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they gave me all the access needed to work with the 
deli cate fragments, to the G reek Atomic Energy Com­
mission and D r. h. Ka rakalos for the recent rad io­
graphic work tha t led to a solution for most of the eear 
system. 

At the mor e p r sonal level, like a ll worke rs in the 
history of astronomy, I am indebted to O tto Ne uge­
bauer, not only for his own contributions and advice, 
but also for the cl a r hard standards of scholarship set 
by them which give such a special reward for even a 
most imperfect following . F urther debts of gra titude 
to Gera ld Toomer for generous adv ice on lassical 
matters and interpretation of the fragmentary t x ts, and 
to Beverly Pope fo r her sk illful rendering of the line 
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TJ IE D fS OVERY OI' T ilE ANTIKYTIIERA 
SIIIPWRECK 

By hapj..>y a nd spectacula r coincid nee the firs t 
great discov ry in un derwater a r haeology y ielded not 
only a fi ne collect ion of a rt t r asures b11t also the most 
enigmat ic, most complica te I piece of scientific machin­
ery known from antiquity. This singular ar t ifact is 
now iden ti ftcd as an astronomical or a l ndr ical calcu­
lati ng d vice involving a very sophisti ca ted arrangement 
of more than thir ty g ar-wh els. It transcends all that 
we had previously known from textual and lite rary 
sources and may involve a completely new appraisal of 
the scientific technology of the H ellenis tic pe riod . The 
unique and crucial sta tus of this obj ect makes it especi­
all y import ant to establish with the utmost certainty all 
evidence of its provenance and dating. T o this end we 
mu st first recount the circumstances of the di scovery 
of .the ancient shipwreck and of the fragments of mech­
antsm. 

S hortly before E aster of 1900 a pa rty of sphounga­
rades , sponge-fi shers from the island of Syme near 
Rhodes in the Dodecanese, left their normal fis hing 
grou~ds in Tunisian waters off N orth Africa and began 
to sail East, towards home. Their party of six divers 
and twenty-two oarsmen sa iling in two caiques (cut-

ters) se ms to have run into the gales and squall s 
ndemic to that ar a while in the channels between 

the islan Is of Ky thera and Crete. T his channel is 
incidenta lly one of the chief shipping routes between 
the Eastern and the Western Mediterranean. Driven 
off course they then sought shelter near P ort Potamo 
on the almost uninhabited, rocky and barren islet of 
A ntikyther a1 (also called erigotto, S ijilj o and Stus, 
ancient Al'Y t'A icx , it is about 1 mile long, 1 mile wide) 
which li s just m id way between the two larger islands, 
splitting the cha nn el between and creating an infam-
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usly dangerous graveyard for shipping , anci nt and 
modern, a place of sandbar s, shoal , and sudden cur-
rents (s fi gs . 1, 2). 

T hey d ropped anchor about a mile to the east of 
the port a t a p lace known locally as P inakak ia , a sub­
marine shelf not to be found by name on any cha rt of 
the a rea, which lay some 15 to 25 meters beyond the 
rocky head land of Poin t , lyphadia (VIikada Point , lat . 
35 °52'30"N., long. 23° 18'3S"E. on Br itish Admiralty 

'hart, No. 1685, see inset of A ntikyth ra I, Port P ota­
mo, fi g. 3. Compare the ma p in Svoronos, p . 8 1, fi g . 
73). Safe after th sto rm they decided to explore the 
shall ow rock sh If below them in the hope of finding 
sponges in the unfam ilia r territory. Going to a depth 
of about 140 fe t or 42 meters (35 ll s, a cording to 
Svoronos), one of the dive rs, E lias S tadiati s, found to 
his utter aston ishment that a gr eat ship lay wrecked 
on the bottom . H e saw a compact mass some SO 
m ters in length with a ll the remnants of its structure 
and the tumbled amphora that have since become rec­
ognized as typical of these M diterranean wrecks. 
The real excit m nt h owever was not so much in the 
ship itse lf but in a t reasur that was plainly visible -
a pile f bronze and marble statues and other obj ects 
made almost unre ognizable through marine d posits. 

S tadia ti s returne I to the surface w ith his story and 
with the materi al v idence of a piece from one of the 
bronze statues, a la rg r -than-life right arm. The cap­
tain of t he Symiote ships, Dem trios E l. K ondos, a 
former master-diver , then descended to confirm the 
marvelous find and take rough measur ments and bear ­
ings so as to locate the site for future r ference. T he 
party then return d to Syme without furth r incident, 
and spen t some six months in the riotous living that 
was customary on completion of a successful trip and 

n the weighty delibera tion and consultation with elders 

1 i.e. Th e island agains t ( n x t to) Ky the r a. It is now off•­
cia lly spell ed And ikythera. 
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F1c. 4. T he sponge-fishers in their caique a t the diss;overy site otT Antikythera. From Svoronos, 1903. 

FiG. 5. Marbles from Antikythera in the Greek National A rchaeological Museum sto re. From Svoronos, 1903. 
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over w ha t to do about t he treasure ship . Decidi ng to 
a pproach the co n·cct authorities, rather than make it 
a n illi c it p ri vale adventure, Kondas a nd S tadia ti s went 
to A then s, tak ing the bro nze arm with then1. On 6 
N ovcmber, 1900, they were cond u ·ted by 1\ .O ikonomu, 
a n;ttivc Sy miote and professo r o f archaeo logy in the 
U ni vers ity o f A th ens, to th office of Spyridon Sta'is, 
mini ster of educa tio n a nd hilll self a p rom inent archaeo­
log ist. 

Act ion wa s immed ia tely f rt hcoming . J\n ag ree-
ment was reached whereby th e sphoungerndes we re 
promi sed pro t cr compensation fo r the treasures they 
wo uld r cover <tnd ha nd over to the government , and 
that a ship of the G reek navy woul d be <1t thei r di sposal 
together w ith the necessa ry m achi nery f r hoist ing 
l1 c<t vy objects. It was also agreed that an o ffi cia l 
a rchaeo log is t would he 0 11 ho<1 rd to superv ise the oper ­
atio n, and the fi she rs' friend , t>roksso r O iko nomu , was 
duly appointed to the spec ial pos t. Ncwspap r anJJO II ll ­
cc·mcnts o f the exped ition , ppcared im111ed iatc ly aud 
t h ' fi she rs' s tori es we re repo rt ed. 

llcca tJ se of h;tcl wea the r it was 24 I\ovember befo re 
th e: fi shers itl thei r raiiJlWS a11d O iko nuu nt in the t ran s­
po rt s hip, M y lmlc, arrived at th site, o nl y to find that 
the A1 y lwle was far too Ia rge to m:meu ve r so near to 
the co; Jst in roug h sea. Tt had to ret urn to Pir<1eus on 
27 Novem ber and be replaced uy a small er crnft. Br­
fon: th is, the fi sh rrs made the ir fir s t tria l di ve and 
fo ttl HI the condi tion s lll OSt difficult. O nl y s ix divers 
were ava il:t h lc. and beca use of the water depth they 
could 11 0t g1 1 dow n more than t wice a day a11 d evt n then 
conl d no t rc1n a i11 on the ha ltom fo r m or t hnn fi\·e 
JJJinut es, whi ch toget he r with fou r mintlt s for ascent 
and descent t' IJtaikd about nine rninu les of submersion 
w itlto u t <1 ir- ta nk s or tub s to h elp th em . 

Under th ese ·ondition s, in a sing le run la st ing three 
hums the dive rs had the g reat fo rtune to find du ring 
tha t fir st day a fine IJronze he<:Jd, two marlJl e statues, 
a ha nd n foot <111CI several small er fr agn1 ents. These 
were: b;>rne h::ck i11 triumph by l konom u in the re­
turnill g .Mylwle, and p reliminary s tatements nppeared 
in the press on 27- 28 Novembe r . After some delay a 
sm<~lln shi p and nnother arch aeologis t we re sent out; 
late r four m o re div Ts jo ined the party. !\ II worked 
tir eless ly throug h foul weathe r concliti oll s for nine 
111nnths un t il ~0 S pi ember . l tJO I, whe n it w;ts felt that 
the tin1e had com to draw th g ruelling cx p dition to 
a close. By th .n , on e o f the di vers had be n k ill ed 
a nd two perman ·ntl y di sabled by their work, and it had 
becom e clear that on ly w ith th e help o f a full y equipped 
salvage ship co11ld fur ther mate rial pr og-ress be m ade. 
The one such ship th n ava ibbl in the Mediterranea n 
b longed to a n [ta li an company which wou l I only can­
t ract for the job in exchange fo r ha lf the a nticipated 
f inds - a ty pe of compensation tha t wns exp ressly 
fo rbid den by r ck law . The diver s were therefore 
g iven their reward, a lump sum of 150,000 drachmas 

(a bout $5,000) fro m the stat e a nd a furt her hunt Js of 
500 drachmas per ma n from the (;reck 1\ n ·hacolog it·a I 
S ciety. 

The xc<1vat ion lasted therefo re fro m the end of \!ov 
cmbt'r, 1900, to th e end o f Scptentbcr , 190 1, <11 1d durin g­
thi s entire pe riod interest and specula tio1t ran hi g lt 
whil e the recovered objects were brought hark to the 
main land, depos ited in the Gr ·ck J\rchaeo logira l M tt s ­
Cll tn (where they arc still happil y prcsnvcd ), ;z tld 
g iven prelimin<~ry publicat ion in the nnvs pa pc r and 
periodi ca ls. The principa l works of art an· JH >w wt' ll 
kn o wn , having heen g iven pride of p l;z re in that ltll b 

Lnn for more thnn half a century. They cotnpri ~< · a 
supc:rb nude bronze of a yo un g go I o r hno ( tl w .\ 111 i 
kythera Y outh ) in the s ty le of the fo urth C<' llttt ry 1:.c., 
a fnte he<1d of a "ph il osophrr", two fi ne statuett es, al so 
of bro nze nnd in the sty le of the fifth centmy, and tile 
rcn Ja ill S of a g roup of rtvc or s ix dra ped lll:dc fig tll 'l''>. 
The nJarbl<:s, l<:pro t1 s a nd lllorc co rr oded tha11 the ltrotl 
zes aft er ::?,000 yea rs under the sc·a. a rc a lso less v;du 
a ble art is tica ll y (sec fig. 5); they :1. 11 a ppear to he h i <' 

co pi rs of C'n rl y ori gina ls, 111adc for the e xport t r:11ll' 
·:trl y in the fi r st cen tury ll .C . 

The date and provenance o f tl1 e in1porta nt sfaltll 's 
have been argu ed back and fo rth evn ~ in l'e the 1'1rst 
tentati ve scholarl y publication in 1902 and the definitive 
cataloging in 1908." The sh ipwreck it ~e lf It as been a~ ­
s igned cJatC'S rang ing ;J S wide! a s fr om the St'C'Olll l 
cc11tmy n.c. <1 nd 11 p to the Jlliddlc o f lite third <' l'lll ury 
A.D. F ortunately tile prog ress of syste111at ic arrktcology 
now enables us to date 1ninor ob jecb with a grl': il n 
ass11 ra ncc. 

1\s <1 r esult of thi s a new ompreh ns ive stud y hcr< llli C' 
possible and desirabl e and this was o rganized hy ( ;Iad ys 
l hvid son \ 'V inberg and publi . hcd <1s a roopnat ivc 
monograph of the g reatest in t r e~t nnd im port: tll l'<'. ·' 
T o SLlll lllla ri ze the chief rrsu lts it \\'as found that the 
<1m phoras date i 11 or close to the decad e' ~() 70 11 .c., t l1 <: 
] fellcnist ir. pottery to 75 - 50 n.c:. ( prob<1hl y ea rly i11 til(' 
second quarter ) a nd the !~oman pottery to tl te n1 idcll<' of 
t he first century. T he ag re d limits are th11 s RO SO 
li. C . fo r th date of the sh ipwreck, wi th an earl y dat e 
more likely than a later one. The elm wood from tiH· 

" ]. N. Svoronm , Oru /ll h r11~r Notio>ta lmusrum ( Athl' " ' · 
1908). N. H. Th e s<:c lion of T exlbmul 1 with wh ich W<' arc nllt ­
ccrncd bea rs a ·'~para t c tit le paKC: J. N. S voronos, /J ic hmtlt' 
vo1• Antikythera (A then s, 190.1). Wi thin thi s i> a "'para t•· 
sub-section, Der As trola/Jos von Allliky lh rra, hy l'crikles l{<· · 
d iad is. 

3 ''The An tikyt hcra Shi pw reck Reconsidered,'' '/'runs . • l,ll'r. 
J>hilus. Soc. 55 , 3 ( Philadelphia, I %5) : 48 pp. Th<' II H>no~raplt 
contains, in addition to the editor' s introduc lion, scc lion' 011 t lt t· 
commercia l amphoras by Virgini a R G race, the ll <' ll cn i,tic 
pottery by G. l~ ogcr Edwa rd;, the early l<om:lll pott<·ry hy 
H enry S. Robimon , the g lass vessels by Claclys W<'inhc r ~. the 
ship hy Pet r Throckmorton, and on the ca rhon-14 datin~ oi 
the ship's timbers by Elizabeth K . Ra lph. I owe all conc<' rn l'd 
something of an apology fo r not be in g rea dy wi th the •·v id ,·o,· ,. 
of the present monograph in lime to ass ist their work, and I 
am gra teful for th eir labours which have now a ided my own 
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sh ip itself, dated in the Radiocarbon Laboratory at the 
Un iversity Mu seum, Philadelphia, u sing a 5,730-year 
ha lf life seems to date fr·om 220 ± 43 n. c . and is there­
fore an indication tha t the tr ee was cut more tha n a 
century bcfore the est imated date of the wreck. 

A recent de finitive work on the bronze and marble 
sculpture • cons ider s that the marbles da te from the 
f-ir s t decade of the fir st century B.c. and su ggest s they 
m ig ht well have ori g inated from the island of Delos. 
P a ros a n d the nea rby coast of A sia M in or had also 
prev iously been proposed as sources, and it is po inted 
out there was muc h war booty at th pe riod of the 
M ithracl itic wa rs which could have supplied some of 
the a rt bj ccts . F o r the a mphorae the re is a poss ibility 
of K os o r Hh oclcs. The s ingle lamp fr om the w reck 
is of a type found in Ephcsos and nea rby As i<1 Minor. 
The pottery cannot a t 1 resent be locali zed mo re c los ly 
tha n East Greece w ith a pre ference for the centra l part; 
s ig nift cantly, none of the pottery came from Athen s. It 
has also be n r emark d that much of the heav ier marble 
sculpture in thi s wreck, a nd indeed in that di scove red 
off Mahdia in 1907, had b en made (and probably 
shipped ) in s ·parate pi ces with atta hments lesig ned 
for <1 ssembl y. It is thu s reasona ble to conj ecture that 
we arc dea ling with a ommercial load on a shi p tha t 
had left some port, cent ra l on the coast of .1\sia M inor 
or one of the ad jacent G reek islands ( my best guess 
here wou ld be the is la nd of Rhodes), and was traveling 
westwa rd through t he cha nnel, almo st ertain ly on it s 

way t Italy ( presumably the goods b ing intend d for 
Rome) without fi r s t ca lling a t Athens.• Several of 
the mino r obj ects fr o m the wreck arc still enigmati and 
it i to be hop d that furth e r study o f these and pe rhaps 
a resumption of under water archaeology on the site, 
now that skin -diving has made such prog r ess, wi ll en­
able th provenan e to be ultimately establi shed with 
g reate r a curacy. Jn 1953 som e div s were made on the 
s ite by diver und r Fn~dcr ic D umas in the vessel 
Calypso. JJ e reports that the sponge divers s em to 
have cl a r d o nly the urface of the wreck and that a 
g reat dea l of the hip remains for future in vestigator 
under some 50 cen timeter s of sa nd . H e also rcporlcd,6 

• P eter Corn elis Bol, Die S kulpttcren des S chif!s fundes v ml 
Antikythrra, Mittei lung n des deutschen archaologisch en Tns­
Lituts Athenische Abtei lung, 2. Beiheft (Gebr. Mann Verlag, 
Berlin, I 972). 

