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|slamic and Chinese Astronomy under the Mongols:
a Little-Known Case of Transmission

by BENNO VAN DALEN

Thanks to the Mongol conquests in the 13th century, a s@iemtkxchange between the
Iranian part of the Islamic world on the one hand and the Yugnasty in China on the

other became possible. This exchange resulted in the us€binese type of lunisolar
calendar in Iran and the construction of instruments andpdation of handbooks with

tables by Muslim astronomers in China. In this article, wsalide the exchange of
astronomical knowledge between Muslims and Chinese in tbaddl period in some

detail. In order to obtain more insight into the process ahsmission, we first sketch
the historical background of the exchange. In an Appendethads for investigating the
relationships between astronomical tables are described.

1. Introduction: Investigating Transmission

This volume contains many examples in which the transmissfomathematical
theorems, algorithms, problems, and their solutions iagkde, but cannot be es-
tablished with certainty. This is a difficulty often encoergd in the study of trans-
mission of early mathematics. Onthe one hand, we find harnyigaplicit historical
information on the origin of the contents of mathematicatkgo On the other hand,
a comparison of mathematical works from different cultwrssally does not allow
us to decide with certainty whether similar theorems, moid and solutions were
transmitted, or independently invented or constructed.

The present article deals with a little-known case of trassion of mathe-
matical ideas, namely that of mathematical-astronomicamhiedge between the
Islamic world and China in the Mongol period (13th centurly).judging to what
extent Chinese astronomers took over Islamic astronomme#iods in their own cal-
endars and instruments, and vice versa, we encounter tbiepreketched above:
we find hardly any explicit attributions, and a direct comgan of astronomical
handbooks and instruments does not lead to unambiguoulisarts concerning
possible connections.

Four specific cases of scientific contact between Muslim amd&3e astrono-
mers in the 13th century are discussed below. In these catsestion will be paid
to three aspects in particular that may provide informaiigoortant for judging the
possibility of transmission:

1. The historical background of the transmission and thesyyh contacts that were
possible between Muslims and Chinese;
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2. Detailed technical descriptions of the objects to be amexqh, namely astronom-
ical handbooks with tables and various types of astrondrms&tuments, and
of the way in which they were used;

3. Mathematical methods for testing the similarity of astmmical tables and the
possibility of connections between them.

The historical information (see Section 2 below) makesrdleat there were ample
opportunities for contact between Muslims and Chineseadih Muslims in Mon-
gol China were so common that it need not surprise us thatdieatsic level at
the Islamic Astronomical Bureau in Beijing was very high. é&alled technical de-
scription of the properties of the so-called “Chinese-UWigtalendar” (Section 3.2)
allows us to make well-founded statements about its origtmally, the mathe-
matical methods described in the Appendix for testing thaticmships between
astronomical tables turn out to be exceptionally usefulsto§ince the tabular val-
ues are highly idiosyncratic, it is often possible to decsidether two tables for the
same function stem from the same source (in spite of incadelifferences), and,
with the aid of statistical or numerical methods, whethexlaé for a given function
was calculated from another table for a different function.

2. Historical Background: A Short History of
the Mongol Expansion in the 13th Century

In the first decade of the 13th century, Chinggis Khan unhediongol tribes living
on the steppes to the north of the Great Wall and started fesion of what would
soon become the Mongol world empire. His first raids agaifsh&resulted in the
conquest of the capital of the Jin dynasty, present-dayiriBgijn 1215. Chinggis
then turned his attention to the west, occupied the prowi¢ehwarezm (south of
the Aral Sea) and, in 1220, took the important cities of Bullend Samarkand (in
present-day Uzbekistan) without resistance. Howevetheein Northern China,
nor in Transoxiana was the Mongol rule solidly establishdtiia stage.

After Chinggis’s death in 1227, the first division of the Mahgmpire took
place between his four sons. The third son, Ogddei, becarnmg@h’s successor as
Great Khan. Together with the youngest son Tolui, he acdiéve final submission
of the Jin dynasty in 1234. The oldest son, Jochi, receivedahds north of the
Caspian Sea, which stayed under Mongol reign for severalideas under the name
Golden Horde. The spectacular campaign against Russiazstera Europe, which
only came to a halt due to the death of Ogddei in 1241, was lelbbli’'s son Batu.
At that time, the Mongol empire stretched from Hungary inwhesst to Korea in the
east.

From 1251 onwards the most important roles in the Mongol eenpéere played
by the sons of Tolui. His oldest son Mdngke was Great Khan ft@%1l to 1259
and extended the capital Karakorum in Central Mongolia wittumber of palaces
designed by Chinese, Iranian, and Russian architects. kéigrother and succes-
sor Khubilai Khan, Tolui’'s second son, continued the comstjoé China. He made
Beijing the new capital of the Mongol empire and named hifrtbel first emperor
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of the Yuan dynasty. In 1279 he finally defeated the SouthemgySlynasty and
reunified China under one rule.

Meanwhile, in the 1250s, the third son of Tolui, Hilegl, had extensive
military campaigns in the Middle East. By taking Baghdad 258 he made an
end to the Abbasid dynasty and as the first llkhan (“Submassffhan) he reigned
over Iran and Irag from 1256 to 1265. After the death of Khaibit 1294 and the
final conversion of the llkhans to Islam in the following yetire llkhans became
practically independent from the Mongol empire. Their pogedually decreased
by the middle of the 14th century, when they were replaceti&yimurids. In China
the Mongolian Yuan dynasty was defeated and replaced by thg i 13681

2.1 Foreigners in the Service of the Mongols he Mongols were good warriors,
but no rulers. Therefore they entrusted the administratfaiheir empire to loyal
subjects of the peoples they subjugated. Already in thed@sade of the thirteenth
century the Uighurs, a highly civilized Turkic people, be@asubordinates of the
Mongols. The Uighurs had lived in present-day Xinjiang (@ts westernmost
province) for more than 300 years and had converted to Igtatimel tenth century.
In their submission to Chinggis Khan they saw the possybdftescaping the sup-
pression exerted on them by the Western Liao dynasty. Thay secame to play
an important role in the Mongol administration and, sineelthghur alphabet was
adopted for the Mongol language, also in education.

In 1218, after his first campaign in China, Chinggis Khan m#ek Chucali
(1189-1243), a Chinese statesman of Mongol descent, rssmaradvisor. Yell
was the most influential Chinese in the Mongol administragand accompanied
Chinggis on all of his expeditions. When the Mongols plantmeddefinite conquest
of northern China in the early 1230s, it was Yelli who convihGgj6dei Khan that
it would be more profitable to raise taxes from the Chinesaifaion than to lay
waste the whole country and reduce it to pastures for theekors

In particular during the campaigns against the Southerrg $lymasty in the
1260s and 1270s, tens of thousands of Muslims arrived in&hiklany came
voluntarily to pursue a career in the Mongol administratidrere they served, for
instance, as tax collectors. Craftsmen, artists and schalare forced to settle in
China, where they left traces in such areas as pottery, ypastrsic, architecture,
medicine, astronomy, and military technology. Muslim ninenats had frequented
the Chinese trade centres on the Silk Road and on the coasel&ke Mongol
conquest, but now benefited particularly from the fast arfied sannections within
the Mongol empire.

Among the Muslims in China were Uighurs and other people ftemtories
bordering on China, but also, thanks to the good relatiohsden the Yuan dynasty
and the llkhanate, very large numbers of Iranians. As at,eBafsian became one
of the main languages of the Mongol administration in Chiflae Muslims mostly
lived in separate quarters of the towns, where they wergvatlao build mosques

1 More information on the Mongols and their conquests in B tentury can be found, e.qg.,
in [Spuler 1972]. The Persian history of the Mongols writterthe late 13th century by the
famous historian Rasth al-Din was partially translated into English in [Boyle 1971].
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and to practice their religion with only very few limitatisn Tibetans also played
an important role under Khubilai Khan and exerted a strongtsal, Lamaistic
influence on the Mongol.

2.2 Exchange of Astronomical Knowledge under the Mongdl¥ithin the histor-
ical context sketched above, the following contacts betwdeslim and Chinese
astronomers are known to have taken place:

During the “western expedition” of Chinggis Khan (ca. 1228¢lu Chucai
learned of Islamic astronomical handbooks with tables;at®dz 1gs, and used
some techniques from them to adjust the official Chinesendalé

The Great Khan Mdngke (1251-1259) had plans to build an gasay in the
Mongol capital Karakorum. For this purpose he intended t@emazse of the
service of a Muslim astronomer from Bukhara namedalaiDin Muhammad
ibn Tahiribn Mubammad al-Zayd lItis very probable that this is the same person
referred to as Zhamaluding in Chinese annals from the ye&f @@wards. Due

to various problems Méngke’s plans were never realized.

At the observatory of Maragha, founded in 1258 by Hilegi, smé€¥e as-
tronomer is known to have been active. It is plausible thaivas largely
responsible for the descriptions of the so-called Chindiggrur calendar found
in many Persiaz 1gs from the Mongol period onwards.

