of the diameter, by
which the digits of the area [of the eclipsed sun] are made clear. [Note that
after drawing the circles only the corresponding arcs will remain on the circle
presenting the solar disk on the small pinnula.] If we need high accuracy, we

!5 The text does not say whether this partition should be regular. The dotted radial lines in
Figure 22 show the necessary angles for both systems of counting the magnitude of the
eclipse.
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will divide the digits of the diameter and the ones of the circumference into
minutes.

On the day of the eclipse, we place the sights in line with the sun and wait
for the appearance of a slight shadow, like a fly’s wing. This time is the
beginning of the eclipse. Using the astrolabe or shisha-i s at (lit. “time-
glass”; water- or sand-clock?),''® we determine the time of start and end of
the eclipse. We wait while the shadow is increasing and until it grows no
further and begins to decrease. By the darkness of the circle of the diameter of
the sun, the digits of the diameter and of the area are revealed. By the times
given by clepsydra or determined by the altitude of the sun, the times of the
beginning and the end of the eclipse are found. When the darkness vanishes
from the light circle, this is the time of complete luminosity [end of eclipse].”

2.12.3. Comments

This instrument is apparently intended to replace the antique dioptra. An early
dioptra seems already to have been described by Archimedes (3rd c¢. B.C.) in
his Sandreckoner.""’ Ptolemy used a dioptra originally described by
Hipparchus, four cubits long.'"® This dioptra has a fixed pinnula (the lower
pinnula), on which there is a hole for sighting, and a movable one (outer
pinnula), which is placed in front of the sun. The solar/lunar angular diameter
is calculated based on the movable pinnula’s width and the distance between
the two pinnulas.

The application of the classical dioptra was to determine the apparent
angular diameter of the sun and the moon. Like the other medieval scholars,
our author noticed that Ptolemy had said nothing on its construction, but that
his successors had. For instance, in his commentary on Book V of A/magest,
Pappus of Alexandria presented a description of this instrument. Proclus
described it slightly differently from Pappus’ account.'”® Heron of Alexandria
also promoted the dioptra by constructing two types (vertical and
horizontal)."** Not all of them added more details especially regarding the use
of this instrument to determine the eclipsed diameter or the area of the sun or

116 WabkanawT uses the Persian term Pangan in the otherwise similar paragraph in his own
Zij, which refers to the clepsydra. Pangan was originally a simple inflow clepsydra; cf.
[Mozaffari 2013a, p. 256, note 80]. About the clepsydra used in the Maragha observatory, cf.
[Mozaffari 2013a, pp. 256-257].

"7 [Heath 1897, pp. 221-232]; see also: [Shapiro 1975, pp. 75-83].

18 4 ¢b =185.28 cm in his case: 1 Greek fg = 19.3 mm; thus 1 cb = 46.32 cm; Almagest(V,
14), [Heiberg 1898, Vol. I, Part 1, p. 417]; [Toomer 1998, p. 56].

9 [Goldstein 1987, pp. 174-175].

120M. J. T. Lewis 2001, pp. 41-42 and pp. 51f].
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the moon by either drawing a circle on the lower pinnula (e.g., our treatise) or
by using a circular plate on the lower pinnula (like al-“Urd1). This quantity is
usually obtained by calculations.'”' In the ancient and the early Islamic
period, the astronomers estimated it with the naked eye without using an
instrument of any kind, and then applied their own estimates to check the
results of their calculations.'*

In his treatise, al-°Urdi presented an addition to the ancient dioptra for
determining the eclipsed diameter of the sun or the moon'>. As with the
ancient dioptra, he uses a movable pinnula and a fixed one, but there is a
conical hole on each of them. The angular diameter of sun and moon is
calculated based on the width of the hole on the outer pinnula and the
distance between the pinnulae. For him, however, the most important
application of the instrument is the measurement of the eclipsed diameter/area
of the sun and the moon. To do this, he uses two circular brass plates (mir’at),
one for each type of eclipse. Before the eclipse, the upper pinnula is shifted
until the luminary of interest exactly fills its visible diameter. The value of'its
visible diameter is read on a scale. During the eclipse, the respective brass
aperture is brought in front of the entrance of the upper pinnula to cover the
bright part of the luminary."** In any case, the instrument requires the user to
look directly through the pinnulae, which is known to be dangerous in case of
solar observations. Also, when using a device with two conical holes, a
movable pinnula with a graduated scale and additional apertures seems
unnecessarily complicated.