5 As suggested later (p. 56) there is even a faint but quite 
unprovabl e poss ibi lity that the ship was carrying the goods of 

icero who had been s taying on Rhodes 79 to 77 B.C. and had 
seeo a recent ly constructed geared pl anetar ium instrument there 
at the School of Posidonios. I do not know how reasonable it 
is to think tha t th e sta tua ry from the wreck is such a s might 
have been purchased by a Roman gentleman of taste at this 
time. icero does not mention any Joss of his baggage, nor 
docs he write of any relics of th is period brought hom e with 
him . 

e H onor Fros t, Under the Mediterra11.ea 1> (Englewood lilTs, 
N. ]., Prent ice-Hall, 1963), p. 127, n .l. 

almost inc red ibly, tha t th er e was still p aint on the wood 
of t he wreck. 

THE D ISCOVERY Of THE MECHANISM 
FRAGMENTS 

S trangely e noug h the m echani sm fr agment s with 
which we are concern ed were not remarked upon until 
nearly e ight months after the excavation s had been 
terminated. With several dozen new spaper and jour­
nal accounts of the flow o f ma jor a nd min or objects 
from J\nt ikythera to the Nationa l Museum, the re could 
hardly have been a failure to report t he ex ist nee of 
these p ieces of corroded bronze with their interesting 
and clea r traces of gear-wheels and with the only ex­
ten sive, albeit adly illegible in sc riptio n to be found in 
the wreck. The fir s t a count was, ho wever , not pub­
li she 1 until F riday , 23 May, 1902 (To A sty, No. 4141: 
p. 1 ) w h en t h er app a r ed the result of a n examina­
tion of an in sc riptio n by the numi smati st Svoronos and 
by the sec reta ry of th e A u strian Institute, W ilh lm. The 
report s tated that thi s inscriptio n had been discovered 
" last ' aturclay" ( i .e., 17 May, 1902) by the forme r 
minister, S ta 'is. II is sa id to have found them a mong 
the bron ze pieces wh ic h w ere kept in a caged en losure 
to be examined a fter the fragments of the g reat Hermes 
statue h a d been joined by the restor ers. 

O ther contemporary news stories ma ke clear the 
procedure that was being followed . In the museum, 
th r s to rers and x perts in chemical cl eaning were 
being d luged by an un precedented motley of bronze 
and marble fragment s. Slowly, all the recognizable 
pi ces were sorted out , tentat ive ly identifi d, and 
g raduall y joined to form m ore or less complete figures. 
The form less lump s of sco red marble and verdig ri sed 
bronze were set o n one s ide to be used la ter when 
restoration was more complet . Th cage conta ining 
th bronze fragments seem s to have b en in the open, 
perhaps on the cov red portico at the top o f the 
mu seum steps. P riod ically , as the s tatues g rew, these 
lumps would be examin ed again and again for clues as 
to th ir identity. Doubtless it was on such a search 
that Sta'is suddenl y noticed the pieces with inscription. 

What is the expla na ti on for this? an it be that such 
exciting pieces were ac ide ntally relegated to the stock­
p ile of spare lumps? Theophanidis,' writing in 1928, 
su ggest s that su h f rml ess lumps were broken by the 
divers a nd o nl y pre rv d if they were found thereby 
to be a n object cover d in petr ified debris rath er than 
a natura l lump o f l iscolored rock . From th is one 
should be led to su ppose t hat the m echanism fra gments 
should have b een di scover ed by the divers but som ehow 
m issed by a ll expert s until the ir sudden late retrieval 

, j ean T heofanidis, "Sur !' ins trument en cu ivre, d ont des 
fragment s se trouvent au Musce Archeologique d' A the nes et 
qui fut retire du fond de Ia mer d'Anticythere en 1902," Prak­
tika tu Akadetnias A tlu11.on 9 (1934): pp. 140-149. 
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by Sta'iii. i\ ga in st thi s there arc ~cvcral telling reports 
by the assoc iated arch:1eologists, comnwn cli ng the divers 
for the ir pain stakin g skill in uring ing objects to the 
surface----even delicate glass vessels, w ithou t so much as 
a trace of recent damage. All breaks were ;u1c iem, 
heavil y cru sted aud pa tin;Jt r d. 

Now although some sur f;1ce,; of the mech;1ni sn1 frag­
lllt' llt s carry s uch heavy acc r<'lions o( debri s, there a re 
o ther faces wh ich prese r ve <Jltit e deli c;1te detail a nd 
lllli S t have been protec ted during the lr ng underwa ter 
period. The ·onch tsion see 111 s clear th at the fragmen ts 
we re ind eed hel d togeth e r in a formless !un1p of unin ­
teresti ng exte rior, a nd that the lump was broken open 
not by the di ve rs, but at some ti111 e shor tl y befo re S ta 'i ~ 

made hi s di scovery. Now tktt something is !, now n of 
the orig ina l struct11rr of th e lll<:c hani sm one ma y mak<' 
a rea !ionablc conj e ture a s to why such a lump \\'Ottld 
suddt"nl y ha ve cracked wh il e r<',; tin g- in it s c:1ge 011t s ide 
l he 111USCU111 . 

Antic ipating thi s reconstruc ti on. ll'e note thai tl,c 
mec ha11ism was bu ill on a se ri es c,f bron ze plntcs held 
together in a wooden fr a111 e or case, onl y ti ny fra glllenr:, 
of whi ch have bee n prrscrvcd . In the wred;: thi s de ­
vice wa s cru shed and ih co rnn s and part of the onts ide 
faces los t, the part remaining then bciug g radu a lly 
L·oatcd with a hard C;Jlcareous d epos it at the same time 
as the meta l (·o rroded <HI';JY to a thin co re coa ted with 
hard metallic salt s prese rving much of the former shape 
of the bronze. When the ltm1p was removed from the 
ocean and brou ght to the n111 Seum it lnn st have dri rd 
:-; lowly from outside to inside throug h the puroM s llllt 
rompact mass. 

It is now well know n, nfter seve ra l tragic errors, that 
g n·;1t care and spec ial treatment a rc Il ccded to pre serve 
wooden objects xcava tccl fro m damp sites. 1 f nncient 
wood dri es w ithout . pecia l sti!Te ning or replaccru enl of 
its water , the ce ll wn ll s co llapse and the specimen shri ­
ve ls tlli ser; tbly int o a hard nta ss di ·to rted in shape and 
much smnller in bu lk. The residu e of the wooden case 
of thi s lltechani sm could receive no such treatment and 
mu st the re for e have shrunk away from it s initi al pos i­
tion binding t(Jge thc r the pl ates of bronzr. S uch shrink ­
ing wuuld indeed prodnce era ·ks to separa te thc fra g-­
m ent s in to those [(Jut thaL we ha1·e, and everythin g is 
consistent with thi s l>cing the explanation for the most 
int eres ting ohject fro m the wreck lying unkn ow n to all 
for mo nth s af ter it s retrieval. One mu st, however, 
al so assume, and it is perhap s not utHe;Jsonabl e to do 
so, that once th e na tmal cracking had ex hi bited the 
fresh surfaces with gea rs and in scription, further un ­
recorded cleaning was able to ex pose some damaged 
hut in ten~sting traces (If struc ture in part s orig inally 
ncar the exterior of tl1e lump. There arc no photo­
g raph s o r de~c rip t io n s of the state o[ the fragm ents 
prior to such initi a l cle<1 nin g ns there mu st have been 
in May, 1902. Th ere <1re . however, Jmbli shed acco unts 
and ph otographs taken bet ween that d ay and the pres-

e111 , and fr om these it is poss ible to foll ow the prog r\'~.-; 

in clea11ing ami 111Hierstanding the fragment s. 

I ~ I ~SEJ\ l~U I ON TilE Nl i ~C !I J\ :--.J I SM 

FIU\ GMENTS, 1902- IW.l 

.<\s already stated, the fir st p11bli slwcl ac-c-olllll ol the 
di scovr ry of the mechani sm appeared in th e At hen s 
newspaper To //sty (No. 4 14 1, 23 1\by, 1 90~). Th(' 
anllll1 111C<'Illen t s;1icl that the object hat! been f'xanlim·d 
by Svoronos and identifi ed as some sort of astrolabe 
ronLtin ed in a box, and that ('l'cn lines of inscript io11 
(Jll it ( now lin· :; 15- 2 1, Frng111 ent II reverse) haci!Je<'l l 
partially rrad hy Wilhelm and dnt ed epig raphi call y !11 
a period <'x tcnding fron1 about the second rc11t11ry 1u ·. 
to the f1r st or second century i\. 11. On th<' same da y, 
a not her arti clr by Svoronos in N l'oll .·1sty ( 1\o. ! (J.'l : 
p. 2) claimed tha t the object was an astrolabe with spiH' r 
ira ! p ro j<'ctions on a set o f r ings. A ron pil' of days later i1 1 
Nt'0 11 //sly ( :\o. l (J.'i) l< onsta ntin l ~;1dos ronflmled the 
in sc riptions lHlt not('d the g reat clif'fi cul ty in readi11 g 
the m, added the op inion that the 111 Pl' ilani ~ ll1 looked a ,.. 
if it conta ined a spring ( poss i!Jl y thi s ll'aS th <' c ircular 
drum ol Fragmrn t C), :111<l sugges ted that , s ince the 
statues appeared to be much ear li er in dat e, II'< ' li;1cl 
here pe rhaps a del' ire fro m a second and later sh ip ­
"' reck. 

Within ;1 week of the initial annot111 cen1 ent , contro 
versy had broken out and pla ns were being 111 ;1< k for 
furthrr work. On 29 May (To / /sty, 0/o. 4147: p. I ) 
it W;JS no tr d th a t the obj ect hac! been photographed a1HI 
t•xh ibited on the previous da y and that lbd os h;1d 
descr ibed it before the Geog r, phical Soc iety , claim in g 
that it was not an :l ::; t rola be. It wa s fu rther stat ed tktt 
H.ou sop01t! os h;1 d bee n asked to attend to the cons<' r l'a 
tion of the fragments. Hy thr ne xt day ( To .•/sty 
30 :\1ay, 1902, No. 4 148: p. I ) <1 committee had been 
fo rmed and :1 11 examination undertaken hy l .ieutenanl 
l{edia li s. li e suggested tha t the obj ec t might w<· ll he 
connec ted wi th the astrolabe d e~cr i hcd by Philopon us 
(1\ lexandria , ca. 625 A.o.) and thu s joined forces with 
S voron s aga in . t ] ~ados who s ti ll maintain!'d. quit e 
co rrectl y , th;1t th e object see med too complex for any 
type of traditional astrolabe. The <khat · con tinu t·d 
with an alignment of ex per ts for and agai nst the astro ­
labe idcnt ilica tion , and appa ren tly 'omc d ifTcr('nce ol 
opinion as to the ex tent of the clf'a nin !~ to he condu r tc·cl 
by Hou sopoulos. 

The fir st Ourry of exc itement was ltow super scc lt-<1 
by the more delibcra1 process of scho larly pu lllica ti on. 
J\ f1r st full account o f the 1\ ntik y tlwra trr:1s ure i11 
gene ral was published during the year in J:phemcris 
( 190_) , but nf th e seven plates only 011e gives dct ;1i l 
of the mec k111i ·m ; the part reproduced is of thl' inscrip­
ti on of Fragment I ~ rever se, ident ica l w ith the ddiniti\'! · 
1908 pub li c;J tion by Svoronos, proba bly issued S<' [> <I ­
ra tely already in 190.\. W ith the lapse of the ne x t f<' ll' 
yea rs the re was co mparativrly littl e prog r<'ss o f de -
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scription or ana lysis. In 1905 Rados presented his 
views on the mechanism at the International Archaeo­
log ical Congress in Athens (Comptes Rendues, 1905: 
pp. 256-258) and Sta'i s retold his in a booklet, Peri ton 
Antikytheron Eurematon (Athens, 1905), which more 
narrowly dates the wreck as firs t century B.C. 

S hortly a ft er this there seems to have entered the 
arena the great classical philologist, A lbert R ehm of 
Munich, to whom much of the later technical elucida tion 
of the fragments is due. His first publication on the 
subj ect (Philologische Wochenschrift, 1907: cols. 467-
470) con sists of a review of the paper presented by 
Rediadi s in 1907 which is identica l with that repro­
duced in the de finitive publication of the Antikyth era 
treasure by Svoronos 1902- 1908. His review is jus­
tifiably most cr itical of the lack o f detail g iven in the 
text and of the hopelessly inadequate photographic 
reproductions of the fragments. From his fir sthand 
examination of the fragments, he observes the compli­
cated gearing and concludes with Rados and aga in st 
Svoronos that the object cannot possibly have been any 
sort of astrolabe . Also at this time, as reported by other 
writers, R ehm seems to have been able to read (on the 
main front dial of the instrument on Fragment C l ) at 
a pbce prev iously covered, the month name llAXUN 
(Pachon) which is u sed in the Greek forms of both 
the Egyptian (rotating) and the Alexandrian (fixed) 
calendars. Rehm concl uded from the appearance of 
this name that the machine must be subsequent to the 
Julian calendar reform of 46 R.c. which added the inter­
calary day s in leap year s and the reby gave ri se to the 
A lexandr ian form of r ckon ing. In fact the name 
occurs on a ring which is movable to pe rmit it to r epre­
sent the rotation of the Egyptian calendar rather than 
the Alexandrian, and the argument loses a ll validity 
since the Egypt ian tyle occurs already in Plato and 
was preserved long after the Julian reform, for exa mple 
by Ptolemy, fo r all astronomical calculation where its 
reg ularity makes it most convenient. 