In 1271 Khubilai Khan founded in his capital Beijing an Isiamstronomical
Bureau with an observatory that operated parallel to theiaffChinese As-
tronomical Bureau, and whose first director was the abowvetioreed Zhama-
luding. Based on newly made observations, the Muslims eivhe Bureau
compiled az 1j which is extant in a Chinese translation of 1383.

The role of the Muslims in Yuan China is discussed in varmugributions to [Langlois 1981],

in particular in M. RossabiThe Muslims in the Early Ytan Dynaspp. 257-295. [Chen Yuan
1989] deals more in general with the foreigners in Mongoln@ahand their heritage, whereas
[Allsen 1983] treats specifically of the Uighurs. More infaation on Yelt Chucai can be found
in [de Rachewiltz 1993: 136-175]. His report of the westeqpeglition of Chinggis Khan with

a polemic against Taoism was translated into English in [@dehBwiltz 1962].

More than 200 different 1gs in Arabic, Persian and some other languages were wriften b
Muslim astronomers from the 8th to the 19th centuries. Thea/ topics treated in these works
include chronology, trigonometry and spherical astrongolgnetary longitudes and latitudes,
eclipses, and mathematical astrology; in many cases wdiatstables of geographical coor-
dinates and stellar positions. Nearly all Islarnigs were based on the geocentric, geometrical
models for planetary motion as expounded by Ptolemy inAfisagest The tables irz 1gs
allow the calculation of planetary positions and the predicof the times and magnitudes of
solar and lunar eclipses by means of only very few simpldaétical operations. The text
in z Ips consists of instructions for using the tables and, leéss poéxplanations and proofs for
the underlying models. [Kennedy 1956] offers a survey @itz 1gs, an update of which is
currently being prepared by the present author. See alsw[&iSamso6 2001] and the article
“Z1DJ” in the Encyclopaedia of Islam, new edition

Since we have no further information about the Muslim asiroers in the service of Mongke,
this item is not treated in more detail in the following senti The full name of Jaai al-Din is
mentioned by the historian Raslhal-Din; see also Chapter I, Section 10 of [Yamada 1980, in
Japanese].
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e In 1280 Guo Shoujing, one of the most famous Chinese schiotarsthe Yuan
and Ming periods, completed tloushili the new official astronomical system
of the Mongol dynasty. Thanks to the presence of the Islansitohomical
Bureau, it can be assumed that Guo Shoujing had access tArabPersian
sources, and Islamic influence has been suspected Bhibwashilias well as in
the instruments built by him.

In the following section, the above-mentioned cases ofngifie contact between
Iranians and Chinese in the Mongol period will be discussadore detail. Some
methods for investigating the relationships between astrocal tables are described
in the Appendix.

3. Contacts Between Iranian and Chinese Astronomers

In this section details will be given of the exchange of astraical knowledge
between Iranians and Chinese during the Mongol period. i€kpiformation on
the relationships between the Islamic and Chinese astrmabiables and instru-
ments that may have been involved in these exchanges camavaly be found in
astronomical or historical sources. Therefore a compareddhe technical char-
acteristics of tables and instruments is indispensiblepalricular for the analysis
of the Chinese translation of an IslanzigjcalledHuihuili (see Section 3.3 below),
the methods described in the Appendix for investigatingréh@tionships between
astronomical tables were extensively used. Referencagicptions giving more
details of such analyses are also provided. In each casestioeyhof the Mongol
empire in the 13th century provides essential backgroutmdrimation.

3.1 Yell Chucai’'s Adjustment of the Calendar of the Jin DignasVhen the Mon-
gols conquered Beijing, the capital of Jin, in 1215 they atsak over the official
astronomical system of that dynasty, tRevised Damingl(lit. “Great Enlighten-
ment System”). A Chinese astronomical system or “calehdathe charactdr /&
is also often translated, is a set of algorithms for caltudathe positions of the
sun, moon and planets, the times and magnitudes of eclipsésyarious other
astronomical quantities. Every Chinese dynasty since te (206BC—AD 221)
and, especially in later times, also many individual empepoomulgated their own
official astronomical system which was compiled by the asiroers at the imperial
Astronomical Bureau.

During Chinggis Khan'’s long expedition to Transoxiana athe year 1220,
his advisor and astrologer/astronomer Yell Chucai inttedwa novelty for Chinese
calendars by adjusting the calculations in Bevised Daminglior the difference
in geographical longitude between mainland China and Seandr Sun Xiaochun
[1998, in Chinese] has recently argued that he did this uth@anfluence of Islamic
zigs. Itis in fact known from Chinese sources that Yell Chueaiime familiar
with Islamic astronomy during his stay in Samarkand andhkdtighly appreciated
the accuracy of the predictions of eclipses that were plesgiibh tables frone 1gs.
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According to one source he even wrote an astronomical woskdan Ptolemaic
methods himself, which was referred toMadabali % ZH &, but is not extant.

Most Islamic as well as Chinese astronomical tables argdedifor a specific
locality, producing planetary positions and times and nitages of solar and lunar
eclipses that are correct only for that locality. For insgnin the case of China
the results of the calculations were valid for the capitdyosince all official as-
tronomical activity took place at the imperial court. Thguastiment to a locality
with a different geographical longitude is nothing morerthiae correction for the
difference inlocal time. (Local time is defined in such a waatthe so-called “mean
sun,” which moves with the same average velocity as the tindogt on the equator
instead of on the ecliptic and with a uniform angular velpaistead of a variable
one, always culminates precisely at noon.) Thus the planetasition calculated
for noon at the base locality ofaijis the position at 11 am at a locality 1further
west and at 1:30 pm at a locality 220 further east. Similarly, if a lunar eclipse is
predicted to begin at 3:30 am at the base locality oijat will begin at 2:30 am at
a locality 15 further west and at 5 am at a locality“3® further east.

The simplest way to adjust the planetary positions obtafnech a z 1jto a
different geographical longitude, is to modify the meanijp@ss. These are the
linear functions of time from which the actual positions &and by applying a
non-linear correction consisting of one or two so-callequ&tions.” For each 15
west of the base locality, the mean motion in one hour shoailadaled to the mean
position at the base locality (since local noon occurs one lader); for each 15
east of the base locality, the mean motion in one hour shaaiklibtracted. After
the adjusted mean position has been determined, the near-liorrection is applied
in precisely the same way as before.

Many Islamicz 1gs provide with each mean motion table a small table for “the
difference between the two longitudesi @ bayn al-tilayn indicating for each geo-
graphical longitude the correction to be appliedu lis the daily mean motion of a
given planet and the longitude of the base locality, then for each longitudee
tabulated value\ is given by

|A — Aol
360

A(L) =

to be added to the mean position found from the tabile<f 1o, otherwise subtracted
(only incidentally were longitudes measured from a zeroidnen in the east, in
which case the two conditions should be interchanged).

Instead of mean motions, Chinese calendars make use ofipetations and
calculate the numbers of days between the beginnings of fhesods and certain
phenomena such as the winter or summer solstice and newlandain. Since
all quantities involved are expressed in days, the cooadbr a difference in geo-
graphical longitude can also be expressed in days and herbhe same for each
calculation.

The reworking of theRevised Daminglprepared by Yellii Chucai is entitled
Western Expedition Calendar for the Epoch Y&a&ngwu, and is extant as Chapters
56-57 of theYuanshithe official annals of the Yuan dynasty. The epoch mentioned
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in the title, the starting point of all calculations of plaaey motions in this calendar,
correspondsto the yeabp 1210. Besides taking Samarkand as its base locality, Yelt
Chucai’s reworking also introduces a concept caliglth &£ == (lit. “ li difference”;
during the Song and Yuan dynastidswas equal to 441 m). THehais a correction

to be applied for localities different from Samarkand andakulated as .04359-
AL, whereAL is the (east-west) distance from Samarkanidsicf. Sun Xiaochun
1998: 4]. The resulting number is the difference in locakiexpressed in units of
which 5230 equal one d&y.Thus in order to obtain the time difference in hours,
the resulting number must still be divided by 5228. Finally, it is added to the
local time at Samarkand for localities further east, andrsgbed for localities to
the west, to obtain the local time of the desired astronopicanomenon.

Using information from an explanatory work by Yelu Chucaisipossible to
deduce the geographical data used by him to arrive at thatgaor thelichagiven
above. He writes that at Samarkand he observed a partialdahse approximately
2.6 hours ahead of the time predicted by Revised Daminglior the former Song
capital and important astronomical centre Kaifeng (thisetiwas converted; the
actual report uses so-called “watches” of the night). Bgwlaiting backwards with
the algorithm for théicha we find that this corresponds almost exactly to a distance
of 13,000i s between Kaifeng and Samarkand. Sun Xiaochun notes thalisit@nce
is too large by a factor of roughly 1.4 and suggests a posstdtionship with the
data in Ptolemy’sGeography(and hence in Islamic geographical tables), in which
the longitude difference between Samarkand and cities ing0hk also around 1.4
times too large. However, there are various uncertaimiéss analysis, such as the
precise length of thi during the Yuan dynasty and the identification of localitres
Chinain Ptolemy'$seography It is also unclear how thiecha should be calculated
for a locality with a completely different latitude from Samkand, since it is not
explicitly specified in Yelu Chucai’s reworking of thiRevised Daminglthat the
east-west distance idis must be used. Nevertheless, it is safe to conclude that Yelu
Chucai was inspired by Islamic examples when he implemehtdatha; however,
in doing so he stayed completely within the traditional @&si& framework.