Our author here presents a new instrument that fulfills the same purpose,
Le., the measurement of solar eclipses, but it is significantly easier to produce,
and does no harm to the eyes.

The upper pinnula is described as 2 fg larger than the lower one, most
likely to provide good shading for the lower projection screen.

Our author attributes the instrument under discussion to al-Taist (1201—
1274 AD), but we have not found anything on this in his works. Only in his
Exposition of the Almagest did al-Tusi note, referring to the dioptra described
in the A/magest, that ““it is possible that errors occur [in the calculation of the

21 Almagest, V1,7

122 [Stephenson and Said 1991]; [Said and Stephenson 1991]; [Said and Stephenson 1996];
[Said and Stephenson 1997].

123 [Seemann 1929, pp. 61-71].

124 Seemann [1929, p. 66f] notes however that this description is not completely clear, since
no mechanism for measuring the amount of shift of the aperture is explicitly described.
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apparent diameter], if the length of the rule was much longer than the width
of the sight.”'*

In his Zij, Wabkanaw1 described this same instrument and called it “one of
the marvels of the observational works” (min jumlih ghara’ib-1 a°mal-i
rasadi)."® The details he gives are the same as in our treatise. He worked in
the same period as the most important royal astronomer at Ghazan’s court,
and from this we can reason that the astronomers of that era were aware of
this instrument and that it was a new device; in his Zij, WabkanawT usually
called his own innovations “the marvel.”

It is important that this arrangement makes the instrument a pinhole image
device, and it is also quite similar to the instrument described at least two
decades later by Levi ben Gerson (1288-1344 AD)."” In fact, we may
consider instrument #12 as the link between the antique Dioptra and the
instruments that were used as Camera Obscura.'*®

Most of the information on the basic principle of the construction and early
use of the pinhole device is derived from the Kitab al-manazir of Ibn al-
Haytham (Alhazen, ca. 1038 AD).'” The application of pinhole images in the
astronomical observation, esp. for the eclipsed diameter/surface of the
luminaries, was known in the West at least from 1187 AD onwards, as it is
mentioned by Roger of Hereford. He was followed by figures such as
William of Saint-Cloud (ca. 1292 AD), Levi ben Gerson (Gersonides, 1288-
1344 AD), Henry of Hesse (1325-1397 AD), Leonardo da Vinci, Tycho
Brahe, Johannes Kepler, efc. Nevertheless, Levi has hitherto been known as
the first person to construct a single instrument in the form of a pinhole
device for astronomical purposes.'*’ But it is evident that Wabkanawi or the
writer of our treatise preceded Levi in this field by about two decades,
although there is no evidence of any relation between them.

In Almagest V1, 7, Ptolemy describes the relation between eclipse size
given in 12ths of solar diameters and size given in 12ths of the visible disk

125 [al-TusT, Tahrir al-Majist, fol. 37v].

126 [Wabkanawi, Zij, Book IV, Sec. 15, Ch. 8; A: fols. 159r—159v, B: fols. 92r-92v].

127 Cf. [Mancha 1992, p. 293]. Note that this instrument of Levi is different from his Jacob’s
Staff.

8 E o, [Kepler 1604, Ch. IX]; see also: [Sigismondi and Fraschetti 2001, pp. 380—385].
129 [Sabra, 1989, pp. 90-91].

130 For a history of the progress of using pinhole images in astronomy, see: [Mancha 1992];
[Goldstein 1987]; esp. for Da Vinci, see: [Weltman 1986].
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area, sizes which our author also mentions. We give a more modern
expression'’’ as follows:

We write the eclipse size in solar diameters as s=[0 ... 12], and in visible
disk area as 2= [0 . .. 12]. Solar disk diameter equals 12P, so radius R;= 6.
The lunar disk radius R, is typically slightly larger than 6 for a total eclipse
(Ptolemy derived 12720’ lunar diameter in mean distance for his table). The
distance between the disk centers of sun and moon is then

d=R +1(12_25)
12

Then, the covered surface area of the sun is

2 2 _ 2 2 ) ~ )
A =R? arccos a7 +Ry =RS +R? arccos a"+R —Ry

m S

—%\/(—d +R_+R)d+R, -R)d-R_ +R)d+R_+R)

where the result of the arccos is expressed in radians, and which must be
normalized to 2= 12A/R .

There is no linear, easy solution for a(s) or s(a). Table 4 provides numerical
values for full 12ths in cases R, = R, = 6" and R, = 6"10’, and Figure 22
shows these sizes for 12ths of diameter and area, respectively, for R,,= 6°.

(a)
Figure 22: (a) Eclipse sizes shown in the 12ths of diameter s

131 Weisstein: Circle-Circle Intersection. MathWorld—A Wolfram Web Resource.
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(b)

Figure 22: (b) Eclipse sizes shown in the 12ths of area a. The purpose of the radial lines
described in the text is not evident.

3. Concluding Remarks

This study was originally intended as an overview (including the
translation of certain phrases, whenever necessary) of an anonymous Persian
treatise on the observational instruments of the second period of the Maragha
Observatory, the construction of which was proposed during the reign of
Ghazan Khan and which was most probably built at that time.

We have created virtual reconstructions of the instruments following the
text as closely as possible. We have found several inconsistencies which must
be copying errors in all the extant copies of the treatise accessible to us. With
a few corrections, the instruments could be shown to work. It appears that
some instruments, if made of copper, would have been barely usable due to
the large size required to achieve a satisfactory degree of accuracy. One
instrument, #12, seems to be the first pinhole device specifically described for
solar eclipse observations. On the other hand, the author disregards the
recommendations of his precursor, al-°Urdi, not to use ropes for measuring
lengths.
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Diameter sizeé ~ R,=6° R,=6° 10"
s Area size 2 Center distance d Area size a Center distance d
0 0 12 0 12.167
1 0.342 11 0.344 11.167
2 0.955 10 0.962 10.167
2.053 1 10.114
2.063 1 9.937
3 1.732 9 1.744 9.167
3.295 2 8.871
3.312 2 8.688
4 2.629 8 2.649 8.167
4.360 3 7.806
4.384 3 7.616
5 3.622 7 3.650 7.167
5.331 4 6.835
5.360 4 6.640
6 4.692 6 4.729 6.167
6.242 5 5.925
6.277 5 5.723
7 5.823 5 5.871 5.167
7.110 6 5.056
7.152 6 4.848
7.949 7 4.218
7.998 7 4.002
8 7.003 4 7.062 4.167
8.766 8 3.401
8.820 8 3.179
9 8.220 3 8.291 3.167
9.566 9 2.600
9.628 9 2.372
10 9.465 2 9.547 2.167
10.357 10 1.810
10.425 10 1.575
11 10.728 1 10.819 1.167
11.143 11 1.024
11.214 11 0.786
12 12 0 12 0.167

Table 4: Eclipse size in 12ths of solar diameter and 12ths of solar disk area, for R, = R, = 6°
and R, = 6P 10", respectively.
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Appendix 1: Quotes from Rashid al-Din in Section -1
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Appendix 2: Rukn al-Din Amuli’s Zij-7 jami ‘~i Biisa ‘idr, Prologue:
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Appendix 3: Risala al-Ghazaniyya i ’[-alat al-rasadiyya
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MS. M: Iran, Malik National Library, no. 3536, pp. 41-56.
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[Figure 1] [Drawn based on the explanations given in the text]
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[Figure 2] [Reconstructed based on the figure drawn in the manuscripts: S: fol. 36r]
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[Figure 3] [Reconstructed based on the figure drawn in the manuscripis: S: fol. 37v]
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