Rehm's revi e w was answered at length by H. diadi s 
in E phemeris (Athens, 1910) 3: cols . 157- 172. H e 
no tes that, if the device was no astrola be, then it was 
also clear ly not to be iden tified with a planetarium 
device like the "Sphere of Archimedes" which had been 
proposed by Rehm: the fra gments showed the m echa­
nism to be too big, too weak, and too Aat (or such an 
interpretation, and, in any case, there was absol utely 
nothing to show that waterpower had been u s d to 
drive it. Redia dis stood hi s ground, adding that, s ince 
the object was found on the sh ip and was originally, 
he supposes, in a wooden ca se about 40 centimeters 
square, it might well be some wrt of n av igat ion instru­
ment. This article a lso conta ins an interesting chem­
ical analysis of the metal fragments that had been made 
by Damberge; it showed the material to be copper con­
tain ing about 4.1 per cen t of tin and n o oth er metals in 
quantity . In other words th e dev ice was quite cer-

tainly made of bronze rathe r than brass, a copper-z inc 
a lloy. 

R ehm appear s to have worked on the fragment s 
spa~modica ll y fo r several decades after this , intending 
an eventual publication when the mate rial had fallen 
into sufficient order. Unfortunately, thi s was not 
achieved before his death, and his valuable notes and 
photographs lay unpublished. I am gratefu l to Dr . 
Karl Dachs, of the Bayerische Staatsbibliothek at 
Munich, to that institution, and to the widow of Pro­
fessor Rehm for making this material available to me 
for the present studies. The photog ra phs from thi s 
corpus were particularly valuable for they showed the 
fragments in a state prior to several cleanings which 
have revealed new areas and much more deta il, but also 
have necessarily destroyed some of the old evide nce. 

In the absence of Rehm's monograph, work pro­
ceeded slowly for many years and on a basis of littl e 
more than the material a lready published by Svoronos. 
S uch indeed were the accounts given by onstantine 
Rados, P eri ton Th esauron ton Antikytheron (Athens, 
19 10 ), by Hermann Diels, Antike Tekni.k (2nd ed ., 
Leipzig a nd Berlin, 1920), p. 28, n . 1, and by A. 
Schlachter, "Der Globus," Stoicheia 8 (Berlin, 1927) : 
pp. 53-54. A new set of photographs of the fragments 
was take n by the National A rchaeological Museum in 
1918 (the negatives are dated I X 13/ 18) and these 
show extr a detail r evealed after a new cleaning; these 
photographs were published by Ernst Zinner, Geschichte 
der Sten1ktmde (Berlin , 1931) , P- 111 , wher the 
instrume1Jt is referred to the time of Christ , and by 
Robert T. Gunther, Astrolabes of the World (Oxford , 
1932 ) 1 : pp. 55- 58, pl. 26, figs. 53-57, w here it is dated 
(for no apparent reason) ca. 250 A.D. 

The only major investigation of the fragments befo re 
the present work seems to have been that started by 
Rear-Admiral Jean Theophanidis in 1928 in connection 
with the preparation of an a rticle on the voyages of S t. 
Paul in the Great Military and Nautical Encyclopaedia 
( 1 : pp. 83- 9G). T his work was presented in full er 
form in two articles published in conjunction with a 
third by K. Maltezos in Praktika tes A kad emi.as 
A thenMl 9 (Athens 1934): pp. 140- 153. Maltezos 
gives only a general summary of the prior lit erature, 
but Theophanidis adds much new informat ion about 
the gea ring vis ible on the fragments and propos s r con ­
struct ion wh ich involve s tereographic projection and 
raise once more th e question of identifying the instru­
ment with an astrolabe. Unfortunately in the short 
space of this artic le there was not room for any com­
plet e and systemat i reconstruction of the frag ment <; 
and the ir mechanism and it is not completely c1 a r how 
such hypothetical and tentative findings are relat d to 
the evidence. 

Of m ore r ecent literature before the present work 
ther e in only rep titian of the material already sum­
marized . Willy Hartner in Arthur U. Pope, A Survey 
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of L'ersian / Jrt (Ox fo rd 1 ~3~) 3: p . ..!53 1, n . .l. gives 
an excell ent short accO\IIlt, but is unduly iniluenccd by 
the cla ims of T heophaui d is for the existence of ev ideuce 
t l1at stereograph ic projcc tiou was used in lay ing out 
the circles uf the i J ! ~ Irt l nl l'll l. Zin ner, r . II ISI£'hllll.'f lllld 

/ Jusurf' ilull g d c.1· Cof!ptm iw ll ischc•JI !.tim• ( l ·~ r\ ;u i gcn, 
1943) re peals hi s ca rlin JneJJti oJJS and p u iJ ii s i i e~ the 
ncw pho tograp hs , :111d (;('o rge !(a ro, '' J\ n Sa lvaged 
front the Sea," / lrclweo/ogy 1 ( 11)-!8): pp. 17() IR\ 
g·ivcs <t ve ry 1'1 ne general acco unt oi the i\utib·tll('ra 
wrr ·k and it s cO lll p;lllioJ J piecl's of \11Hic rll'ater :Irchac­
ology. 

From about 19) 1, in thl' w urse 11i ill\-est igati .. lb i11t o 
thc h i ~ t u r v of sc ien til ic inst rnments ll'ith SJH·cial rdn 
cnc<' to ;t;1c ie11 l astrolaht·s ;111d pl:iill'la r ia. I bq~an 1•1 

appreciak the d<'<'P sign ili ca lll'l' 11f thl' .\ntik1·thera 
11 1< -c hani; 111 which ll':t S kllOIV II to !Il l' th mug h the ll'rit 
iugs of C111 1thcr. Svo rOIIIIS, <I IHI /. i1 111n. The dirert \) r 
of the J\;It ional /\rc h:Jt'ldi lg ical ~ !J bt'\1111 ui .\thl'IJ ~ . I l r . 
Chr is tos Ka rouzos wa ~ 11111SI CIJOjll'l'<llin· in pr111·iding 
111e in I <JS.) with ;t n<'ll' ;u 11l 111 11 r h rlcarn sl'l of photl l­
g raphs thn n :til)' that had i>u·n p111Ji i ~ l1t'd, :t111i from 
these it hcca in t· l'Viclt·llt vny qu ickl .v that the ll'llrk of 
clc:l ni1 1g had pr<>n'l'<i<-d ~ i nn· thl' til11l' oi \{l'illtl ~~· tha t 
fresh det ai l w:1s evidt·nt, IJ nt t\i;It lht· C<l111plicatilll1 was 
so g reat that on lv li r s t - h ;~ I H ! l'X;!Ill i n;~tillll rnuld c·n;~hk 

t hi s dd ai! to he ;.e lated to the ~ tr ur t urv of til,· <•rig i11 a l 
dc1·icc. O n the bas is (If tiH· phn t ogr;~ph s . I pu il lislwd 
a nrw cv<~. lu a ti o n of th r /\ ntikythna 1111'c h : t n i ~nl in ;111 

r1rt icle. ' 'Clockwo rk ileforl' thr ('lock." 1/oro/oyical 
.l oun wl (5 Oc tober. !l):i:i. in n1 1111btTS fm lkt'<'lllbn. 
1955, and j anu:1ry, J<J.'i(l) which was rcpriut<·d in ~ t · 1 · 

e ral la nguages and also Sl1111n l;Ir ized i11 an article i11 
,-/ 1/ istory of 'i'l'flllloloyy , ed. S i11ger. ll llilllyard and 
\\ all (0. ford , 1957), 3 : p. (>i g, lig . . \(J-t. 

l1 1 thc sumJ llC'r of 1 95~ . a ided i>y a g ran t from the 
/\ iil cri c; ul I 'hilosophical Soridy. 1 had the priv il ege of 
c·x;u1 1ing the fragn1 cnt s in /\ til ' liS. IJe ing given a ll facil ­
iti es there by thr llll iS<' Illll , ;11 HI hal' ing in additilln the 
\1 elp of a 111 ost competent pigrapher. 1 l r . (;eorge 
S tamires , then 11 1y co llcagne a t the Ins ti tut e for Ad ­
va nced S tud y, I 'r inceton, N cw Jersey . T he original 
pnhlica ti on hy Svoronos had noted onl y .220 lttters of 
the inscr ipti OIIS; T il oplianidi s was able to extend thi o; 
to about :150 lette rs; Sta n1i rcs read eiTIIt iially ~o 1 n c 7lJ:l 
let ters in all. 

O n my return T was able to publi sh fairl y rapid ly a 
pr<' li mi na ry rcco tl struction and ana lysis of the mecha­
ni sm, •· !\ n A ncien t. Greek Compu ter," S cicntific A mer­
ico n (June, 1959), pp. 00 fT .. and to include scmw con­
s ideration of it in a prev iously written, more ex tensive 
tiHJIIOg r;Iph , "O n the O ri gin of Clo ·kwork, P erpetua l 
Motion De vi es and th Compass," U nited Stat es 
Nn.t-ional Mnscum nu/lct-in 218 (Wnshi ng ton, D. 
1959). 

These publi ca ti ons. pnrti ·ula rly the forme r , gavr 
ri se to a g reat dea l of publi c atte ntion, schob rly and 
o th erwise . Among the accoun ts in the Athens press 

\II<,\:-,-., A\11 1< . I' ll\\. . ~~~~. 

wa s ;t wild c\ain1 hy an :\mcrica n profl'~~or t ' ll HT itll ~ 

that I had IJlTll illoll'l l hy th l' appa ren t antiq 11it y " f tlw 
dn·it·t· and 1ha t it 1\':J s in hct a 1nodnn intru -.. i1111 11 11 
thl' wreck :u1d nlt'r<·ly :1 planet:trium or ll iTt·n · of thl' 
tvpt· with 11·hi,·h ill' had h<'l'll taught thl' ci<·IJH'nts "i 
thl' Copcrn ira n S\'Stel11 in ;til :\u ~ t r ia11 sri HHII ~tlllH' si•dy 
1T:1rs hdurc ( 1\·athim.-rilli, J anuary ~ - I'IStJ ). I 11 11 1st 
~·onfes~ that 111 :11 11' tintl 'S in the t:<Hlro,e of till ·~<· i n1Ts ti:~:~ 
tiolh I h:~n· :J ;\':Ikt·IH·d in the ni gh t and ll'll!Jdnl'd 
11·huhn thn<' wa~ ~o \11 1' w;11· r11u11d tlil' n ·irknn· 11i tiJ,· 
tn~h. the ep i graph~· . the ~ty:<' 11i construct ion ;uu\ till· 
:1s t r"n"111 iral l'lllll\' 111 . all oi 11 IJich Jl"itll 1 t'l ~ lim 1\y 111 
the li r~t rentur1· 1u·. Thl'rt ' i:-- ;t\so til<· be t th;It it h 

all 111 :1d t· 11i hro;llt' ra tla·r 1 han till' bra s~ 11 IJirlt IJ a~ IHTII 
u~ed ior n111~1 ~rit· IJtil ir il :strtull l' lll :-. ~ in,T lla· \:it•· 
~ l id dlt- :\ gt · ~. 

Thn1 ag:1i1 1 thnl' 11'\Tt' ~11 11 1<' onh· trill n ·a dy 111 Ill' lit·\, . 
that tht· r rli11Jllt- :>. it .l ,, i th l' r!t-l'irl' :11HI ih llln·hani,·:d 
so piJi :-. tir ;t tion put it '" i:l r ht·yrllll itlll' ~l'O \ It' oi 1\t·llt·I J 
isti r tl'rilli<dl lgy that it l'lltdd 11n\~ h:JI'<' IH'l'll c\,·-., i 1~nl'd 
a11d lTI':ltl'd h~ :t\i, 11 as tronauh l'<llll i11g irtllll lll ltt ·l 
~part· ;u :d , · i~ iting 11 11r r i\'ilization . . ' n·dlt·~s 111 sav "' 
pnkq1~ it i, not though I "111p;1thi/!· with till' shock 
<HI'' 111ay in·\ :11 rn· i~ing 11p11ar<b thl' t'slllnation "i lit ·! 
knistir t<·t·llllolllg_l. I r;Jil ll<· t agrl'l' 11 ith :ul\ "' ra d1 c:d 
it:t ·rpretation. I f<'l'i rather tha t tlw llh< dt· ~ ton· "r 
( ;ITI'k ~rit ' l ll' t ' nlakt·s :1 grl'a t rk;tl ll t() rt ' st'll"' if 11 1· 

a s~ JIIlll' th:~t thl' ol d 1·inv o i tht•ir r i ~ ing 1111 highn than 
thl' :-. inl!llt \ I non it· tin· ire:-. w;1~ a drast ir lll : < it-rl' ~ l i111 :1 
t it• n that r:n1 \H ill' he rorrcrtcd. 

.\fter tll'o )Tars oi at t< '1 11pt<'d n ·rn lhlrtl t' li "ll, I w:1 s 
ri';Idy to rlll'rk join~ idt'l ltili cd irr1111 the prt '\ i''"" IIH':J 

~ urt ' lll ·n s. and in .Ju n<' . l 'I(J \. a~~ i stl'd \)\· a gr:~11t frn111 
til<' :\na·ri r;111 Con neil of l .ea rn<'d Sncil'tll''· I 1 t'l isi tt·d 
.\tlwns ;u:d w:~ s olll'l' 111orl' pl'nni t tcd 111 work 11 ith till' 
irag nwnt, tiH·tnsl'ln·s. checking in~niptions ;u1d jo in s 
ior :t l i n:~! rn·olhtr11rtion. Tlw joins wen· qnitt· ~uc 
rcssful , Inti e\'t'n with th<'l11 it w;Js di,.appr•int ing to find 
that thcrl' 11 as :-. till neithn <'nt11 1g h vi~ihil' ,,f t ill' gearinJ~ 
or of th e di a l work 111 111akc ;tny murh 111or<' l't'rtain 
in tnprrta ti• 1n pos~ ibk llf the II'<Jrking of tlw t!n·itT. I 
;l!t<'llljltl' t! to 111akt· :1 ~tatt·tnt·nt for till' cn .. pn:ttilt· 
rc - c~;llnin;ItiL i l oi the 1\'rt'l' k that wa~ l'ditl'cl l1y ( ;l;ulv~ 
\\'einbcrg in JCJ(J\ h\ll realit.ecl thl' ll that ll<Jt vt·ry nllll'h 
ro ulcl he acldl'd to tlw acco unts l had alr!'ady puiJJ i-,lll'cl 

Though I cnn ti llllt'cl tn work :~t till' puzzil' "f the ir;1g 
men ts duri11g thr next sn·e r;J\ )T<~rs it was n"t until 
197 1 th;tt a majc•r hrC'akthrough pr<' s:• Jtlt'cl itself. l1 1 
th:Jt year l was :Jle rtl'd hy a ill'll' puhlira tion " to the 
possib ility of u~i11g ga lllma-radiograph y to St'<' tltro\lgiJ 
the corrosion and aecrl' tion of the frag nll'nt s. I hac\ long 
before asked the <~utlt ori t iC's of the ( ;rl'ck :'\:Jtinll:t! 
l\fnse llll l wht·thn :t ll x-rav ill\'l'sti~atioll wonld he- in 
order. hut no s\lch <'<JIIipn.H·nt had heen ;tvaila hl<· a11cl 

-
" F. J. Mil ler, E \ ' . Sayre a nd B. Kt·i<ch, l.wtopic ,\f.-til odr 

o f E.ramillct/iMt cllld .·lut!J r .,tir() /io" '" .-ld ttJJcl .-lrclwrolorJI', 
O ak Ridge ~a ti o n ;d L aboratory IIC' -21 (O.>k l~idg c , O r tohl'l', 
1970 ). 
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in any case there would be di ffic ulti es of supplying 
heavy electrical power w ithin the museum. Now, 
through the courtesy of D r . A lvin Weinberg of Oak 
Ridge Nationa l Labo ra tor i s and of D r. A . F. R u pp of 
the Isotopes D evelopment Center , I was put in touch 
with the a uthorities of the G r ek A tomic Energy Com­
mi ss ion, and rece ived from them immediately the most 
cordial coopera tion.9 I a lso had the good fortune to 
be put in touch, through their offices w ith Dr. Ch. 
Ka rakalos who unde rtook the pa instak ing work of pre­
pa ring first the gam ma- radiographs and then a ser ies 
of fi ne x-rac\iographs, a lab r that entail ed long expo­
sures, delica te positio ning of the fr agments, and much 
prelimina ry ana lysis of the pla tes so tha t exposures 
could be adjusted to reveal the important detail even 
though the spec imens were extremely non-uniform in 
the ir radi ographic tra nspa rencies. ] a lso must spec ia lly 
acknowledge the work of Mrs. E mily Karakalos who 
assisted h r husband in making the all -important counts 
of gea r teeth, a task that is deli ca te, tedious, an d subj ect 
to maddening error s and re petitions b fore consistent 
results can be obta ined . 