3.2 The Chinese-Uighur CalendarHulegi Khan made Maragha in northwestern
Iran the capital of his newly founded llkhanate. In 1259, lo@ instigation of the
famous polymath Nasal-Din al-Tus, he had an astronomical observatory builton a
hill just outside of the city. A comprehensive observatiggragram was planned to
last at least 12 years (the time that Jupiter takes to compiet revolution around the
sun), but thdlkh'an'1 Z gompleted by al-Tis shortly after 1270 did not yet contain
the results of these observations, which were only incateorin a later work by
Muhyr al-Din al-Maghrib.®

5 The use of such units is a characteristic of Chinese catendiae base periods, such as the solar
year and the lunar month, are all expressed as fractionsamatmmon denominator, which is
calledrifa H{%, i.e., “day divisor,” in this case 5230. The day divisor isifia by solving a set
of linear congruence relations and is typical for each aden

6 Information on many aspects of the observatory in Maragbagtruction, instruments, as-
tronomers and their works, financial administration, instion) can be found in [Sayili 1960,
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From references by a contemporary astronomer and a somkatdratistorian
we know that a Chinese scholar Fu Mengchi or Fu Muzhai wageaatithe observa-
tory in Maraghd’. It seems probable that he was the main source for the infamat
on the so-called “Chinese-Uighur calendar” that was inetlith many Persian 1gs
from the Mongol period. This calendar was used by the llkifanalmost a century
and has left traces on modern Iranian almanacs in the forhreafde of the Chinese
duodecimal animal cycle. The Chinese-Uighur calendar wlasiaolar calendar
of standard Chinese type with some elements that were monenocaly found in
unofficial Chinese calendars. Below follows a brief dedaipof its characteristics
with an attempt to trace these back to particular Chinesendalrs. A complete
description of the technical treatment of the Chinese-Uliglalendar in thdkh an't
Zjcan be found in [van Dalen, Kennedy & Saiyid 1997]; its useamian historical
sources from the Mongol period is discussed in [Melville 4P9

The Chinese-Uighur calendar has its basic characteristicsmmon with the
official Chinese calendars of the Song and Jin dynastieh (b1it3th centuries). As
in every Chinese calendar, each month starts with the dagwfmoon and hence
lasts 29 or 30 days. In determining the day of new moon, fiestithe of themean
new moon is calculated on the basis of the average lengthediutiar month; in
the Chinese-Uighur calendar this length is taken to be Z&5&ys. To obtain the
time of thetrue new moon, a correction has to be applied to the time of the mean
new moon; in the Chinese-Uighur calendar this correctiorsists of two periodic
components, the solar equation and the lunar equation, métkimum values of
0.1840 days and 0.3844 days respectively. The period ofllae squation is equal
to the solar year (see below), but that of the lunar equatalhed the anomalistic
month, is somewhat smaller than a lunar month, namely 2%.88¢s. The names
of the months are given by means of Turkish numerals as wall tnansliterations
of the Chinese.

The solar year in the Chinese-Uighur calendar starts wélp#ssage of the sun
through the midpoint of the zodiacal sign Aquarius and isafith 365.2436 days.
It is divided into 24 equal parts, the so-callgd’&, whose transliterated Chinese
names are given in thikh an1 Z g@nd other Persian works. The beginning of a
Chinese-Uighur year (i.e., the actual lunisolar year) & dlay of the (true) new
moon immediately preceding the entrance of the sun into ithe Risces. (This
implies that the beginning of the lunisolar year precededtginning of the solar
year in approximately half of the cases.) An ordinary yeanststs of twelve lunar
months (354 or 355 days), but to stay in pace with the solar gdaap month is
inserted every second or third year (close to seven timeadh period of nineteen

Chapter 6]. The description by Mayyad al-Dn al<Urdi of the instruments available at the
observatory was translated into German by Seemann [1928¢x#ant notebook by al-Maghtib
lists some of the observations made at Maragha and showséw\planetary parameters were
derived from them; see [Saliba 1983].

7 The Chinese name in Persian transliteration is mentioped-tJrdi in a Tehran manuscript of
the work indicated in footnote 6 which was not used by Seemand the historian Bakat,
who adds the honorifi§ Ing s in(for Chinesexiansheng/: /£, “professor,” translated &sarif
“sage”); see [Boyle 1963: 253, n. 4].
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years). The place of the leap month within a Chinese-Uighap lyear is not fixed;
it is the month that contains the initial point of only one bét24 divisions of the
solar year, whereas all other months contain the beginmhtygo such divisions.

Chinese calendars traditionally make use of a Grand Cotipmepoch (Chi-
nese:shangyuanl-Jt) in the far past. In the case of the Chinese-Uighur calendar
this epoch is said to fall 88,639,679 years before the ammes$s the throne by
Chinggis Khan imaD 1203. The years since the epoch are reckonedhim, i.e.,
tenthousands. However, different from many official Cheneslendars, all practical
calculations in the Chinese-Uighur calendar are carrigdouhe basis of a sexa-
gesimal cycle of years (the cycle that is mostly used inltiktean |1 Z gtarts in the
year 1264). Note that the Chinese sexagesimal cycle wametthy combining the
duodecimal cycle of earthly branches or animals with therdakcycle of heavenly
stems. It was also used for counting the days in a way sinaldre use of the days
of the week.

Finally, the descriptions of the Chinese-Uighur calendd&ersian sources state
that a day was divided into 12 double-hours, the first of wisiented at 11 pm, and
that each double-hour was further divided into 8 quartensr(€eke%/; traditionally
akewas defined as a hundredth of a day and hence slightly shoatetheke of 15
minutes used in the Chinese-Uighur calendar).

Onthe basis of the characteristics of the Chinese-UigHandar listed above we
may now try to draw conclusions concerning its origin. Theegal characteristics,
such as the beginning of the month and year, the use of a tiomés determine the
true new moon from the mean new moon, and the insertion oftlue tonth, are
common to most contemporary Chinese calendars. The lefdtie dunar month
IS correct to tenthousandths; most Chinese and Islamiorastrical works give
this parameter with a higher precision. The lengths of theaalistic month and
the solar year agree with values found in various officialnése calendars from
the Song and Jin dynasties (11th to 13th centuries). The ardyacteristic that
can with certainty be associated with one particular Claregdendar is the Grand
Conjunction epoch, which agrees precisely with the epo¢heiRevised Damingli
of the Jin dynasty, but not with any other known calendarhuistseems probable
that the Chinese-Uighur calendar as described irlkean 1 Z was dependent on
theRevised Damingli

However, the Chinese-Uighur calendar also has a numbeiaoécteristics that
are rather atypical for official Chinese calendars. These Hre use of tenthou-
sandths of a day instead of values to a larger number of déplan@es or fractions
with a common denominator (cf. footnote 5); the use of pdeabfor the solar and
lunar equations instead of linear or quadratic interpofaietween observed values;
the use of the Babylonian approximate vaﬁgé ~ 27.5556 days for the length of
the anomalistic month in the calculation of the lunar equmtihe use of a recent
epoch for all practical computations instead of the Grandj@wtion epoch. Such
characteristics are more typical for the unofficial Chineslendars that were made
by various private scholars not connected to the imperi&ioh®mical Bureau.

Most unofficial Chinese calendars are lost, but there is afendar in particular
that is known to have had all four characteristics mentiomeolve. This was the
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Futianli 7 K& (“Heavenly Agreement System”) compiled by Cao Zhivit: 5
around the year 780 (see [Yabuuti 1982], in Japanese). ltsedfor the astronomy
examinations at the Imperial Academy for several centunnekis extant in a small
fragment in Nara (Japan). Some Chinese sources indicat€#uwaZhiwel lived in
the western part of China, i.e., in or near the Uighur empiaéflourished in the same
period. Itistherefore tempting to conjecture that the abmentioned characteristics
of the Chinese-Uighur calendar that stem from unofficialnf@ke calendars derive
fromthe original calendar of the Uighurs. Inthat case thm€$e-Uighur calendar as
described in Persianigs from the Mongol period would be a mixture of fRevised
Damingli of the Jin dynasty, adopted by the Mongols when they captBeghg

in 1215, and the calendar of the Uighurs, which undoubtedigecto play a role in
the administration of the Mongols at the time when the Uiglantered their service
around the year 1208.