Being on sabba tical leave in E urope during 1972, and 
with th assista nce of a resea rch g rant fr om the Nat ional 
Science Foundat ion ( GS 28993), I was able to v isit 
twice with Dr . Karakalos and go th rough the r ad io­
graphs. lt was evid ent fr om the beginning that so 
much of the gearing was prese r ved within the fr ag­
men ts, and so clear was the deta il that much more of 
the form and structure of th gear tra ins ou ld b 
eluc idated . Bit by bi t Ka rakalos and I were a ble to 
analyze the cruc ia l cases w here m shing between ce rtain 
wheels was doubtful. W e examined very ca refully the 
structu re o f the di ffe r ential turntable and of the gear ing 
of the lower back di a l and establ ished their connections 
with littl e doubt and to such accuracy that for the fi rst 
time th e gea r ratios could h assoc intcd w ith well ­
known astronomical and ca lendrical pa rameters. 

In all it was a most ex it ing sudden advance in the 
solving of the puzz le , and there was a ce rtai n ro man tic 
justness to the cooperation between th fine modern 
phys ical fac ili ti es of the G reek A tomi c Energy Comm is­
sion , the directo rs and authorities 10 of the G re k Na­
tional M u seum , and ourselves in thi s attempt to throw 
light on what was now clearly one of the most impor­
tant pieces of ev idence for the understandi ng of ancient 
Greek sc ience and technology. F inally, as most of the 
rest of the gea r tra in mechani sm hac! fa ll en into place 
leav ing on ly the system a round the upper ha k d ia l 
incomplete there was red iscovered in the museum store 
the long-lost F ragment D which had been available to 
me only from photographs. T his was now qu ickly 

9 I would like to accord my thanks f r this lo Genera l De­
mopoulos, Dr. G. Fragatos, and Dr. D. A. Kappos, who served 
as directors during the peri od of thi s resea rch. 

10 I would like to direc t special thanks to Directo r Kallipo­
liti s, Dr. N . Ya louris, and to all the museum staff for thei r 
most helpful and kind considera tion to me and to D r. Karakalos. 

radiographed by Karakalos in June, 1973, and proved 
to be a lmost certa inly the missing link that was needed 
for thi s s ction. T hus it turned out that the greater 
par t of the gea ring system was a complete entity and 
though many puzzles remain , it was possible to prepare 
a definiti ve account of the results achieved. 

As will be shown in the technical analysis which fo l­
lows, the mechanism ca n now be iden tified as a calen­
dr ical Sun and Moon computi ng mecha ni ·m which may 
have been made about 87 n.c. and used for a couple of 
years during which t ime it had several repa irs. It was 
perhaps made by a mechanician associated with the 
school of Pos idonios on the island of R hodes and may 
have bren wrecked while be ing shipped to Rome about 
th time that Cice ro was visit ing that school ca. 78 B.C. 

T h design of the mechani sm seems to be ve ry much in 
th tradition that began with the design of p laneta rium 
d vic s by Archimedes. It was conti n ued through the 
Rhodian acti vity, transmitted to I slam where similar 
genred devices were produced, and fi nally flowe red in 
the E ur p an M icldle Ages with the tradition of gr at 
astronom i a! clo ks and related mechan ica l dev ices 
which were crucia l for the Scienti fic and Industrial 
Revoluti ns. Perhaps the most spec tacular aspe t of 
the mechan ism is tha t it incorporates the very sophisti ­
cated dev ice of a d ifferenti al gear assem bly fo r tak ing 
the di ffe rence between two rotations, and one must now 
suppose that such complex gearing is mor e typical of 
the level of Greco-Roman mechanical profi c iency than 
has been thought on the basis of merely textua l evidence. 
Thus th is sing ular art ifact, the oldest ex isting relic of 
sc ientiftc technology, and the on ly complicated mechan ­
ica l dev ice we have from an tiquity q u ite changes our 
id as about the Greeks and makes vi s ible a more con ­
tin uous hi storical evolut ion of on of the most important 
main lines that lead to our modern civilization. 

Tli E AS I N , GENERA L ONSTRU TI N, 
AND DIAL WORK 

JOINS OF T H E FRAGMENTS 

!\ !though it was not apparent to th ea rl i r workers, 
nor indeed to me before the structure of the four extant 
fragmen ts had been clar ified , all four p ieces form phys­
ical joins which show that originally they were part of 
a single mas (see fig . 6). F ragme nt C covers the 
lower left corner of the fron t of the main Fragment A, 
Fragment B covers the top r ight of the back of F rag­
men t A, and F ragment D fi ts between R an d A at the 
center of the an nula r rings of th dial plate of B. 

In the or ig inal s tate as found I thin k that debr is sim­
ilar to that on top of .1 covered much of th lower por­
tion of the ma in drive wheel on the f ront o f F ragment 
A, much mo re such cove r can b s en on the o lder 
photographs in which F ragment C seems much mor e ex­
t ns ive p rior to cleaning, and thi s tog the r with the 
acc retions d irectly over the rest of the front surface of 
F ragment A could have left littl e visible t race of the 
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Ftr.. 6. Schema ti c di ag r:u n ~howit t g' the juins o f the f<>ur main fragment s. TIH· woode n member whose sh rinking 111ay ltav,· pro­
vokl·d t il e s plit t ing apart v f the origina l mass is shown at .r . 

unde rl y ing- mecha nism. On t he h<1c l· s11rf<1ce of Frag­
ment A there llltl st have been a bir ly complete laye r 
of debris which ex tended from the section prese rved as 
l•' r <"~ gm ent B a ll th e w<1y down to the part of the lower 
b<1ck dial that is preserved <1t the lower rig ht corner of 
the back of Fragment A. l suppose that the insc rihcd 
shee t which made mi rro r it n<1 ge illlpress ions on both 
Fragments A a nd B a nd is prese rved now onl y in a 
tin y piece must have been much more ex tensive and 
p rhaps f II o fT <1 ml was mi slaid onl y af ter rc avery . 

A long the r ight-hand margin of the back <1 nd the 
lower left -h:111d con1er of the fr ont o f the main F rag­
•nent A there o cu r small pieces of a brow nish rock-li ke 
substa nce adhering to what seems to be the rema ins o[ 
<1 sort of chann el. Though the mechanica l deta il s <1 rP. 
difficult to see, r take thi s to be the traces of what were 
once the wooden s i le wal ls of the cas ing of the instru ­
ment. H.ed iacl is and R ehm both re fer to a wooden 
·asing, so possibly it was lllore vis ih le then or there 
existed other fragments of it before my examinations. 

V is ibl e in the r<1d iographs at the co rn er of Fragment 
C is a sm all obj ect which may be a fix ing br<1 cket or 

more prolxtL iy ;1 sliding loca tor pin l1v \\'h ir h rhc front 
dial plate co uld I H~ fi xed 10 the s id(' . \\' ;ti l ~o as to Ia: 

rem< va ble for access to the mechanis11 1. :\ long the long 
sm vi \·ing si de of Fragment A the radi og raph s ~ how 

clt<1 rl y a sh;td O\\' of the cktnltel rt tl l l ti t l~~ thl' t' ttl irc 
length. 

Ti l E B :\ - I( U l :\ L S 

The fittin g toge ther of the four frag-111 en ls i ~ at tested 
both hy phys ical f1t and co lor match on th ~.: one han cl 
;md by the struct ure of the d ial work on the othn . 
Fragment prov ides <1 concen tri c pair of dials which 
s em to lit around the outn peri meter of the mai n dri ve 
wheel, <1 nd Fr<1gmen t B prov ides a st'l of rnnn·ntric 
d ials which wou ld fall directl y :Jbove ;utd match rlw 
ve ry simibr se t prese rved on th e lower part of the 
b:-t ck of the mecha ni sm. E.:-.ch of thtse di<1 ls consi;,b 
of a ce ntr<1 l plate of 44.3 mm radius surrounded hy a 
se ri es of <"~lllltlli c<tc h of <1V<' r<"~ge width 5.92 mm s~.: pa ­

ra ted from each other hy g<1 ps of avnage wid th 1 . .1 .'i 
Ill Ill . 
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For the uppe r dia l which is preserved in Fragment 
B, I count four such complete rings; reading from the 
center plate to the outer limb the radii being 44.3, 45 .8, 
53.0, 53.8, 59.1, 60.4, 65 .9, 67.7, and 73.4 mm . Just 
within the center plate, the width of an ann ulus inside 
the perimeter, there is a short segment of what appears 
to be another gap, but I take this to be more probably 
an accidental cut or c rack than some sort of additional 
partial ring. The rings are partly held in place by a 
special bridge which s traddles them below the dial sur­
face. It consis ts of a strip which is rivetted to the 
center plate and the outside limb; it has a width of 
3-4 mm and a h eight of 3 mm. O n top of the fragment 
of dial plate, in a radial position, but much obscured by 
surroundi ng debris is an obj ect that might perha ps be 
the one preserved po rtion of a dial pointer. It consists 
of a long thin bar of leng th 55 mm, thickness 2.5 mm , 
and width 4.5 111111 . The length is clea rly not sufficient 
to ex tend from the dial center to the outside limb , but 
it might have been broken ; there are no recognizable 
features v isible to the naked eye or the radiography. 

The lower back dia l which is preserved at the bottom 
right hand corner of the back of the m ain F ragment A 
has also a cen ter p la te o f identical radius , 44.3 mm . 
O n the radiograph the in ner t wo surrounding a nnuli 
are quite clear and I measure the successive radii , r e<1 cl ­
ing out wards as befor , as 44.3, 45 .8, 52.3, ami 53.4 mm . 
Beyond thi s is a third annulus, somewha t di splaced 
from its original position, but ev idently of the same 
general width and spacing. Beyond thi s again it is 
just possible that there may be a fourth annulu s as in 
the upper back dial, but I cannot c1 arly discern any 
trace of it by eye or from the radiographs. Though 
the entire dial is much di storted at thi s point I fancy 
that the width of the engraved and in scribed fi xed limb 
around this dial at thi s point docs not leave enough 
room for a fourth a nnulus. I therefore suppose thi s 
dial to have only three such annuli together w ith a 
fi xed outer limb. Neither in this dial no r the upper 
one is the fi xed center plate insc ribed with scale. T he 
only markings on them are the small subsidiary dials. 
T he annuli of the lower dial a re also held together by 
a bridge, visible to the naked eye and the radi graphs. 
It is very similar in dimensions to that on the upper 
dial, but in this case one can see from the end-on view 
that it consists of a series of U -shaped sections, U -U-U . 
presumably to straddle the gaps between the a nnuli 
and allow them to be turned fr ee ly. 

The upper dial the refo re seems to consist of a central 
plate with subsidia ry dial, and four rotatable a nnuli . 
The lower dial probably has only three rota table a nnuli, 
but in this the fixed outer limb is divided also. One 
cannot tell whether or not the upper dial also had a 
fi xed outer limb. T he upper dial is in a much corroded 
sta te, heav ily accreted so that all divi s ions and inscrip­
tions are extremely difficult to see, a nd quite unintel­
lig ibl e, but the general impression is that it is h eavily 

insc ribed and might one day be more readable after 
further cleaning_ A long the radius passing through the 
center of the subsidiary dial I think I see a continuous 
line of g raduations running across all the visible annuli, 
and on the outermost of the annul i I see, somewhat 
uncertainly, a stretch of fiv e even g rad uations subtend­
ing in a ll abou t 38° of arc. By calculation thi s would 
yield some 47 or 48 graduations around the entire 
circle. For the lower d ial there are p roblem s of locat­
ing the center since the inner elise has been displaced 
with respect to th e outer limb on w hich quite clear 
graduation marks are to be seen. I measure aga in five 
such divi s ions and find th y subtend just a 1 ittle more 
than 30°, say approximately 31 o which would g ive a 
count of 58 such div is ions in the circl e. The accuracy 
is such that a count of 59 ( half days in the synodic 
month ) is by no m a ns excluded . U nlike the upper 
dial , the lower has compara ti vely little insc ription, only 
<1 s mall proportion of the divisions being annotated. 
F o r what is legible o£ the ins riptions see p. 48, fi g. 37. 

T he two back dia ls are so large th at between them 
they mus t virtually fi ll the entire back face of the instru ­
ment. T he fourth annulu s of the upper dial h as an 
outer radius of 73.4 mm and therefore even without any 
outer limb its diamete r would almost fill the approxi­
mately 150.0 m m width me:1sured across the main plate 
of the in strument. If th e lower dial has, as I believe, 
three annuli and a fi xed and engraved outer limb it 
would be of about th e sa me d iameter as the upper dial, 
but in this case we k now from the small prese rved 
fragment that the d ial pl<t te extend s about 6.0 mm 
beyond a nd to th r ight of the outer sca le on the limb. 
It would seem tha t the dial pla te overha ngs by this 
amount a wooden side wall of about 6.0 mm thickness 
which surround s the prese rved main dial plate . The 
back dia l p late must th •refo re be about 158.0 mm wide. 
T suggest that in fact the d imension was determin ed as 
just 8 dig its ( i .e . half a Roman foot) in width w ith an 
<1dd ition al overhang f about a quar ter of a dig it on 
either s ide. 

T he distanc RC between the central Axis R o£ the 
ma in drive wh el, a nd the c nt r C of the low r dial 
is 78.0 mm and this leaves as much m a rgin between the 
outer limb and the cent r line through B as there is in 
the overhang at the s ides. A similar overhang a t th 
lower edge would imply that the back dial p la te extends 
to about 158.0 mm below Axis B, so tha t the dial is 
inscribed within a square that constitutes the lower 
ha lf of thi s back plate. 

O ne might expec t that the upper back dial would 
be located in a similar fashion, but such a pparently is 
not quite the case. The center of the upper dia l, x is 
N, appears to be loca ted just b yond the top of the 
periphery of the m ain drive wheel at a di stance BN = 
63.0 mm from Ax is R . T he distance betwe n· t h e two 
dial cente rs is ther fore G N = 141.0 mm whi h is less 
tha n the sum of the two equal dial r adii by a deficit of 
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2(7.3.4)- 14 1.0=5.8 111111. lf the dials were to be 
arranged to touch without over lapp in g- we would have 
to assume that the upper dial were cen tered on an Ax is 
N' situated 5 . ~ n1111 further from Ax is /J whi ch would 
bring it almos t to the perimeter of the \\'hee l 1111. Thi s 
in turn would require tha t the tooth count s of the 
Pinion M 2. and the Wheel N should sut11 to t h e~)() teet h 
of M I ; the Wheel N' in thi s I ca ti on should therefore 
have ra. 80 teeth rather than the o..J. fo und for Whee l 
N in Fragment D. Alternati vely, noting that thr. 
amount of deficit is exact ly that of one annulus of either 
the upper or tlw lower dial, one could sati sfy the de­
rnancl for neatness hy snppos ing th:tt the upper dial has 
four annu li and the lower three, and that neither h :~s 
an engraved outer limb, at least not i11 the reg ion where 
they won ld interse l. 

Synun etry could be romplcte hy difTerent 111 ea ns if 
the A x is N were moved still fmth cr out to a pbce N" 
such that BN" = JJC; = 79.3 nu11 , but thi s places N" 
at a di st;'ln ce of 32.9 mm beyond Ax is M ;'l tl( l would 
reqnirc a wheel on thi s ax is having about 1 IG teeth to 
engage wi th the Pinion M2. I !tnd the questi on almost 
imposs ible to resolve with the presen t evi dence alone. 
The gea ring beh ind the Iipper ua ck dial is the most un ­
cert ain part of the enti re train system in the mec han ism, 
and the defonn ation which ha s occur red at the join of 
thi s Fragment B to the main Fragntent A is larg r than 
anywhere else. Fmthermore one can not rely too heav­
ily on sma ll difTerences between larg<' int~raxia l d is­
tances when the axes themselves :1 re sn difTicult to 
loc:1 te. J n all T fee l it is safest to assume that the F r:~g-­
ment D fits here and th:1 t the upper di al is located in 
a sli ghtly assymmetr ica l position to Iii the ax is pos itions 
de termined by the requirements of the gea ring. 

At all events, the total height of th e back plat e must 
have been such that it would conta in approx imately 
four dial rad ii of 7.1.4 111111 each and overhangs top and 
bott om of about 6.0 111111 each g iving ;1 total of .\05.6 111111 . 

1 suggest , as before , that the intention here was a length 
of just 16 dig its (one Homan foot) wi th an add ition:ll 
overhang of ab ut a quarter of :l dig it on itlter side. 
The back di<t l plate therefore must h<t ve had dintension s 
of about one fo ot by half a fo t , surrounded hy overhangs 
to cover the wooden sides and almost completely occu­
pied by the up per and lower dials. From th ev idence 
of the small, par tly lcgihle hut :llmos t unintellig ible fr:tg­
mcnt of inscription pre. ervcd it seems that the space 
he tween the cli<tl s to the ri ght of center conta ined a short 
text·. ProbaLly that to the left contained a simil <tr tex t 
each of them ha ving perhaps thirty lines <tt the most. 

Tn addition to this it can he seen from the ex tensive 
mirror image insc ri ptions in the regions of the upper 
and lower dia ls and from the sma ll fragmen ts which 
s till ex ist of the plate. insc ribed side fac ing the di<tl s, 
that the entire area w<ts covered by a plate containing 
a quite long text of :lt lc:lst 47 lines. J t seems that 
this tex t referred to the gener<t l ca lendric cyc les which 

were entbodil'd in the geared tnt't'hanism and I thittk it 
clear th;tt thi s pla te mu st hal' l' ~ervn l ;ts a hingl'd dtJor 
or more prohaiJiy pair of door' hinged so a!'> to Clll'lT 

and protect the d ial syst('lll . 

T ilE FIW:\T lll :\1. 

The frntlt dia l plate is all e!->t('d on lv by l;r:tgtll('tl t ( · 
whi rh co tllains two annuli. rather ~i ntibr to ;tnd oi tiH · 
sa nte width :1s tl w,.,e on the u:tck dials, but fortttttat('ly 
in ;1 mu r lt !Je tter s tate of prese rva tion. The ittll('l 
radius is (J2.5 1!1111. The middle radius is 70.0 nun :tnd 
th oute r radith is 77.2 111111 which shows th:tt the ovt-r 
all di;uneter is onlv a sh:tde -.m;dlcr th;ut th(' tnt;d di ;d 
plat e width of I ~KO llllll, lea\ ing a m;trgin of on ly :thont 
1.9 n11 11 on eithn sid(' . \\ 'hat is lllOr(', it S('(' llts front ;r 

straig ht btltltHbry a t the lowt-r l'dge of tiH· fragttll'tll 
th ;tt the d i;d plate was inscribed within :1 !-><JI I:trT ttf sid<' 
1 S~.O 111111 so that additiona l plates wo uld be need('d to 
cover a ras ing· large ('no ugh to surround tlw tn ;tin pla it· 
of the 111l'Ch;lll ism which ex tend s to what seent s, ('S J H' ~ 
cia lly from the older photograph!->, like a rlear low(-r 
edge abont 10-l .O 111111 below the InTI of tlw main .\ xis 
n. :\!though tlw prcsellt physical join of Fr:tgllH'IIh 
A and C makl's th('ir lower edg('s nearly <~gn·(·, it i, 
clear that thne h<~ s hccn a large deformation at this 
point, proha!Jiy IH'Cllt se the dial plate was orig in a l !~ 
held high above the II lain plate surf<~rc . If t IH· di;d 
plat e were in its presum<t hl y correct position, r t·tt l<'rl'd 
011 :\ x is n. its lower edge would he about .!S.O tlltll 
above the ltrwt-r edge of the mai n plate . 

If nnt· ;, upposcs the ent ire front of the it~strtU11t'tll 
were covered by a dial plate the sa nte size as that ;tt 
the hack, and that on ly the n· nt er nf this werl' nccup it·d 
hv a squ:tn· plate conta ining thl' !-> inglc dial it W<Hdd 
lca\·c rccl:tllglll:tr plates a!Jir\T and below. Tht·sl' wmdd 
he rach :thout 151-1.0 mn1 wide ;rnd 71).() 111111 h igh. :\ow 
the p;1 rapcgnt:l inscrip tion which :~dhen·s to Fr;lgllH'IIt 
C and carr ies a leg('nd referring to the scales 1111 this 
dial i!'> a li ttl e II',.,S than &l.O 111111 wide. and a he ight nf 
79.0 111111 of such a plate would con tain just abo11t fnm 
teen lines of inscri ption . a little more th:tn h;df tit(' 
Creek a lphabe t of twenty -ftH tr lett ers. It would thcrl' 
fore seem that two co lumn s of such (('XI, each :litllltl 
79.0 mnt squa re rou ld carrv the entire set of K('\' le ttns. 
Por thi s n·:~sott ntte might sugg<'st that the front plate' 
was ex tended in thi s way, either in the form of a ~ in g-lc 
shee t which has acc id ntally broken exactly at the 
boundary of the parapegma in sc ription, o r ntore prob ­
ably in three sep<tra te hec ts, an upper one which 
might well have been the ma in dedica tory in scr iption 
of the instrument. a middle dial plate, <tnd a low('r para ­
pcgma plate . 

The on ly difficulty wit h the above explanation is 
th<tt the present parapegma plat!' seem ~ to terminatt· 
wi th a straight edg-e hclow the line for letter ~ which 
is the eigh teenth in the <t lphal)('t. ft is, of course. quite 
possible that the fir st five or ~ix letters of the a lphabet 
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FtG. 7 . .R econstructi on of the dia l plates and casing. 

were on the upper pla te after an introductory in sc rip­
tion of some sort , fo llowed by th e present co lumn which 
wou ld then have contained twelve letters in the left 
column , and succeeded by the right hand co lumn con­
ta ining the remaining six lett ' r s of the a lphabet fol­
low d uy a blank space o r some concluding tex t . The 
small pa rapegma Fragment iv m ight then he identifi ed 
as the top left edge o f the lower pl <t te , and Fragm ents ii 
and iii might be from the top of it s second column 
which is now squashed upside cl own below the visible 
parapeg ma fragment . Th ent ire pa rapcgma pl ate 
appears to have been twisted and folded so that the par t 
now vi s ib le is upsici e down but in a lmos t the co rrect 
loca tion. 

The front dial it self is so arranged that the inner 
annu lus is immovably fixed in position and h eld in 
place by a cha nnel-shape I suppo rt under it connect ing 
it to the limb. The ute r annulus between it a nd the 
limb is capabl e of ro ta tion in th same mann er as those 
of the back dials. An interesting differ nee , invisibl 
to the naked eye, ca n ue seen from the radiog raphs. 
The gap between the two annuli is not blank but on-

tains a se ries of tiny hoi s, one per degree. From their 
position it is difli ult to te ll whether they lie near the 
out er boundary of the inner annulus or the inner b und ­
ary of th outer one, most probably the latter. I sup­
pose these holes to h<tve been made for the insertion 
of a marker which could be moved fr m day to day (as 
with a traditional parapegma calendar ) to show the 
curr e'n t place in the year . 

Bot h in ner and out er ann uli a re graduated with short 
marks nt degree inte rvals, and longer marks across th e 
ent ire band ve ry 30°. The inner ( fi xed) annulus is 
ev identl y still in it s origina l pos ition for one of the long 
ma rks oc urs xactly a long the mid-lin of the dia l face . 
The entire 30° segment clockwise fr om thi s clivi ion is 
in a good stat of preservation and at its cent r can b 
read the name XYAA T ( helai, the Claws of the Scor­
pion- i.e., the zodiacal sign Libra) . In the preceding 
segment one can just make out the two letters of 
1 IlAP®E] NO [Y] (Virgo) so confirming that we have 
the cycle of the zodiac proceeding clockwise and b gin­
ning with Libra at the lower limb. This is some what 
unexpec ted for the traditional orientation o f the zodiac 
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c irc le on late r in strume nt s and horoscopes , thoug- h also 
tt sing th e clockwise sense, p laces the equinoxes to ldt 
a nd right and the sols tices 0 11 the upper a nd lower 
lim bs, usua lly w ith the summer so lsti ce high a nd the 
w inter low. 1 t is , of cou rse, poss ibl e tha t th e jumbling 
of fragm e nts has been e ven m o re se r io us tha n he re sup ­
posed and t ha t the ex t:-tnt fragm ent be lo ngs to one of the 
othe r cor n r s of the tl ia l pia t e. 

Straddling the fir s t deg ree di vis io n of Libra . just 
ahu ve the top o f the p:1ir o f short gr;tdu a ting 111arks 
I read pl ainly th e lett e r A. N ot near ly so clr :trfy, but 
w ith some cunsiderah lc duubt, I think J sec spa nni ng 
the 11th , 14 th and 16 th degrees o f the S<I III C s ig n tfte 
letters B, r and 6 resp ec ti vely, and even more uncer­
tainly , a bove the 111arks of the fir st rl rg rec of th l' 11 ' .XI 

sign (Scorpio ) a 11 1·:. fn V irgo , al so w ith g reat tt nce r­
tainty I thin k th a t at th e l t) th deg- ree 111 ay lw rea r! an .11 . 

These let!ers of the ;ilph ahct in sc ribed in o rder a lo ng 
th e zodiac, ;tpp;tre nt ly begin ning an d e nding w ith ti ll' 
;ttlt umnal equi nox ;1re wi tl1 out nntch d oul >t to he li nked 
one by on e with the lin es o f the pa r<tpeg tna tex t. As 
tltr S un enters a ch marked d egree of th e w di;tc, the 
parapegma ca lcn l:u tell s the lw liaca l ri sings a nd set­
tings of the most noti ceafJic !.>rig ht sta r s. Th is is ·x 
:u.: tly the trad it io n of Gn·ek :1stro nomica l cale nda rs of 
th e period , but fmtlH'r identifi ca ti on is diffi cult s ince we 
do no t , a la s , ha ve the pa rapeg tn a in ~c r i pti o n a1ttl thr 
n1:1rking lette rs from th r sant r pa rt of the zodiar. 
Thos' of t lw ex tant te x t a ll refer to e vent s just befo re 
tlw sum m C' r so lsti ce, just three-qua rt ers o f th e c ircle 
and uf the ca lenda r :11v:1y frOlll th e pre~crvcd p:~rt s of 
the divided c ircl <'s. 

The 111:1j o r divi s ion o f the o u te r annnlu ~ a rc " litt le 
1t1 ore t lwn half a s ig- 11 Ol ll of phase w ith th e zodi ac 
sca le ; a lllaj o r di vision oc ·urr ing at the l!li\rk of the 
I 7 th degr c of Libra . A t the center uf the s<'gment 
p reced ing thi s divi s ion, ju st <t bo vc the 111 a rk A at l .ibra 

' on under 11de • 
(a ,rec r ) : Pa ropeqmo 
t raorne nt 111 
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I , G ill be rc: td the 111 01\l h na n1 e II AX!!:'\1 ( l'achclll '!, 
a nd in the c nte r of the ~egn1 e nt fo ll o w ing th e divi s io n 
ar c the fir s t two l ·ll er s of II J\ f Y!'\ lf ( fl :~ y ni ) , tiH's t· 
bei ng two co nsecuti ve lll onths of t he (;r ·ro- f ·~gy p t i a 11 
year which cons is ted of 12 pe riod s of .10 days r·ac l1 
followed hy a n epagome nal pe riod o f 5 d :tys w it l1 110 
adju stiJH' ilt fo r lea p years and no irrcgula r iti t's . lk 
ra u ~ · of it s absol u te 11nambig nit y thi s ca lendar II'<IS in 
commo n usc by a ll ast ron on1 ers , htll it had th e property 
of a steady d rift with respec t to th e sobr yea r :11 ul i ~:-, 
. '>c:J.sons, s ince thi s, co rrected in our c;ti enda r by Jroa p 
yr:t rs, is :t ln 10st a quarte r day lo nge r than t he .165 d : t\' ~ 
of thi s cycle. Each retum to the sa me place in tl1v 
zodiac will therefore t:t ke a qu a rter clay 111 0 re tha n t hr· 
cycle of the months and the outer a nnulu s llHi st n> r 
rcspond ing ly he m oved an ti clock wi ·c thrm1g h a quart n 
d iv ision. In thr p resent settin g l . i h r :~ oo correspond ~ 
with 131 l'a · li on, and .10 J>ac hon = 0 l'ay ni w ith t l11· 
ma rk of Lib ra 17° . Thu s LH divis ions o n the nHl llth 
sca le co rres po nd to 13° o n t h ~ zodiac ~ca lc th ong li tlw 
differen ce be tween th e scal e!> o f 365 days a nd .1(>0 " 
should onl y be ahout a third o f thi s half cb y. Clea r! \' 
non-11niform divi sio n, pro bably of bo th scal es, :liHI pro!; 
a bl y unintenti ona l, is the reaso n . At all events tlt c ap . 
prox imat e ali g nment of the au tu11m a l equinox w ith l .t~ 
f'ar ho 11 is cle:t r. ' 1 • 