3.3 The Huihuili(“Islamic Astronomical Systéin In 1271 the Mongol Great
Khan Khubilai founded an Islamic Astronomical Bureau in thean capital of
Beijing and appointed the Muslim scholar Zhamaludingi 4 T as its first director.
Presumably this Zhamaluding was the same person as tre dabBin Muhammad
ibn Tahir ibon Murammad al-Zaydfrom Bukhara who, according to the famous
historian Rashl al-Din, served Khubilai's brother Mongke in the Mongol capital
Karakorum in the 1250s. In 1267 Zhamaluding had present&dhtdoilai Khan a

z 1jas well as models or diagrams of seven astronomical institeod Islamic type
(cf. Section 3.4 below). The Islamic Astronomical Bureaemgped parallel to the
Chinese Bureau and had a staff of around 40 people includimgars, teachers and
administrative personnéllt is known that the Bureau remained in existence until
the early Qing dynasty (17th century), but there are very daect records of its
activities. However, the extent of the observational paogithat was carried out
at the Bureau in the early Yuan dynasty can be judged indyr&cim two sources
dating from the last third of the 14th century, namely:

e TheHuihuili [FI[5I/E (lit. “Islamic Astronomical System”), a Chinese trangbeti
prepared in Nanjing imD 1383 of a Persian Ijthat was available at the Islamic
Astronomical Bureau in Beijing at the time when the Yuan dytpavas defeated
by its successor, the Ming (1368-1644). The original versibthe Huihuili
does not seem to be extant. A restoration made in the year i Béi Lin
HIK, vice-director of the Astronomical Bureau of the Ming dytyas Nanijing,
is available in the National Library of China in Belijing (Wiut tables) and
in the National Archives of Japan in Tokyo (complete); it mvadays easily
accessible in the facsimile edition of tB&uquanshuthe enormous collection
of literary works produced under the Qing emperor Qian Lanthe late 18th
century. The copy of theluihuili in the Mingshi the official historical annals
of the Ming dynasty, is an abridged version of Bei Lin’s reatmn which lacks

8 More information on the Islamic Astronomical Bureau of tigan dynasty can be found in
[Yabuuti 1954, 1987, 1997; Yamada 1980 (in Japanese)]. Tineapy sources availabe for an
investigation of the achievements of the Muslim astron@merYuan China are discussed in
more detail in [van Dalen 2002].
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various important tables. More useful is a Korean reworlahdghe original
translation that was prepared on the order of King Sejongtt2land contains
accurate copies of the tables, whereas the text was adjiastese in Seou?.

e TheSanjufini Z the Arabic astronomical handbook by a certain al-Samjuf
written in 1366 for the Mongol viceroy of Tibet. This work istant in the
unique manuscript arabe 6040 of the Bibliotheque NatiodalErance in Paris.
It contains librarian’s notes in Chinese, Tibetan trapsitions of month-names,
and Mongolian translations of the titles of tablés.

| have applied various of the methods described in the Appdaondnvestigate the
relationship between thduihuili and theSanjuf in1 Z1)n the first place, it turned
out that almost twenty tables, mostly intended for the deteation of planetary
positions, are identical in the two works. Of some otherdaltthat have a completely
different structure in the two sources, it can be shown tiet &ire based on the same
planetary parameters: in the case of the planetary meammnsotine tables in the
Sanjufin1 Zwere derived from those in thiduihuili, whereas for the planetary
latitudes it is the other way arourdd. We can thus conclude that th&iihuili and
the Sanjuf in'1 Zhpd a common ancestor.

A comparison of the planetary parameters underlying thiesah theHuihuili
and thesanjuf in1 Zwjith those from Arabic and Persian astronomical works idetl
in a parameter file started by E.S. Kennedy (cf. the Appensitgwed that the former
do not occur in any other knownij and in particular not in the 1gs resulting from
the contemporary activities at the observatory in Maraghmely thdlkhan't Zhy
Nagr al-Din al-Tus and theAdw ar al-anw advy Muhy1’l-D 1n al-Maghrib. Also the
setup of various tables in thduihuili and theSanjuf in | Zig different from what we
find in otherz 1Igs. We may therefore conclude that the common ancestor tfithe
works constitutes a highly original compilation based or=ensive observational
program with determination of new planetary parameters/andus innovations in
the presentation of the tabular material.

That this compilation was produced at the Islamic Astrore@iBureau of the
Yuan dynasty is plausible for a number of reasons. Firstyh bheHuihuili and
the Sanjufin1 Zwere written in China and, as was remarked above, we know of
no Islamic astronomical work from outside of China that isdxh on the same
parameters. Secondly, the tables for planetary mean miotitre Sanjuf in'1 Zare
said to be based on the “observations of dghwhich may refer to Zhamaluding.

9 An edition and translation of the text of thihuili with commentary and transcription of the
tables is currently being prepared by the present autha tdd¢hnical contents of the work were
outlined in [Yabuuti 1997] and discussed in some more detglhen Jiujin 1996, in Chinese].
The Korean version of thEuihuili was studied by Shi Yunli (to appear Archive for History
of Exact Sciencgs

10 Philological and historical aspects of tBanjuf in1 Zwere explored in [Franke 1988]; the
technical material on eclipses, parallax and lunar vigjbivas analysed in [Kennedy 1987/88;
Kennedy & Hogendijk 1988].

11 The tables for planetary latitude in tHaihuili were described and compared with the tables in
otherz ipsin[Yano 1999; van Dalen 1999]. The table for Mercury’sataun of centre discussed
in the Appendix is investigated in [Yano 2002].
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Finally, the Oriental Institute in St. Petersburg is in thesgession of a Persian
astronomical manuscript with tables numerically identioghose in theHuihuili.
This manuscript had been obtained in China and was desdnb&dWagner [1882]
when it was still in the library of the Pulkovo Observatoryanest. Petersburg.
On paleographical grounds it has been variously dated leetwes 12th and 13th
centuries, and a preliminary investigation indicates thaias a working copy for
the Chinese translation prepared in 1383. It contains sdioleBeljing that must
have stemmed from the original work and were not includedhéttanslation, as
well as tables for Nanjing that must have been additions byrdmslators.

Although theHuihuili and theSanjuf in'| Zaye standard Islamiz igs based on
Ptolemy’s geometrical models for planetary motion, thethtaimow distinguishable
Chinese influences. In the case of tiaihuili these influences probably stem from
the translators in the early Ming dynasty and can be receghniz the following
topics:

e The chronological material at the beginning of the work wefsrmulated with
the use of Chinese terminology and methods. Thus the nunflyeracs since
epoch is called “accumulated yeargihian #4) and all mean positions are
first determined for the vernal equinox rather than direfctiythe desired date in
the Islamic Hijra calendar. Also a rule for the determinatod the leap month
in the Chinese calendar and the confusion of lunar and selarsythat led to
the use of a Hijra epoch iaD 599 instead of the correetb 622 must have
originated with the Ming translators.

e The star catalogue in thduihuili lists ecliptical longitudes and latitudes as well
as magnitudes for 277 fixed stars. The catalogue is of p&timierest, since it
is one of only two larger Islamic star tables that were baseaksov observations
rather than having been derived directly from the star ogta in Ptolemy’s
Almagest(cf. [van Dalen 2000]). Furthermore, it is the earliest ¢atw give
a correspondence between Ptolemaic and Chinese star-ndinesstar table
in theHuihuili is mainly used for the calculation of so-called “encroachtaé
(lingfan #7), passages of the moon and the planets through stellaretianst
tions, an important topic in Chinese astrology. Whereatitiamally encroach-
ments were observed in order to be interpreted as omenuiheili provides
the additional possibility of calculating them.

In the case of th&anjufin1 Ztlpe Chinese influences must have been part of the

original work, since the only extant manuscript is an audp@r They include:

e The use of an epoch named after Chinggis Khan, namely thaMegainox of
the yearaD 1207.

e Atable of the 24 equal divisions of the solar year, the stedaji (cf. Section 3.2
above), with Persian transliterations of their Chineseemm

e A table of the Arabic lunar mansions with longitudes andudakes for some of
the individual stars and Persian transliterations of tmeesof the corresponding
Chinese mansions. In one or two cases the listed stars atresrstandard Arabic
ones and may have been influenced by Chinese constellagbrjggn Dalen
2000: 150-151)).
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3.4 Guo Shoujing’s Astronomical Instruments and3m@ushili  In 1276, the fa-
mous scholar Guo Shoujing, who had previously been invoilndabth canal and
irrigation projects, was assigned to the task of devisingw afficial astronomi-
cal system for the Mongolian Yuan dynasty. For this purposdirist designed a
large number of astronomical instruments and carried cstesyatic observations
of winter and summer solstices, positions of planets and,stéc. In 1280 the new
calendar was finally completed and starting from 1281 it wasiduted under the
nameShoushillit. “Season-Granting System”). It was by far the most aateical-
endar in the history of Chinese mathematical astronomy antirmied to be used for
almost 400 years (the calendar of the Ming dynasty was cBl&dngli, lit. “Great
Concordance System,” but differed only insignificantlynfrthe Shoushil).