S ince, ns just no ted, the cyc le of mo nth s lnov •s witl1 
respec t to the :-,ola r year :lt th e ra te of a qu a rt e r da1 
eve ry y e:t r it should he possibl e to u sc thi s a li g 11111el;t 
to cl:tl e the pos iti o n reco rded hy the in ~t rtlnt en t if t hi~ 

11 
/1 fu rt her :unhiguit.y is d ue to the fa c t tha t o ne Gllli Ht l It< · 

' ur c i11 the case o f these in s trumen ta l di visio ns whet her til l' 
di v iding l ine hetwec n V irgo and L ibra, and the refore the cqu i 
!l OX is to he cal led V irgo .100 = Li l) ra o· o r ( the hcg iu n in ~: 
of) l.ihra 1•. Fro n1 the fac t tha t the key le tt e r s for thc para ­
pegma s t raddl c th e d egree divi s ions, l s us pec t t ha t it ;, t it< · 
int e rval s ra the r than the di vi s ions which were mnnbercd . T l! ,· 
equ inox is the refo re probably refe rred to as ( the beg in ning o f ) 
l.ihra I • a nd s hould s t raddlc that interva l. 
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is in a place where it was set intentionally and has n ot 
moved s ince. Before tha t cons ide ration , however, it is 
worth remarking that just beyond the oute r annu lu s, 
ju st half a di v ision t o the right o( the lon g dividing 
line between Pachon a nd Payni there is a short but 
clear inc ised line- I fee l sure it is no accidental rack. 
l think that this mark, near the lower edge of the front 

TA13l.E I 

A CCURA C Y OF D I VIS ION OF T H E Z OD I A C ScAL I·: 

ON FRONT D IAL 

Numbe r of deg rl'c Size in l e nLhK 
d i v i ~ i on or a nun 

-----
Vig ro 

IS 34 
16 31 
t 7 33 
18 27 
19 24 
20 34 
21 32 
22 35 
2.l 35 
24 33 
25 30 
26 30 
27 34 
28 33 
29 30 
.~0 38 

I . ibra 
1 32 
2 32 
3 34 
4 34 
5 34 
6 34 
7 44 
8 25 
9 28 

10 .3 0 
II .)f) 

12 30 
1.1 30 
14 28 
15 .17 
16 28 
17 .~ 5 

18 32 
t9 35 
20 --~5 
21 32 
22 36 
23 34 
24 34 
25 .10 
26 38 
27 32 
28 36 
29 32 
30 32 

Sco rpio 
I 29 

TABLE 2 

DJSTW III UH ON 

Size o f deg ree 
Uivi :s io n, tent hl4 

o f a mm 

24 
25 
26 
27 
28 
29 
30 
3 1 
.1 2 
.B 
.14 
35 
.II> 
.\7 
.18 

44 

T o t.li 
J\rilii!IICl i<.: lll>:'illl 

·----

N um be r of su h 
di v isions 

-----

() 

I 
3 
I 
8 
I 
8 
.~ 
1.} 

5 
2 
I 
l. 

-! 7 di v is io n, 
3.245 mms/ divi, io tl 

dial, is in fac t a fidu c ial m a rk w h i h was in cr ibe tl a t 
the date of m a n u fac tu re of the instrument g iving the 
pos ition of the m o nth c ircle at that time. T he half-day 
di spl acem ent fro m th present pos itio n so tha t Libra oo 
correspond s to the 13th day of a month would th e r efor e 
orrespo nd to a p r sent c tting j u s t t wo yea r s la te r 

tha n tha t date . 
Now it is a tt est ed fr o m th A lm agest o f Pto lem y 

that the a ttlumna l equinox a t t he time o £ llippa rchu s , 
in 147 B . . was on t he 3rcl Epagomenal day , a nd that 
285 yea r s late r , by Ptolem y's w n o bs r vatio n it had 
moved fo rwa rd to the 9 th Athy r. In 87 n . . it wa s 
th e refo re a t the 13th Tho th a nd two yea r s !a t r , in 85 
H.c. it was at the 13! Thoth . At multip les o ( 120 yea r s 
before and a ft e r these da tes o th r m o nths would have 
had th ir 13th a nd ! 31 th clays co in iding w ith the 
autumna l equin x . F o r the mo nth o f P ach o n to com e 
round, h o wever, w ou ld ta k e 8 month s worth of these 
qu a rt r -day a dditi o n s a nd therefo re co rrespond t o a date 
ra. 876 A. D. or 586 B .. both of which a re beyond the 
range o f archaeolog ical p oss ibility . 

The e vidence the r e fore of th fiduc ial m a rk is that 
the instrument wa ng rave tl ca 8 7 B . . or a t som e oth r 
da te di sta nt fro m tha t by a multiple o f 12 0 yea r s, 34 
A.u., 154 A.u. , e tc . F or th e first possibili ty th e month 
se t by the autumna l equinox would have b en Thoth , 
for the o ther c hoices it would have been Phaoph i and 
Athy r r espectively. F or da tes earlie r, the five epago ­
ma nal days int rv en e, and the corresponding da te in th 
mo nth Mesori w ould corre pond to 230 B.c. 

The e v idence fr om th e se tting of the m o nth P achon 
on the a nn ulu s is difficul t to e valuate . On e possibility 
is s imply that the ring was m oved ca relessly or ac­
cidentally to a quit e incorrect positio n. Anoth r pos-
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sihility is that the dial syste111 was marked, not by a 
single po inter 111arking bo th the zod iac and month 
scal es, but by a pair of po inters out oi phase by exac tl y 
120°-perhaps th ere was a complica ted stntcture 
witltin thi s dia l pia<.: • fo rcin g sontc suclt arr; tn gentent. 
1 [ fo r thi s reaso 11 or ;u1y ot he r we Sll]lll<he the outer 
annular mo nth sc; tl e to hl: se t correctly in datl: though 
not with a possibl e mon th , we could say tha t such a 
setting co r responded wirh a elate aho ttt two years ;1ft er 
tha t ind ica ted by the liducial m;trk . Ottl: would havl: 
t herefore a pl: ri od of usc that wuttld accord well with 
the fi ndin g that the mt·cha n i, m Ita ;, hcen broken and 
mended in a couple uf place:->. lntt tnust have broken 
clown rather qui ck ly in l'icw of the t remendou s com­
plica tion and friction of the gearing ~y~ tl' lll . 

Thoug-h the dating is of gr •; 1t import ance 1 :->t'l' 11o 
111 ore rea sonable way of <· :->capittg frottt the fan that t !tc 
.'-i ign Lil lra and til e 1\·l ontlt f'arllll tl scen1 to hl' inro r­
rl'd iy jtt xt; qH> ;-.cd lty l' xartl y 120 ° . Hot!t readings 
seem Cjllilt.: sec tll"C and ti lCrL' ;-,l't'tll ;-, no roo11 1 fo r ;iltl'rtta-
1 ive ·xp lan at ion. 

1\e c;tu s<· t he d ivided rirrl·:-. of tlti :-> lront dial arc the 
onl y sc ientif"t cally cliv id('d ;-.cale~ tlt<tt lt;~ vl: come dow11 
to tt s from anliiJu ity I ltave tltoug!t t it worth wltik l!J 
inves ti gatC' more fully tile acc tt racy oi thi ,., divi sion. 
!;rom an cn brgecl pltot ograplt ( t ime" .((l) of the ;,ca lt',.,, 
lllirrontetri c reading s \\'l'l"L' ta ken of rite ll'id th of ea ch 
dq~ree marl< ov e r tit · availnhl · -1(!

0 of well -<ki"tn cd 
detai l. T!te average size of a degree interval at thi s 
magnih ca t ion wa s 3.217 11 1111 ;tttd 1 he standard devia­
ti on was 0.325 111111 t·o rrespouding to <1 11 :tccuracy of 
..!... h lllinu les of a rc. Front a Cl ltlllli ;tted graph of the 
dev ia ti on frottl average il'ngtil, it was fo und that a~­

sttming the ends of L ib ra !tad been cor rec tl y positioned 
til • lll ax imunl dev iation •I s ·where from trlle amoutHt·d 
to nearl y half a degree or aho tt l five :-. tandarcl dcvia -
1 ions (sec table I and fig . 2). 

Af"f ixecl by u•rro;, itJn beneath lit e cor ner oi til e frt•nl 
di al sec ti on and its tlvcr la _v ittg parapeg ma platl' s i ~ an 
int er s tin g- drumlik · co tnpotl ·nt. It consists of a cy 
linclri ca l drtllll 30.4 111111 in radiu s built upon a cli ;.c 2().0 
111111 in radit1 s a nd lta\' ing an outer w;dl ahout .1/J 111111 
in thi ck ness and 7- H 111111 h ig h . Nca r tile outer pe rime­
ter of the di sc , in the d ir ·ction tJf the C()rner of the dial 
p late is a small hole of radius 2.3 n1111 ;tnd iJ ·tween 
rhi s a nd tl1 c cenl<' r of the di sc arc the rem;t in s of what 
s<·e 11 1s to he a sn1all sl iding hrat· ket. On the disc there 
are a lso tran· s of a n eccen tri c cirClliar ha nd abo ut h<1lf 
the siz · of lit e eli se. At th e center of the di s-c is a 
squ arerl hole of about .1 111111 across with is sides ori ent ed 
ahont zzo out of lin e wi th the hole and ilracket. By the 
side o f the hole is an in sc ribed letter T . I believe it to 
he tlt e sam e le tt er not ·cl by T heophanidi s as a t', hut 
I sec ·lear traces of the se rif f the left hand ba r . 

It is diff1 cult to interpret th · fu n ·t ion of thi s piece. 
From it s position it might he some par t of the di al 
work for the ce nt <'r of t he front d ial, poss ibly a plate in-

<licating the position of the 1\ l oon and tur ned by till' 
inner axle a t 1\ xis H. Alternat ively , frn tn its ron ­
stntclion it is poss iul c that it 111ay be a cra nk handle 
designed to fit ove r the mi ssing !>haft tha t rlriv<·s lhl' 
con tratc \\ ' l1ecl t\ . If so the bracket de1·icc and tltt· 
hulc 111 av he the rc111ain s of a folding handle. S nell a 
cranklike dcv icl' n1 uunt ed 011 a di sc wonld hl' quit e 
rci na rkalde" for the period iHll in tlt l: co nt ex t of t lti ~ 

ex traordinary c<IIII Jl lexi ty tit <' possibi li ty cx ish. 

T ill ·: :\ln\ ,\ ~C J·: rd E:-\ T IN IWI 'T il 0 1.- TIII·: 
1'1. :\TI ~S :\ \: !) "0 \11'0:\ 1·:.\'TS <>I.- Till ·: 

\I I ~ ' I I :\ :-\ I S \I 

l; rotn all til e ~11rviving iragtlll"tlls it appc;1rs tllal t!H· 
l'll t irl' a~~l'lllh!y ;uHJ aitltt>St ali tilL· CCJ ll lJHllll 'll h \\l'rl" 

bu ilt fru1 11 lmm zc shee t il ;ll·ing a til ick 11 css of 2.0 t<• 
2.3 111111 , aiHJul -~ dig it . Tile mai11 phtl· of t!H' ll lt·r lta 
ni sttl ronsi~h. IH> II'<.:Vl' r , of a pair of surlt platl' :-> plaL·t· tl 
togeth n to fomt a double th irknl: ,:->. :\t ttlll' pl; lrl' , 
,.i,., ihlt• ;,r tile had.; oi till: 111ain platl:. m·ar . \ .,i~ .1/ . 
where tit<· lt;tck plate ha s brokl:ll ;tll';ly k ;tv ing titl' itltH·r 
sttri: tn: oi titL· irotlt plate visilt ll' the n · :tppl'ar-; a rai,t"tl 
( i. t· .. nlitT•Jr imagl") letter It clearl y \ · i~ih l l' \\ ' ll It its 
~n ii :-> . Th i:-> 11111~t t!lL·an tltat tile innl'r ,. llr t.an· ,,f t iH· 
irtnll platl' t~f thi~ pa ir 11111 ~ t !tavl: L·a rrit·tl :-.l ll"il a1 1 111 
~n i ill'd char;tcll'r . !.ike tlw kttn 'I' wlt irl1 i_, l'llg r:t l"l·d 
in sidl' t ile drttlll which 111ay i>e citilLT ;1 nank ltattt!!t­
ot- a \ l ot~tl I >ial , and pl'rha ps al so tlte 1<-ttn ~ I I and ~ 

<•11 lite ~ 111all sulls idiary dial ~ with in till' UJIJH'I ant! 
lo\\"l'T" ll ;1rk dial~ re ~pcc t i vely , " ' I ~upptbt' tile il'lll'r tt > 
ilavt: been a tnark for co rrect lot·a t io11. Sintil<tr kn 
letter~ arc ~ till used today in ltand -assl:nt!Jied clock\\"orl~. 
and t il <' tradition oi key letter s in g<·otn<·tric<tl <tnt! 
a::.trono111ical diagratn s is attested fr o111 nttnlt·tt•t" 
llellenist ic t· .,:n np le,., . If thi s imerprl'tat ion is rorrtTl 
it i111plics th;1t the two plates con ic! he ta kl: tl apart ant! 
p11t togetltn . I ;-, tt ggest , lhereforl', that lltcn· \l' l'rl" 

orig in;dly t\I O quite separate tn ·chani ;-. nl a ;-.Sl' tnhli es. otll' 
011 the frnnt plate a ttd till· other on rite !Jack l·:aclt 
of these a-, ;-.emblics wa~ proha!Jiy ;-.<·lf-co ttl ainctl. ltt•l 
requi r ittg til<· :-.up port of ti l(' dial platL' whi r ll ~<'t'Uh 
also to have ltl'l'n rentovahlc. The two llll'l"itani ;-. tll ;ts ­
;-.emhli es r~> tt!d then h<' p11t togethn hack to ha rk , ;111!! 
the ll"he<·ls and a:-..l:s that ran tilrmtgh !Joth plate:-> l"t> llld 
th en he fi xed toge ther hy ll"('dgl' <tnd slo t <kvi n·s ant! 
squ;Ircd axle~ . 

1\ eviewing the scquencc of plate;. a11d rc•tnp<•nl:nh 
in tlt cir arrange111en t lhrollgh the thickncs., uf tltt· rotn ­
plete mcchan islll we ha ve the following : 

a) fro nt door platc(s) 
h) fro nt dial plate a nd p;lr;q>l:g lll a ph tl:S 

1 :! Sec 1\ . (~ . nradlllli\1111 , 'fh r Cr(lllk irr C; rut'(o - 1\ o m ·JU . lul i­
IJlli ly, in M ikula s Tl' ich and Rohcn Young ( l'd s.) , Ch"'"''"fl 
l' rr.<prctives i11 lhr 1/islory of Scirurr ( l.ondon , llt: inl'ln.ll lll, 
197.1), pp .. H - 5 1. 

" It is also poss ible that t lo rsc stand for ill.\ to~ I ( S11n 
a nd 2: I F..\ l! :'\Ill ( Moon) re s peel ivcly. 
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c) Sun and Moon indicator plates, perhaps a lso a 
block of planetary gearing if this is to be con­
jec tura ll y restored 

d) contrate Wheel A a nd input ax le 
e) Main Drive Wheel assembl y on Axis B 
f) front ma in pl a t e 
g) back ma in pla t e 
h) diiTercntia l turnta ble assembly o n Axis E 
i) back dial plate 
j) back door plate(s) 

F rom the thickness of Fragment B and from the 
r mains of the lower back dial on the back of Fragment 
A it is easy to measure that the hack dial plate mu st 
have been separa ted from the back main plate hy a 
di stance of about 13 mm, suffici ent for ahou t six layers 
of gearing. I suggest that together with th pla te 
thi ckn ess thi s wo uld cor respond with almost one dig it 
of a Homan foot, which may well have been the in­
t nt ion. 

For the thickness of the front assembly, it mu st he 
n ted tha t the well -prese rved contrate ea r A of di ame­
ter 27.8 111m r ises in place so that its axis is about 22 
mm above the level of the front main plate and it s top 
about 36 mm above the same level. The minimum pos­
sibl e total thickness for thi s a ssembl y is therefor e ra. 
40 mm , but J feel it is more likely that the contrate 
gear would be placed either just halfway throug h the 
thickness of thi s assembly o r halfway throug h the com ­
bined thickness of the front and back assemblies. In 
the fir st ase the thickness of the front assembly would 
be 48 mm or about 3 digit s, and in the second case it 
woul d be 65 mm or a bout 3~ dig its. T he fir st arrange­
ment, with the in put to the m echani sm being sym ­
metrically placed within the front assembly g ives there­
fore a combined th ickness for the two sectio ns together 
of just 4 digit s or a quarter of a R oman foot . This 
would make the casing designed on a box of just one, 
by one-half, by one-quarter foot , and the neatness and 
regularity of thi s makes it somewhat prefe rable t o the 
other choices admissible fr om the incomplete evidence 
available. 

From the three r easonally well -preserved stra ight 
dges of the main plate it appears that it wa s not 

quite so wide as eithe r the fr nt or th back dial plates. 
It was also much sh orter than th back dial plate but 
longer than that of the front dial. S ince it appear s that 
all the dial ax les passed freely throug h th · dial plates 
without needing th em for support, th e plates must 
have been retained at their appropriate di s tances fr 111 
the ma in plate by spacers. The r mains on hot h the 
front and back of the ma in plate indi cate that wooden 
spacers were u sed, running in channel s fi xed along the 
edge in the fr ont and ju st inside the edge at the back of 
the main plate. In addition to these side support s there 
may have been cross pieces. It is not quite certa in, 
but I fancy I see traces of such a cross piece a t the 

lower le ft edge of the front o f Fragment A in the radio­
graphs, and also in the older photographs there appears 
to be a thick edge for some distance w hich would g ive 
a compl ete corner of wooden support and channel 
struc ture in tha t region . S uch a support would have 
been needed if the parap gma plates were fixed above 
and below the front dial so that I have assumed their 
ex istence in the recon structi n of the casing. 

THE DOOR PLATES AND THE GENERAL 
RIENTATI NAND US~ OF THE 

M·E HA ISM 

lt has a lready h n remarked that a great deal has 
been preserved of a back clo r [late, insc ribed o n its 
inne r face which ftttecl dire~tly over th e back dial plate 
and seem s to ha ve conta ined a text descr ibing the cycl es 
on which the mech a ni sm is based. Porti ns of t his 
text a r prese r ved, in mirro r image traces on Fragment 
U. l , and on bo th mirror image and a piece o f the d irec t 
insc riptio n on Fragment A.2, the back of the main p la te. 
In a ll cases th e in scription reads from top to bottom 
down the main length of the me ha ni sm . The in scrip ­
tion on the back d ia l pla te also reads in this same 
direction, so it is quit c lea r that, from the back at least, 
the mechanism is to be viewed in this direction only. 
O ne cannot quite tell from the length of lines on the 
in scr iption whet her it is in a single column or in two. 
lf in two we might well have had a pair of double doors 
opening like a tripty h rather than a single door hinged 
on one side. I su sp ct tha t the more elegant and well ­
balanced style of double doors was u sed and in thi s 
case the preserved ( ragment s of inscription may on­
stitute the greater part of the line width. 

One cannot be quite cert a in , but there are indications 
that a similar arrangem nt wa used on the front of 
the instru ment. The jumbled cond ition of the elements 
preserved make the o rig inal al ignment difficu lt to see, 
and th rc are some doubts ab ut the o rientat ion of the 
zodiac c ircle and the parapegma, but the most appropri ­
at lay ut would a lso s em to be tha t th e front dial 
also was desig ned to b read from top to bottom in the 
same direction w ith a pair of olu mns of text and para­
pegma calendar both above and below the d iaL The 
orientation of the zodiac eire! would match better the 
style us d on later a trolab s , if one supposed, however, 
that the dial was to b viewed with the left-hand dge 
as top a nd the r ight-hand dge as bottom; in that cas 
the parapegma would hav to be plac d on strips ach 
on column wide to the left and th r ight of th e dial. 
Suc h an arrangement is just possible, but in tha t case 
I would see no good r eason for the piece of th strip 
that is preser ve 1 to have a terminal edge between ~ 
and T. 

Not m uch help in deciding the o ri enta tion of the 
front system is obtainabl from the plate that s ems to 
have b en a door cov ring the dial p late in the same 
way as on the back. T his fragment insc ribed in the 
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l.' ll;. 10. Fra ~nll'n ll. \ with frm\1 door pl ak fra~me n t. 

small le tter style, readily di sting ui shable front the 
n1 edi um letters of the hack door a11d dia l plat e, and the 
large letters of th · p; trapcgma in sc rip tion is not to he 
fou nd among the fra~mcnt s publi shed by Svoronos. lt 
is prese rv ed as ;t detac hed plate 111 ade of many small 
pieces of plate joined together, apparentl y in the or ig i­
na l cleaning and res tora tion, a nd is of irregular outli ne 
and out side dimensio1 1S appro x imately 144 nu11 in width 
and 95 111111 top to bottom. l strongl y st1 spec t that 
or iginall y thi s was acc reted ove r the parapeg111a plate 
ott the Fragment C. I of Svoronos and it was for 
thi s rea son th<tt thi s importa nt and clea r insc ri ption 
was not read or pnbli shed in the ear liest II'O rk on th!' 
Anti kythera wrec k. 1 f indeed this is . o it would have 
been in just the ri g ht position , cove ring the fr ont di al 
plate with it s di vided month and ;.odi ac circles . It is 
of mo re or less the co rrect di tnensions to corr •spond 
with the large diminuti on in s ize nf Frag ntent · which 
is appare11t 011 co111paring the earl y with the modern 
photographs of th is piece. O ne cannot he quit e sure 
of the ori g inal ori ental ion, bu t I fe el it is a better fit 
11· ith the photog raphs if one al igns tlte preserved frag ­
tn ent wit h it s tex t on the ont s ide face and readin g- from 
top to bott om in the same sense as that used in the 
hack o f the in strument and as that g ive n hy the pr<•­
ferred orientation of the pa rapegtna column s in the 
fr ont, i.e., above :1nd below the main d ial rather than a l 

the sides. Here again one cannot tell whether a single 
door or a pair was used, hut it seems larg enough lo 
cove r m ore than half the width unl ess the door plate 
h;ts been di splaced by di storti on. 

The entire in stmm ent mu st then he v iewed in the 
same vert ical position. I t conic! e ither he pl aced nat 
down on a tabl e and seen one side at a time, or mounted 
vert ically so that the front doors and the back door( s) 
could be opened at the same time. [ feel the latter 

:1ltt:rnative is more elegant and likely hut on<' Cllllll >l 
qui te excl ude the possi bilit y that the whole ill , tniiiH'IIt 
was po rt able ;t nd capable of being plan·d o n a table and 
tur ned over at ll' il l. The door plat es are qui t· thin and 
wottld lt ;tvt· hc<"n vny flint sy prot ec tion for the ra th <·r 
iragilr di:tl and JH>intt:r sys tellt s lu ll the plates m;ty lt<tl 't· 
bee n nwun ted on II'<HHil'n paneb that woul d ha ve h(' ('ll 
t':t sier to hingt: t lta11 ni etal platt·.; :llld th:tt would h:tvt · 
g iven more prtllt'l't ion . I i the in ,., t rulll l'U I wnt· port 
;tble and nsed i11 this lb t JH>~ition \\'<' wo nld ;tl ninsl 
ce rtai nl y have lt> ,.,;,.v that the entire ntcch;ut istll 11 as 
dl's ig ned to !Jc adjn stcd l> y a ltandk ;utd it wo ttld tlw11 
ck:trly IJe intcrpretl'd as funrtioni11g :ts a detiiOtlstrati<>tt 
ralcnlator for the: cail'ndr ir cyril's hnilt in to tlw dia ls 
and gcarwork. 

1 f, o n the other hand . as »Cl'llb :t littll' 111on· likl'h. 
the ent ire box were nt ou nt ed 011 ;1 pedestal of sotm· "or t 
in an upr ight position the fwnt and hack doors Ctlllld 
IJe opt·ned together and all dial s would he 1·is ihil' in a 
111orc itnprcsstve w:ty. ,\ bo in th;tt ca,.,c , although ti H· 
de1·ice migh t st ill have a handle an d fu11c ti nn in thl' 
way described above, it coul d altl'fll<ltivl'ly he dri vt·fl 
;uttntna tically by connecting the shaft frtllll the t'!ll tlr att· 
whee l to a watnclock, perhaps th ro11gh ;t wt>rm driw 
tll uv ing tuo tlt by tooth 0 11 a dail y i>a ,.,is. I 'nhap., t'l t' ll 
the shaft cotn i ng out of I ht: sidt· of till' c;t,.,i ng t'< >II lei 
ht: co tl CL'a lcd ill the "li Jl )Hlrh fo r till' tllstrt lllll'Ill . It 
see 111 s a likely possi bi li ty in keeping witlt the style <>i 
the per iod that the devi t' cmtld he tnoullt ed on the arnt­
of all appropriate statue, perhaps 011 Urania , or a p;tit 
of Ura nia and 1\tlas. Tlu: drive ,!taf t might hl' ro11 
cea led ill an a rm or hy drapery and cnnllected to tltt · 
rlcpsyd ra alld <tllapltoric clock and perhaps also :1 

jackwork d isplay to go with it. 
In this btter e<be tht· :\ntih. ytlter;t t>lt~ltanisnl III>Ultl 

i1111 CI ion not a s a calculator hut as ;, port inn of lltH· <>i 
the t raditionalexltihitinn pieces de-.igned to he "et up i11 
:t lt'llljllt- m in a struct url' lih.e the Tower of \\' i11ds: 
it would he co111pil'tely in lilll' with the later hi~tory ol 
colll)ll icall'd a~t rottoutical cinch. worh. . There is pnltaJ" 
a rt'lltotc JH>s.-.ihility that ntH' of til(· statues front tlte 
:\n1i ky thna wreck ~hnuld he ;1 support for the ithtrtt 
tlleill, Inti I e<tll sugge!>l tH > likely cand idate im1u tit"''' 
prl'-.c rved and published . 

l t perhaps is worth fl'l11arh.ing that, even ii <>tH' 
int nprets the n ·idelll'l' so as to renmstrtld the :\ntih. ) 
litera mechanism as a Jl"rl:tble hand ralculat()r f<>r 
calendrical cycles. it can have ahsolutt·ly llotlting to clo 
11·itlt na1·igatin11 . It is certa inly not part of the ship ' , 
ill st rttlll eJlt" "" has often been ~upposcd, hut a valu:tl>k 
a rt ob jec t t:tkt·n with lite rl',.,t of thl' load . 

TilE :\CCL ' !\ :\ ·y OF I·: STI.\1 :\TI ;'\;(; (; 1·: .\ 1..: 
Tl·TT JI :"\ t\11\EI{S 

!11 no place in thr extant fragment s nf the ,\nti ky 
tlt era mechani , m is even a single gt•ar wltecl prescnTrl 
in !'>li Ch an uncorroded statr that all of it ,.. tel'tlt could J,t· 
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counted visually or in the radiog raphs. If it were, one 
eoul I unequivocall y state the number of gear teeth and 
there would be no room for error. S ince it is not, there 
must be various strategems to estimate the number 
with var ious degrees of probable er ror. A great deal 
of the astronomical interpretation ha ngs upon the at ­
tendant uncertainty. 

W here a reasonably long stretch of gea r teeth can be 
seen and counted by the naked eye o r o n the radio­
graphs it is possibl e to extrapolate to the entire circle. 
Even in this case there are t wo sources of potentia l 
error. One cannot be sure that the original gea r was 
divided perfectly evenly, a nd o ne cannot be sure in 
ome cases of exact location of the center a nd therefore 

of the s ize of the ircle to wh ich one is ex trapolat ing. 

U N EVE DIVISION 

The gea r may have been divided in a n uneven man­
ner eithe r by accident or by design. We know from 
the detailed measur ment of the preserved parts of 
divided circle from the front d ia l ( see p. 19) tha t, even 
when accurate divi sion was clearly intended, the 

g raduatio ns fall into their theoretical places on ly to an 
average a curacy of plu s o r minu s a qua rter of a degre . 
and to an error whic h ri ses to a maximum di splacement 
of almost half a degree over a 30° segment of a rc. 
For even the larges t gear wheel in the Antikythera 
mechani sm thi s source of error could not alter the tooth 

Ftc. II . Sch<'mat ic of front of ma in fragment. 

F tG. 12. f.ront of f<ra gment A, present state. A.l. 

count by as much as a single unit , since in a wheel of 
240 tee th each tooth suhtends 1° 30' and the maximum 
error corresponds to one-third of tooth . 

Ftc. JJ. f.ront of Fragment A, before c leaning. A. I. 
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J7tc. 14. Schcm:tti c ,, f back of tuain fr;t t;nwnt. 

Ftc. 15. Ba k of Fragmc11 t /\,present s tate. /\.2. 