There has been a continuing debate about to what extent Gugisdand his
colleagues were influenced by Islamic astronomy. Thankbkagtesence of the
Islamic Astronomical Bureau in the Yuan capital, the offi€hinese astronomers
must have had ample opportunity to familiarize themselvu#siglamic astronomical
instruments and tables. It seems possible that Guo Shoecgingulted Zhamalu-
ding, the director of the Islamic Bureau, and other Muslinm@smers in person.
Moreover, eleven Islamic instruments and many Arabic amdi®ebooks that were
present at the Bureau were described in official ChinesecesurSeven of these
Instruments were presented by Zhamaluding to Khubilai Kihal267; four more
were kept by him at his residence. Among them were variougallp Islamic
instruments, such as a parallactic ruler, a terrestriddgyla plane and a spherical
astrolabe with ecliptic rings, and a compass. Among the badiose transliterated
Persian titles are listed in Chinese annals, we find Ptolelyhagest Euclid’s
Elementsal-Qufi's Constellations of the StarKushyar’s Introduction to Astrology
one or more Igs, and works on topics such as cosmoldw/\a), the construction
of instruments, chronology, geometry, arithmetic, antitézal deviceslfiyal).1?

However, there is hardly any information in Chinese soustasut the extent
to which Chinese astronomers made actual use of the avaislamic knowledge.
It is known that during the Qing dynasty there was a harsh e&mitign between
the Islamic and the Chinese Astronomical Bureaus (someestabout this topic
were published in Chinese by Huang Yilong). For the Yuan amdgMiynasties
we have to resort to investigations of the extant calendaksvand descriptions
of instruments or, in some cases, the instruments of GuojBigaihemselves. A
comprehensive analysis of these sources is beyond the ettps article; instead
[ will limit myself to some interesting points put forwarah particular, by Needham,
Yabuuti and Miyajima. More information can be found in therl®mentioned in
footnote 12 and [Yamada 1980]. Recent researches o8hbashilinclude those
by Jing Bing and Wang Rongbin published in Chinese.

A frequently quoted statement concerning the influence laimig astronomy
on the work of Guo Shoujing is found in the introduction of {8t 1847], the

12 The transliterations of Persian names of instrumentsk hitles, month-names and the days
of the week that are found in Chinese sources, were discesdedsively in [Tasaka 1957].
[Hartner 1950; Miyajima 1982] dealt specifically with thenmas of the instruments presented
to Khubilai Khan by Zhamaluding.
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Plate 2. The Simplified Instrument of Guo Shoujing at the Purple MaimObservatory
outside of Nanjing (photograph taken from K. Yamadigj-reki no michj Tokyo 1980).

edition of the Persian text of theijof Ulugh Beg. On pagei, Sédillot states that
“in 1280 Guo Shoujing received ttzajof Ibn Yunus from Zhamaluding and studied
it in detail.” In [Sédillot 1845-1849, 2: 484, 640, 642], heda that Guo Shoujing
wrote theShoushilitogether with Zhamaluding, that Arabic scientific treatisesre
translated into Chinese at the time, and that Guo Shoujing the first Chinese
to study spherical astronomy. As a matter of fact, not a singlthese statements
can be proved and most of them are simply wrong; they are stibded versions
of translated passages from Chinese historical annalstesidibterpretations as
presented in [Souciet 1729-32].

In the 20th century more reliable studies concerning theraution between
Islamic and Chinese scholars in the Yuan and Ming dynastexe 'wmade and the
most important results were summarized in [Needham & Warsp1294-302,
367-382; Yabuuti 1997: 14-17]. As far as the instruments wd Shoujing are
concerned, both authors give room to the possibility thay tihere to some extent
influenced by Islamic instruments. For instance, they asstirat the so-called
“Tower of the Duke of Zhou,” a masonry tower in Gaocheng naamylang in the
province Henan with a shadow scale and 40 ft. gnomon whiclovg lost, was
influenced by the giantinstruments built by, e.g., al-Kindjgd. AD 1000) near Rayy
in Iran. Furthermore, the 6-meter “Simplified Instrumerjigifyi i1, see Plate 2)
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with its equatorial alignment, projections of the heavamigles onto three different
planes and alidades instead of sighting tubes, has sitr@kio the torquetum, whose
invention has been attributed taklr ibn Aflah(12th-century Spain, cf. [Lorch 1976];
note, however, that the torquetum was not among the institsised in Maragha or
those broughtto China by Zhamaluding). Finally, the “Upavainoking Instrument”
(yangyif'1f&), which consists of a concave hemisphere with a grid andrat@oand
was not known in pre-Mongol China, is very similar to the se@pundial that had
been common in ancient Greece and the Islamic world andlifosthd among the
Islamic-style instruments built by Jai Singh in 18th-ceptindia. Thus in each of
these three cases there is a possibility of Islamic influence

Recently, in his detailed study of the descriptions in tharyannals of the
instruments brought to China by Zhamaluding, Miyajima [298 Japanese] put
the Islamic influence on Guo Shoujing into perspective byngothat, in spite of
their similar appearance, the usage of the Islamic and Gaimstruments mentioned
above is in fact quite different. Thus the Tower of the Duk&bbu measures the
shadow cast by a gnomon (i.e., wooden post) on a horizordé, plvhereas with
the giant Islamic instruments like that of al-Khujaride sunlight falls through an
aperture onto a scale on a concave circular arc. Furtherexugept for the equatorial
alignment of the Simplified Instrument, its structure asditales are quite different
from that of a torquetum. Finally, the Upward-Looking Instrent of Guo Shoujing
was used for measuring positions on the heavenly sphereggcas¢he Greek and
Islamic scaphe sundials were designed to measure the tidegyof

It is also difficult to point out precisely the Islamic influsmin Guo Shoujing’s
astronomical system, tif@houshili'® The use of an epoch in the recent past instead
of a Grand Conjunction epoch millions of years ago, as wethasconsistent use
of decimal numbers in all parameters and calculations haea lbelated to Mus-
lim practices, but are also found in unofficial Chinese cdéea (besides, Islamic
astronomical works make use of sexagesimals much more damadls).

The same holds for the use of cubic corrections for the metadrthe planets.
As was indicated above for the Chinese-Uighur calendaratigal position of the
sun, moon and planets is calculated, both in Ptolemaic amchditional Chinese
astronomy, by applying a periodic correction to a linearction of time. In Chinese
calendars before tifehoushilithese corrections were parabolic functions calculated
by means of first-order differences. However, in 8t@ushilicubic functions were
applied; for example, for the sun the correct@is given by:

q = 0.0513321 — 0.00024&i> — 0.00000034°>
for daysd reckoned from the the winter solstice, and by

q = 0.0487061" — 0.000221"% — 0.00000028@"

13 The canons of th8houshiliare contained in Chapters 54-55 of tfiganshj an evaluation by
a government committee in Chapters 52-53. A summary of ttienteal contents of the work
can be found in [Nakayama 1969: 123-150]. | am grateful té. Rfathan Sivin for letting me
use his unpublished translation of, and commentary onSHwushilj as well as for his useful
comments on a preliminary version of this section.
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for daysd’ reckoned from the summer solstice. Herdés expressed in Chinese
degrees equal to g 36525th of a complete apparent rotation of the sun around the
earth (i.e., one Chinese degree corresponds to the avesdgsalar motion). The
actual calculations were performed by means of a table witbrsd-order differences

of the corrections. Since in Ptolemaic astronomy all cdioes to the linear mean
motions of the planets were trigonometric functions (étge correction for the sun,
the so-called “solar equation,” is given by

: e-sina
g = arcsin - |,
<60+ e- cosa)

wherea is a linear function of time andis the eccentricity of the circle of uniform
motion of the sun with respect to the earth), there is oncemorclear indication of
transmission. It seems rather that the planetary cormestrtheShoushilpresented

a further development of those in earlier Chinese calendiéinsat most a very subtle
influence of Islamic knowledge.

Because of the equatorial character of Chinese astronomst (measurements
were made with respect to the north pole) and the fact thgpldreets move on or
near the ecliptic, conversion of ecliptical coordinates iequatorial ones and vice
versa was essential in Chinese planetary theory. Since himee§: astronomical
systems did not make use of any form of geometry and of orilg litigonometry,
this conversion had to be approximated rather than caruedexactly. In calen-
dars from the Tang dynastyp 618—-905) this was done by means of a linear step
function. During the Song dynasty we find a more refined nuraéapproxima-
tion of parabolic type. Guo Shoujing, finally, made a firspst@vards a geometric
method, although he made use only of plane triangles, ngbludrical ones. The
resulting formula, based on the “arc-chord-sagitta refeship” formulated by the
Song scholar Shen Gua (see [Nakayama 1969: 137-139)),yisrosbme parts of
the equator and ecliptic more accurate than the earlierrgtiaagnethod.

It seems possible that Guo Shoujing’s step towards geonrethe conversion
between ecliptical and equatorial coordinates was infleety Islamic astronomy.
On the other hand, both the actual method of conversion anarplementation of
the necessary calculations by means of a table with first dliferences fall clearly
within the traditional Chinese framework. In no instancéhi@Shoushilido we find
ready Islamic results or tables.

4. Conclusion

In this article we have studied various aspects of the traswsom of astronomical

knowledge between the Islamic world and China under Mongld.r We have

sketched the historical background of the interaction betwMuslim and Chinese
scholarsinthe 13th century and have thus made clear thad#sabilities for contacts
were numerous, and that the transmission took place by nudgnessonal transfer
rather than through written works or instruments broughtdryinstance, merchants.
Whereas it seems that the number of Chinese in llkhanid lesrather small, in the



344 Benno van Dalen

last third of the 13th century tens of thousands of Iranidighurs and other Muslims
were active in Mongol China in administrative functions asb as scholars and
artists.

We have investigated four particular cases of transmigaisome detail.

e Around the year 1220, Yell Chucai, advisor of Chinggis Khaaapted the
official Chinese calendar of the Jin dynasty for use in Trar@st and at arbitrary
geographical localities (Section 3.1 above). Yeli is kndavhave familiarized
himself with Islamic astronomy and probably carried outdldaptation under
the influence of Islamiz 1gs.

e The llkhans introduced into Iran the so-called “ChinesgHuir calendar” (Sec-
tion 3.2). Thiswas atypical Chinese calendar whose elesrwantbe traced back
to the calendar of the Jin dynasty as well as to unofficial Esgcalendars. Its
descriptions in Persianigs from the year 1270 onwards presumably stemmed
from a Chinese astronomer active at the famous observatdharagha.

e In AD 1383 the firstemperor of the Ming dynasty had some Persianreshical
works translated into Chinese that were available at thelsl observatory of the
conguered Yuan capital Beijing. These works includedsiar’s Introduction
to Astrologyand az 1jwith tables and parameter values not known from any other
Islamic work (Section 3.3). Theijcan be assumed to have been an original
achievement of the Muslim astronomers active in China afdba year 1275
and is based on completely new planetary and stellar olsmmsa

e Guo Shoujing finished the most accurate calendar in therkistbChinese
mathematical astronomy, ti&houshilj in AD 1280 (Section 3.4). Islamic in-
fluence has been suspected in this calendar as well as in Batisments, but
closer inspection reveals that this influence was very mamat that calendar
and instruments stand clearly in the Chinese tradition.

The transmissions in each of these four cases were of a viéeyetit nature.
YelU Chucai visited the Islamic world himself and must haad mple opportunity
to learn Persian and to become acquainted with Islamicrastng through written
works as well as personal contacts (even in cities where thregdls slaughtered the
population, they spared the lives of scholars and artisaitg) Chinese astronomer
active at the observatory in Maragha seems to have beemed@ad was probably
the only source of information on the Chinese-Uighur caderiiat was available
to his Arabic and Iranian colleagues. On the other hand,aively large number
of Muslim scholars worked at the Islamic Astronomical Bured the early Yuan
dynasty. They must have brought with them from Iran and otftggons many Arabic
and Persian works on mathematics and astronomy, but in Ghayacompiled a
completely new 1jpased on an extensive program of observations. The samaMusl|
astronomers and the works they had brought with them may influvenced Guo
Shoujing and his colleagues when they compiled®heushiliand built various new
instruments; it seems probable, though, that these carttadtto take place through
interpreters and hence would have been quite problematic.

Also as far as the assimilation of the transmitted astronahkinowledge is con-
cerned, there are clear differences between the four cBseg¢is.Yelli Chucai in his
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adaptation of the Jin calendar and Guo Shoujing ifRheushilimade use of some
Islamic concepts or ideas such as the adjustment of the tingsenomena to the
local geographical longitude and the use of geometricgdtrometrical methods
for the conversion between ecliptical and equatorial coates. However, neither
Chinese astronomer took over actual algorithms or tabtes fslamicz 1gs and the
resulting calendars fitted in almost every respect withen@hinese tradition. The
Chinese translation of theijcompiled by the Muslim astronomers in Yuan China
basically left the Islamic (i.e., Ptolemaic) charactera wwork unchanged, although
Chinese concepts were introduced to make certain topigsreasunderstand for
Chinese astronomers. In particular the star table wittpecdl coordinates, dis-
playing Ptolemaic as well as Chinese star names, and itgapph to the typically
Chinese problem of “encroachments,” may have been thet@saljoint effort of
Muslim and Chinese astronomers. Similarly, the descmgtmf the Chinese-Uighur
calendar in Persianigs contain little Islamic influence. The algorithms are of-Ch
nese type and the technical terminology is given almostsxatly in transliterations
of the Chinese. As far as the numerous auxiliary tables aresroed, some of them,
such as the solar and lunar equations, may have been prese@hinese original,
whereas most others display simple multiples of the bassnpeters of the calendar
and could have been added by the Muslim authors.

Some mathematical methods for investigating the relatipssbetween astro-
nomical tables are described in an Appendix to this artiSlace the numerical data
in such tables are highly idiosyncratic, connections betwtaem can usually be re-
liably established. In cases where tables from differefitioces and/ or periods can
be shown to be connected, we may have found a case of tramemi$se situation
IS much more difficult for computational algorithms and rastents. In various
examples discussed briefly in this article (in particulae, ¢alendar and instruments
of Guo Shoujing) it is clear that at least complete desansiof structure as well
as usage should be considered in order to be able to makdéaualliied statements
concerning possible connections.

Appendix: Methods for Investigating
Relationships Between Astronomical Tables

In many cases mathematical tables in manuscriptsip$ are not clearly attributed
to a particular astronomer. Therefore, in my analyses ottmnections between
astronomical works from different periods and/ or geogiegiitegions | have made
an extensive use of comparisons of numerical data in talflech comparisons
have turned out to be very effective for investigating ielathips, because the data
are generally exact and highly idiosyncratic (two tablestifie same function need
only have relatively small differences to be able to coneltitat they stem from
two different sources). Since data in astronomical tabtsegally show obvious
regularities (usually because of the continuity of the tataa functions), incidental
scribal errors can often be reliably corrected. Systendifierences between two
tables for the same function can have a number of causesastieé use of different
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values for the underlying astronomical parameters or tleeafiglifferent compu-

tational techniques (e.g., approximate algorithms inbigfathe “exact formula,”

computation from inaccurate auxiliary tables, use of Immaquadratic interpola-
tion in auxiliary tables, the rounding of intermediate fe&sto a certain number of
digits, etc.). Incidental differences between two tabtastiie same function that
cannot be explained as scribal errors may be due to compuighinistakes.

Three examples of methods that can be used to investigateldtenships
between astronomical tables are presented below. Statisir numerical tools
for performing more sophisticated tasks, such as estigpdia parameter values
underlying an astronomical table and testing the deperdehtwo tables for the
same or for different functions, are not discussed in dbétsibre referred to where
appropriate.

Case 1: Comparison of Complete Table§.he simplest way to investigate the
relationship between two tables for a particular astromaifunction is to compare
them value by value. If all values are identical, we may asstmat the tables
ultimately derive from the same source. However, an excedb this rule is a
pair of tables without errors, since we can hardly ever alelihe possibility that
two astronomers independently calculated a correct tainla fiven function. (In
this context the error in a tabular value is defined as thesdiffce between that
value and a recomputation based on the modern formula faathgated function;
a table is correct if it does not have any errors.) Tablesoutkerrors can be found
among tables of very simple functions such as linear onemnong tables of more
complicated functions with values to only a small number efagesimal places
(typical examples are sine tables with values to a precisicihree sexagesimal
places). As was indicated above, scribal errors requiresaialptreatment: if the
differences between two tables can all be explained asantadl scribal mistakes,
the tables can be considered to be mathematically idematnchhence may be related
in spite of the differences. If two tables have a very conspurs set of scribal errors
in common, they can be assumed to have been copied from the el@oneous
original.

Table 1 shows three fragments of the tables for Mercury’sggu of centre in
al-Q an un al-Masid by al-Biruni (Afghanistan, ca. 1030) and tliuihuili (China,
ca. 1275, see abové&j. The equation of centre is one of the six or seven functions
that are tabulated in PtolemyAmagestand in most Islamia igs to allow the easy
calculation of planetary longitudes. Itis a highly comptied trigonometric function
that can be derived from Ptolemy’s geometrical models ferglanetary motions
(see, for instance, [Neugebauer 1957, Appendix 1] or, forenuetails, [Pedersen
1974, Chapters 9 and 10]). It is tabulated as a function ofsthealled “mean
centrum,” a linear function of time.

The third and fifth columns of Table 1 show the errors in théembal-Q an un
al-Mas ud and theHuihuili, namely, the differences between the values in these

14 Sexagesimal numbers are given in the standard notatonsexagesimal digits are separated
by commas, whereas the sexagesimal point is representeskoyieolon. For instance, 2;15,29
denotes 2+ 2 + 2.
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cgl‘etﬁjnm Biruni reBcI:[)unr‘nuprS{gltJ;gn Huihuili :_é%@r%lgur?ért]ilésn BII[qur;IhrlTillri]us

10 0;31 +5 0;31 +5

11 0:34 +5 0;34 +5

12 0;36 +5 0;37 +6 -1
13 0;39 +5 0;40 +6 -1
14 0;42 +6 0;43 +7 -1
15 0:46 +7 0;46 +7

16 0;49 +7 0;49 +7

52 2;13 +4 2;13 +4

53 2:15 +3 2;15 +3

54 2:14 2;16 +2 -2
55 2;17 +1 2:18 +2 -1
56 2;19 +1 2;19 +1

57 2:20 2;21 +1 -1
58 2:22 2,22

59 2:23 -1 2;24 -1
60 2;25 -1 2;25 -1

61 2;28 2:27 -1 +1
62 2:29 2;29

63 2:30 -1 2;30 -1

89 2;:43 -18 2;43 —18

90 2:43 -18 2;43 —-18

91 2:43 -18 2:42 -19 +1
92 2:42 -20 2;42 —20

93 2:42 -20 2;42 —20

94 2:42 -20 2:42 —-20

95 2:42 -20 2:42 —-20

96 2:42 -20 2:41 -21 +1
97 2:41 -21 2:41 -21

98 2:41 -20 2:41 —-20

Table 1. Comparison of the tables for Mercury’s equation of centre
in al-Birunr’'s al-Q an un al-Masid and theHuihuili.

two works and a recomputation on the basis of Ptolemy’s Mgrouwodel and his
parameter value. Since the tables differ systematicatbliynfthe recomputation by
up to 21 minutes of arc, we may conclude that both were cakdiaccording to an
algorithm and/ or parameter value different from those useBtolemy. However,
since the two tables differ from each other in only 13 out o® 8lues (see the
last column), it is highly probable that they were computede® basis of the same
algorithm and parameter value. A statistical test of depangas described in [Van
Brummelen & Butler 1997] may be necessary to determine vendtie authors of
the Huihuili simply copied al-Bruni’s table for the first equation of Mercury or
calculated it from scratch. Since the differences occumalsgroups in which they
tend to have the same sign, it seems that the authors ¢fubrauili carried out at
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source value
Ptolemy (Alexandria, ca. 140) 0;59,8,17,13,12,31
Ibn al-Shatir (Damascus, ca. 1350) 0;59,8,19,36, 0
Alfonsine Table¢Spain, ca. 1275) 0;59,8,19,37,19,13,56
Ibn Yunus (Cairo, ca. 1000) 0;59,8,19,42,35
Baru Musa ibn Stakir (Baghdad, ca. 840) 0;59,8,19,43,14,18
Nagr al-Din al-Tus (Maragha, ca. 1270) 0;59,8,19,43,47
Shams al-Munajjim al-\&@bkanw (Maragha, ca. 1320) 0;59,8,19,43,47
Ibn Yunus (Cairo, ca. 1000) 0;59,8,19,44,10,30,32, D
Ghiyath al-Dn al-Kash (Samarkand, ca. 1420) 0;59,8,19,44,10,39
modern value 0;59,8,19,48,43,18
Huihuili (Beijing, ca. 1275) 0;59,8,19,49,27,22,58
Muhyi’I-D 1n al-Maghrib (Maragha, ca. 1280) 0;59,8,20, 8, 4,36,38
‘Abd al-Ratman al-Khazin (Marv, ca. 1120) 0;59,8,20,13,18
Yahya ibn Alh Manaur (Baghdad, ca. 830) 0;59,8,20,35,14,38
Habash al-Hsib (Baghdad, ca. 830) 0;59,8,20,35,25
al-Biruni (Afghanistan, ca. 1030) 0;59,8,20,38,21,13
Abu’l-Wafa’ al-Buzjan (Baghdad, ca. 975) 0;59,8,20,43,17,38,41,42
al-Battan (Syria, ca. 900) 0;59,8,20,46,49

Table 2. Values for the daily solar mean motion used
by Ptolemy and some important Muslim astronomers.

least some calculations themselves, e.g., they may haxected some mistakes in
al-Biruni’s table by carrying out anew the linear interpolation besw certain values
for multiples of 10.1°

Case 2: Comparison of Parameter Valuesnstead of comparing complete tables,
one may compare certain mathematical characteristicdhtdgasuch as computa-
tional techniques (see Case 3 below) or the underlying sadi¢he astronomical
parameters involved. Methods for extracting parametaresfrom astronomical
tables are described in [van Dalen 1989, 1993, 1996; Miel@6]l Although
for certain parameters, such as the obliquity of the eclipgnly very few differ-
ent values were in use (the value°38 was particularly common among Muslim
astronomers), especially parameters measuring planetay motions tend to be
highly idiosyncratic. Table 2 shows an excerpt from the fd#ected by Professor
E.S. Kennedy with parameters from about 30 important Istaangs and several
other astronomical works. The values for the daily solarmmeation listed here are
generally very close, but the differences are still largeugi to be able to distin-
guish between the results of different observations orrdetations. For example,
Shams al-Munajjim al-\@lbkanw apparently used al{i§’s value, and the value of
Ghiyath al-Dn al-Kash seems to be dependent on that of Ibunvs. On the other
hand, the value from thiduihuili points to an independent observation.

15 [Yano 2002] contains an extensive analysis of the tableslércury’s equation of centre in the
Q an umnd theHuihuili. Yano showed that al4Bunr’s table is based on Ptolemy’s parameter
value but a different, apparently erroneous formula focwialting the equation of centre.
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Case 3: Comparison of Mathematical Techniqueshe use of inaccurate auxiliary
tables or certain mathematical techniques such as in&drpolfor the computation
of an astronomical table may leave traces in the tabulaegaluthe form of identi-
fiable error patterns. Like the underlying parameter valtresauxiliary tables and
computational techniques that were used may be typical ¢ertain astronomer or
school of astronomers and hence may be used to determineigire af tables or,
at least, to establish relationships between them.

In the first example below, it will be shown that the error pattin a tangent table
is tightly connected with the errors in the sine table fromaclkht was calculated.
In the case of the sine and tangent tables from the so-cBieghd ad 1 Z(fate
13th century), this helps us to conclude that both tables@&&om the important
tenth-century astronomer Abl-Wafa® al-Buzjan, whosez Ijis non-extant. In the
second example, it will be shown how the use of a special typecond-order
interpolation can be recognized in the highly accuratetsibke of Ulugh Beg (early
15th century). The same type of interpolation also undetliigh Beg’s tables of
oblique ascensions, but has not been found in the work of Hrer astronomer.

Example 1.The third column of Table 3 shows the errors for argumentséen
60° and 90 in the tangent table found onfolios 227v—228v ofthpy a certain Jaw
al-Din Abi ’I-Qasim ibn Malfiuz al-munajjim al-Baghdd, which was written in
1285 and is extant in the unique manuscript Paris BNF ara®@. 24 my dissertation
[van Dalen 1993: 164—168] | have conjectured that this tahtgble and a number
of other tables in thBaghd ad 1 Zwjith values to sexagesimal thirds were taken from
the astronomical handboalk-Majist 1 by the important 10th-century mathematician
and astronomer Alb’l-Wafa al-Buzjan. The text of this work is extant as Paris
BNF arabe 2494, but the tables are lost except for scattemgdents. Meanwhile
| have worked through the text af-Majistiand have found more evidence for my
conjecture which | hope to publish in due course. In the radwi of this article,
when speaking of the “sine and tangent tables ofi AdWafa’,” | mean the tables
from theBaghd ad 1 Z |

The tangent function tabulated by Ab-Wafa® and most other Muslim as-
tronomers was 60tanx rather than tar. As can be seen clearly from the third
column of Table 3, which displays in sexagesimal thirds tHiemnces between
Abu’l-Wafa’’s table and exact tangent values, the errors in the tabalaes in-
crease rapidly as the argumerspproaches 90 This is typical for many historical
tangent tables and can be explained as follows. The tangeatdulated according
to

When the argument approaches 90 the denominator in this expression, 69s
nears zero. Therefore, ifitis consistently rounded to #mesnumber of sexagesimal
places, itsrelative error (i.e., the rounding error diditdg the cosine itself) increases.
Since the relative error in the tangent is of the same ordenagnitude as that in
the cosine, it also increases when the argument approabhe&@ally, since the
tangent itself becomes very large towards,afle absolute error in the calculated
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are | BRERLT e Baghdad | Zujrus| Baghdad | Zyjnus
60 10355,22,58

61 10814,34,17 -2

62 11250,36,56 +1 -1
63 117,45,2352 -1
64 123 1, 5,38

65 12840,13,33 +3

66 134,45,43 54 -3 -2
67 141:21, 4,12 +5

68 14830,18,42 -4 -1
69 156,18,19,10 -4 -1
70 164,50,55, 6 -1 -1
71 17415, 9,27 -6

72 184 39,39,40 +1

73 196,15, 4,15 +5 +1
74 20914,41,34 +3

75 22355,22 57 -1

76 240,38,48,39 -2

77 259531841 —6

78 282:16,39,50 -16 -1
79 30840,23,27 —-13

80 340,16,37, 8 +16

81 37849,30, 6 —-14 -1
82 426,55,20,10 +18

83 48839,38,28 —22

84 57051,42,35 -8

85 685481211 +53 +1
86 858 2,23,33 —22

87 || 114452, 5,34 +3 +1
88 || 171810,37,11 +388

89 || 343724, 1,51 +608

Table 3. Recomputation of the tangent table of dbWafa® as contained
in theBaghd ad 1 Z with a reconstruction from his sine table.

tangent, as tabulated in the third column of Table 3, grovemexore rapidly than
the relative error.

The fourth column of Table 3 displays the differences betw&bu 'I-Wafa’’s
tangent table and values reconstructed by applying theuiarm

sinXx
sSin(90° — x)

tanx =

to values from his sine table. This sine table is also induidethe Baghd ad 1 Z
(folios 224v—-225v) and contains only nine errors of one gesanal third. The
agreement between Abl-Wafa’s tangent table and our reconstruction is not only
nearly perfect, it in fact even allows us to conclude thatAtWafa’s sine table
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was used for the calculation of his tangent table. To malsediear, first note that
the nine errors in his sine table occur for arguments 19, 3233, 44, 56, 67, 78
and 80. If a sine table has an error for argumentthe tangent values computed
from it will have errors for argumentsand 90 — x. Within the range of arguments
displayed in Table 3 the errors in Al-Wafa’’s sine table would thus leave traces in
the tangent values for arguments 6590— 25), 67, 68 £ 90—22), 71 & 90— 19),
78, and 80. Now the use of a correct sine table with values to sexagésimnds
leads to tangent values for these arguments that differ by3;5-7, —9, —6, and +6
thirds respectively from those of Abl-Wafa’ (these differences are not displayed
in Table 3), whereas the use of Alk-Wafa’’s sine table leads to differences of 0, 0,
—1, 0,—1, and 0 thirds (fourth column of Table 3). Thus there can bdaubt that
Abu’l-Wafa'’s tangent table was in fact computed from his sine table.

Chapter 4 of [van Dalen 1993] contains various similar ressthiat, in combi-
nation with perusal o&l-Majist| were decisive in the attribution of a total of nine
tables from thBaghd ad |1 Ztg Abu’l-Wafa’. For instance, a table for the equation
of daylight for Baghdad with values to sexagesimal thirda[®Dalen 1993: 181
183] was shown to have been derived from another table by snr&anverse linear
interpolation in an accurate sine table with values to thfad every 15 minutes of
arc, rather than quadratic interpolation, values to sesamrhny other increment of
the argument (the tables for the sine and tangeat-Majist1in fact had values for
every 15 minutes, so that strictly speaking the tables iBtghd ad | Zaje extracts
from those of Ali’l-Wafa).

Example 2. Table 4 shows the errors in a small part of the sine table flgan t
Sultan1 Z py Ulugh Beg (Samarkand, ca. 1440). This table can be redade
the culmination of Islamic computational mathematics aisgpldys values to five
sexagesimal places (roughly 8 decimals) for every minutaroffrom 0 to 87
and values to six sexagesimal places (10 decimals) betw&eandl 90. Most of
the tabular values are correct; less than half of them comtabrs of+1 or —1
(incidentally+2 or —2) in the final sexagesimal position. However, there are some
peculiar groups of errors starting from argumertit,#ecisely where the number of
sexagesimal places is increased from 5 to 6. As can be saarTable 4, the sine
values for multiples of 5in this part of the table are correct (as in the whole table),
whereas the errors in between these multiples are altéyraisitive and negative.
A plausible explanation of these characteristics is theofiggiadratic interpolation
between accurately calculated values for every 5 minutascdiote that in the case
of linear interpolation the errors in all groups would haegllthe same sign).

Generally, the use of interpolation in a trigonometric ¢éaban be recognized
from the tabular differences: linear interpolation leadlgtoups of roughly con-
stant first-order differences, quadratic interpolatiorgtoups of roughly constant
second-order differences. However, quadratic interoladn intervals of 5pro-
duces such a good approximation to the sine that under nainsalnstances it is
practically impossible to distinguish between accurateijputed and interpolated
values. For the same reason, the second-order differemt#agh Beg's sine table
change so slowly that separate groups cannot be recogrzeelpt between 87
and approximately 825, where the differences fluctuate around”’5V44" (see
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e o second-order Ulugh Begminus
arc Ulugh Beg's sine differences regompl?tation
86;50 || 59,54,30,11, O -15
86;51 || 59,54,33,38,42 —16
86,52 || 59,54,37, 5,19 —1,6
86;53 || 59,54,40,30,50 —1,6
86;54 || 59,54,43,55,15 —15
86;55 || 59,54,47,18,34 —16
86;56 || 59,54,50,40,48 —16
86;57 || 59,54,54, 1,56 -15
86;58 || 59,54,57,21,58 —1,5,46 -1
86;59 || 59,55, 0,40,55 —1,5,48
87 59,55, 3,58,46,14 —1,5,48
87,1 || 5955, 7,1531,40 —1,5,48 +11
87,2 | 595510,31,11,18 —1,5,47 +16
87;3 || 5955134545, 8 —1,5,48 +15
87,4 | 595516591311 —1,5,40 +10
87,5 || 595520,11,35,26 —1,5,38
87,6 || 5955232252 1 —1,5,40 —8
87,7 | 595526,33 2,58 —1,5,40 —11
87,8 || 59552942, 8,15 —1,5,38 -11
87,9 || 59553250, 7,52 —1,5,46 -8
87,10 || 59,553557, 1,51 —1,5,46
87,11 || 59,5539, 2,50, 4 —1,5,45 +5
87,12 || 59,5542, 7,32,31 —1,5,46 +7
87,13 || 59,5545,11, 9,13 —1,5,45 +7
87,14 || 59,55,4813,40, 9 —1,5,42 +5
87,15 || 59,55,51,15, 5,20 —1,5,42
87,16 || 59;55,54,15,24,49 —1,5,42 -3
87,17 || 59,5557,14,38,36 —1,5,41 -5
87,18 || 59,56, 0,12,46,41 —1,5,42 -5
87,19 || 59,56, 3, 9,49, 5 —1,5,45 -3
87,20 || 59,56, 6, 5,45,47 —1,5,45
87,21 || 59,56, 9, 0,36,44 —1,5,44 +3
87,22 || 59,56,11,54,21,56 —1,5,46 +3
87,23 || 59,56,14,47, 1,24 —1,5,44 +4
87,24 || 59,56,17,38,35, 6 —1,5,43 +2
87,25 || 59,56,20,29, 3, 4 —1,5,44
87,26 || 59,56,23,18,25,19 —1,5,42 -1
87,27 || 59,56,26, 6,41,50 —1,5,44 -3
87,28 || 59;56,28,53,52,39 —1,5,43 —2
87,29 || 59,56,31,39,57,44 —1,5,45 —2
87,30 || 59,56,34,24,57, 6 —1,5,44
87,31 || 59,56,37, 8,50,43 —1,5,45 +1
87,32 || 59,56,39,51,38,36 —1,5,45 +1
87,33 || 59,56,42,33,20,44 —1,5,44 +1
87,34 || 59,56,45,13,57, 7 —1,5,45 +1
87,35 || 59,56,47,53,27,46 —1,5,44

Table 4. The use of second-order interpolation in the sine table afbBeg
(the differences are given in thirds, fourths and, startingh 8658, fifths).
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the third column of Table 4). So it is only thanks to the errorshis part of the
table, apparently related to the change from 5 to 6 sexagégpilaces, that we can
recognize the use of second-order interpolation in the coation of Ulugh Beg’s
table of sines.

It can in fact be shown that a special type of interpolatiesalibed in many
Persiarz 1gs from the 13th to 15th centuries and attributed to the teattiury Iranian
astronomer Ab Jafar Muhammad al-Klazin [see Hamadanizadeh 1987], was used.
With this type of interpolation, the tabular values for argents betweenx and
X-+n-Ax (with naninteger) are calculated in such a way that they lie on theyoda
through the pointgx — Ax, fr(Xx— AXx)), (x, f(x))and(x+n-AXx, f(Xx+n-AXx)),
wheref (x) and f (x +n- AX) are accurately calculated tabular values for arguments
x andx + n- Ax and f1(x — Ax) is the result of the application of the same type of
interpolation to the preceding interval. Thus the errortlingh Beg's sine values
for arguments 871" and greater result from the less precise value of sib8a6hat
had to be used for their calculation (use of the value 59;88,85,15 would have
avoided the following groups of errors).

As far as | know, Ulugh Beg’s sine table is the first in which tree of this
particular type of interpolation has been demonstrateghubhshed research by the
present author indicates that his set of tables of obliqoerasons for geographical
latitudes 2 to 50° also relies heavily on this type of interpolation.
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