Clll'\'Cll di1 · i ~ io11 prud11 rl'd i> y desig n 11 1;1y he 111\ICit 
111ore ln islc:1dillg . In var ious l ~cnai ;.;,a ll l'C a1HI 1noden1 
piercs of geared clod'''·ork, parti cu l:trl y i11 planetary 
1nodel s, I ltaYt: ,.,t·en tlte rather slipshod tcrhniq 11 e of 
produci ng . ior exalll ple. a gear of j 1 teeth hy l't r ;, t 
lllarking o11t a gear oi .12 a nd tht' lt sl ightly ll'idt'n i11 g til(' 
teeth in a ;, inglc q11adr<lnl o f it to contain lllt ly se v('n 
in stead of eight. I i li tH' attemptt'd to rerotlstrut't suclt 
a gear from any part of its nonnal three qu;tdrant s Lil t' 
count dcclu red \\'OIIid he 32, and if the alt e red quadrant 
only were preser ved, the in fere nce \\'Ollid h.: tha t lite 
ro tnplcte gear llllt ~ t have had 21-\ tee th. It is poss ible 
that such ;t tecl11liqt te tn ay have het'll tt ~ < ·d to product' 
the suggested rtll lltt oi 127 tc.:th for ~<';t r 1>2 a11d t it <' 
:m teeth for ~car C l. and if s•1 t ltcsc ll'itcTis wo ttld 
proltaltl y lte oi si z<'s a pp roprial<' to \\'ll<'els of 121-\ ;tnd 
.V1 teeth r es pt· ~· tively . 

I·: I{ IWI\ l l'\ I.OC.<\TI O'\ OF C l;. ' TI ·: J{ 

In mo;.l ra ~t: s t ht: axles on w hi ch til<' gl'a r whecb 
were nwunt.cd arc ni diamete r 2- -J. n ltll, and co rrosio11 
oi t cn 111ake . .., it d if'f icu lt to st:e tltl' l' tlti r · rin·Ic a nd 
locate it s cl'nt t·r with compil'te acrurac\' . I csli tn ;tt<· 
that a n error o i Qj 111111 is entire ly plau sihl<· in lliO ;.L 
cases, and thi s, g ive n tlte norma l tooth s ize, wi ll co r­
respu nd Ill an e r ror of t wo lt:cth in till· tota l l'I Htttt . 
Thi s error wil l or ~ ur .:q ually whether tiH· location of 
the cent e r is u sed for vi sual mcasu rt: tt tt: nt of tlte racl i t t ~ 

of th e whet:! or fo r the radiog raphic lecltn iqu · of co tt ­
str uct ing th e circle of best fit for the extant l ·cth . l11 
must of the cases where my hest es tintal .: of a tooth 
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Fie. I 7a. Fragment B.l., present sta te. 

count has differed fr om tha t of Karakalos a n effect of 
thi s nature and m agnitude seems to have been involved . 

In add ition to these types of error there is a specia l 
and insidious difficulty in measuring co rro ded frag­
ments of gearing and attempting to d e rive fr om thi s 
th e geometry of the gea r train s. 

F IG. 17b. Fragment B. l., before c lea nin g . 

FIG. I 7c. Fragment 8.2. , present stale. 

ERROR I N DETERMININ RADIUS 

In al l the places where t e th are w II pre rved we 
find tha t their sh ape is a lmos t exactly that of an equi ­
later a l tr iangle, except for the ma in drive wheel, Gear 
H I , where the teet h are ra ther larg r than normal and 
a lso slig htl y long r in r ela tion to their width so that 
the tooth a ngle m u st be a li ttle less t ha n 60°. If two 
such wheels are meshed together they will not , of 
course, run quit e so smooth ly <I S those of modern epi ­
cyclo idal d esig n, hut nev r theless there wi ll exist an 
effec ti ve rad ius wh ich comes ahout halfway a long the 
length of a too th and whi h wil l mark the boundary 
between the two w heels a nd t hereby g ive the gear ratio . 
[t follow s that if one is a tt empting, a s here, to relate 
tooth counts a nd rad ii for such wheel s , the rad iu s must 
he m easured u p to a point about halfway along the total 
length of the teeth. For equilate r al teeth the radial 
length of each tooth is V 3/2 times the d istance between 
two ad jace nt t eet h . If by m istak o r because o£ ob­
scurity cau sed by corrosion the radius of the wheel is 
taken to the outer or the inner edge of the teeth ins tead 
of the cent er it w ill cau se an error of 2w· 3/ 4 = 2.7 
teeth ahove or below the proper tooth count. Errors 
o f thi s so rt, particularly those of overestimation must 
he rathe r frequent, so I suppose that there is always a 
poss ibili ty that the count derived from the radius mea­
surement may run up to two or three teeth too high . 
Where erro rs larger tha n this occur I suppo e they are 
due to other consid ration such a s th u se, in some 
pia es, notable on the large gears of the main drive 
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Fu; . 20a . F ragment D outs ide, present state. 

FIG. 20/J. Fragm ent D inside, present sta te. 

whe I and of the differen tial turntable, of a tooth stze 
different from that o f the rest of the gearing of the 
mechani sm. 

DES ' RI PTION OF l ND I V l!)UAf. GEARS 
,EAR A 

This is a massive crown or cont rate wheel, preserved 
in its or ig inal position, engaging with the main drive 
whee l 8 1 an I in a plane at right ang les to it. The 
body of the wheel consists of a cylindrical block of 
radius 13.9 mm and th ickness 7.0 111m, but the t eeth 
project out an additional 2. 1 111111 heyond the inner face 

of the block. Because of the position of the block and 
the fact that very few teeth are preserved and visible, 
it is very difficult to get a tooth count from direct mea­
surement or the radiographs. The tooth size seems to 
correspond, as one would expect, with that of the drive 
wheel, rather greater than that of the rest of the gear ­
ing of the mechanism, i. e., about 1.75 111111 between 
teeth rather than 1.5 7 mm. At thi s spacing the crown 
gea r would have about 50 teeth, and if one supposes 
that the number is determined also by ease of divi sion 
the nearest round values would be 45 or 48. Probably 
the c rown wheel makes exactly or approximately 5 
revolutions for every one of the main drive wheel ; the 
ratio seems without astronomical significan\.:e except 
perhaps that 5 is a factor of 365 so that the ha ndle 
would turn (and possibly also be graduated) in exactly 
73 days . More pro bably, the function is s imply to 
transmit motion from a handle without further cali ­
bration or indicat ion. 

The construction of this wheel is hard to see but 
fine cracks suggest that it was made from a cylindrical 
block with a st rip soldered round it to form a band in 
which the gear teeth could be cut. The ax is of the 
cylinder is pierced completely by a rec tangular hole, 
5.6 rnm by 7.4 mm so that an axle could be fitted with­
out turning ; such a n axle would necessarily have a 
diameter g reater tha n 9.3 111m and at its other end 
would be fitted the folding crank handle preserved at 
the back of the remaining fragment of the front dial. 
The drum of thi s handle has at its center an appropri­
ate squared hole fo r su ch a shaft. 

This crown wheel is preserved in place by surround­
ing debris from the side wall of the mechanism casing, 
possibly o riginally of wood but now heavily accreted 
with calcified deposits . Above and below the wheel, 
di splaced somew hat to the left there r emain also two 
supporting pi ll ar and lugs which now adhere to ami 
rise from the top of the drive wheel. These pillars 
rise to he ights of about 21 mm and 24 mm above the 
t p level o f the drive wheel, and are, therefo re, some 
30 mm a bove the level of the main plate. It seems 
highly probable tha t these pill ars or ig inally flanked 
the crown wheel and acted as spacers to keep it in its 
place between the main plate and a top dial p late. 

GEAR Bl 

This ma in drive w heel, preserved a lmost intact, is 
perhaps the most ob viou s feature of the extant frag­
ments. It consists of an annular rim connected to a 
circular hub by four wide spokes. The rim of outer 
radius 63.0 111111 (S voronos says 65.5 mm) and inner 
radius 52.5 mm has around the limb a well preserved 
stretch of teeth, ra ther larger than those of the rest 
of the mechanism. In an arc of 60° I count slightly 
more tha n 38 teeth which would yield a total count of 
228+ , but from the radiographs Karakalos finds a 
lower limi t of 223 and an upper limi t of 226. There 
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seems no ev idence t hat thi s ma in drive whee l meshes 
with any gearing o th er than the crown wheel which 
turn s it a nd thence the entire mec ha n ism, so one 111 ay 
s11pposc that the numbe r of teeth is di cta ted o nl y hy 
conv eni e nce. We take, th ere fore, w ithin the ran ge 
offered t he sole round value, 225 teet h, w hi clt g 1vcs a 
5/ 1 ratio w ith the crown wheel at 45 tee th. /\ t thi s 
count the di s tan ce betw een ll:e th is 1.75 Jllltl . 

The spokes in the nne o'clock a nd sevl' n o'clock 
positio n s arc each 15.6 nm1 w ide and those in the ionr 
o 'c lock and ten o 'clock posi tion s are 1 7.~ n1n1 w ide. 
The fo ur spokes arc morti sed int o the rim , soldered in 
place, a nd fi xed also by a ri vet. The hnb is a c ircn lar 
plate 11-\.2 mm in rad iu s, sli ghtl y larger than th e gear 
R2 w hi ch it cove rs. The four spokes a rc fixe d und('r 
the huh hy one l:1 rge rivet each. and at the ce nt er of 
th e huh is vi s ibl e a 6.3 mm square hole. wi th its dia go ­
na ls a lig ned in th e spoke directions, f()r a non-slip axle 
and at it s centn a small er c ircular depression for tlt e 
inner s haft on thi s ax is. The join between th e r im 
and the spoke at t he se ven o'clock pos it ion s seems to 
hav e been broken a nd th en repaired by a thin T -s hapcd 
plate which cove r s th e outer port io n of th e spoke and 
has bee n fi xed to the rim with rivets and p resum ably 
a lso so ldering. 

Thi s main dri ve w heel prese rves clear ev idence oi 
son1e so rt of superstructure mounted ove r it. The 
spoke in the ten o 'clock positi on has a lug mounted on 
it 8 .3 mm long , 3.9 111111 wide and s tanding o.3 mm above 
t·he surface of the wheel. The three o the r spokes con­
tain ho les indica ting that th ey may a lso have had 
s imilar lugs on them and in addition there is a square 
d epression on the spoke in th e o ne o'clock positi on . 
Furthermore, on the rim, exactl y mid way het ween eaclt 
of the spoke positi ons, thcr · a re traces of former fi x 
lures. In the eleve n o'clock positi on is a rcctangnlar 
d epression w ith a rive t hol e at the ce nt er; in th e e ig ht 
o'clock pos iti on ju st the ri ve t ho le remain s, an d the 
o ther two corresponding pl aces are obscured by debr is. 
T he ev idence seem s to suggest tha t pi llar s ri sing from 
th ese fonr places on the rim and another four on th(' 
spokes s uppo rted some sort of plate abov e and parall e l 
with that of the drive wheel, turning w ith it. The pair 
o f ax les availabl e for turning indicators for t he S un 
and the Moon are so gea red that th ey go in opposit e 
directio n s around the zodiac. This cannot he so, and 
o ne of them mu st he reve rsed . The mot simple as­
sumption is to suppose the inner axle g ives co rr ec tl y 
the lunar ro tatio n a nd that ins tead of reve rsing the 
direc ti o n of the outer ax le a second wheel engag in g 
w ith the contrate Wh eel A is used for the sola r in ­
dicato r. S ince th ere is the refore ;1n indica tion that 
there was a nother similar wheel above, turned by th e 
other s ide of the crow n wheel and servin g as a centra l 
dial plate for the main front dial, indica ting the sola r 
position , thi s spacing may have been part o[ a system 
keeping the two oppos it ely tnrning large wheels a par t. 

Alterna ti vtly th e re is a poss ibilit y th at thi s spau.: h\· · 
twee n th e largL' wheels may have hclcl a gea rin g sys­
tenl , !l OW total ly vanished, wh ich se r ved to exhi bit till' 
rotatio ns of a ll of the p lanets o th tr than the S u11 a 1HI 
Moo n. I f suc h gea rin g was to he par t of the dev ice it 
would bt mo~t :1ppropri:1te at t his plare where a nll11 :tl 
and Jll OIHhl y rota ti ons were a\'ailablc just 11ndcr tlw 
fro nt dial plat e. 

The main dri ve w heel is held so that it~ top ~11rfan· 
is ahout <>.4 n1111 aho\'e the level of the main plate. 1 t 
ha s to leave clear ~pace bct\\'een the wheel and the maitt 
plate equi valent to the thickness of the two gea rs 011 
axis C and the two on axis'-· T o keep the large whe\'1 
fro 1n be ndi ng or tiltin g on it s axis there ar(' supporting 
spac rs ar<llllHl the rim, two be in g preserved 1111 the left 
s ide, (>0° above and hclow the line joinin g axt·s ,· / and 
H. a nd 0 11 the right si de only the lower one n·1nains . 
The spacers, shaped like an h, seem to hav(' hecn l'lll 
from blocks, arc slott ed ~u that the drivt' ll'heel ca 11 
just mn freely. :1nd have their long s ides rivettcd t11 
the Jn;1i11 phte. In addition to these sparers th e radio 
grap hs show the prc~e l ll'e of p:~rt~ nf a ring - ~h:t pt·d 

s t r ip ly ing heloll' th\' rim 11f this platt· and kcep il lg' it a11 
even dista11re ah()vc the maitt platt• . 

Thi s gear of radius lfi.-1 nun is s li ghtly Si lla ller th :1 n 
the huh plate of th main drive wheel ancl is v isible 
di rec tl y benea th it. I t lllll st he separated from the 
main plat· of the mechani sm either by a washe r Oil\' 

gear thick. or perhaps hy the gear 8.1 if this lies ahovl' 
rather than below the main plate the evidence is not 
conclu sive si nce a section cannot he seen or revealed 
by the radiographs. At the standard gear tooth spar ­
ing wheel of this s ize should have about (>.'i tee t lt. 
Karakalos count s a lower limit of (H and a n npper of 
(><i. T suggest from its meshing with the gears C- fJ 
a nd with 1.-Af -.11.' that the round lllllllhC'r of 64 teeth 
gives the best fit. 

CI·::\HS /13 A:\'1> IJ-t 

These two gears cannot he seen by tlw naked t'}'\' 

an d a rc visi ble o nl y from the radiographs as a soJllt' ­
what blurred double image just half the ~ ize of Hl.. 
Karakalos rounts 32 teeth, and this is the lllost reason ­
able number to assume for the gear train s involved in 
bot h gears. The wheel /J4 is certainly located hctwet'll 
the base plat e and the di!Terential turntahle. but it i ~ 
un certain whe ther /JJ is above or below the main plak . 
It is perhaps most sens ible to conside r that H.~ he ahovl' 
the pl a te for then it a lso ser ves as a spacer necessary 
to keep R2 scparat ·cl from the hase plate by the required 
thickness of an extra wheel. Thus although it cannot 
he seen in thi s po~ition the assu n1ption has h<'l'll Jllad!' 
in th e pla n reconstru ct ion. 
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F1r. . 2 1. Hadiograph of Fragment A seen from fr ont. The cont rat e gear A is on the r igh t, the rings of the lower 
back dial are a t the bottom left. 

GE RS C l AND CZ 

This pair of gears, rigidl y fi xed together, the smaller 

on top , are of radi i 9.3 mm and l 0.6 mm corresponding 

at the standard spaci ng to toot h count s of 37 and 42. 

The actual count s whic h I accept, made hy K a raka los 

fr om the radiograph s , a re 38 ami 48, showin g that th e 

large r w heel is cut with rat her smaller teeth than 

usual. Th is is confir med by the fact that the ptntnn 
fll w ith wh ich it ngages has corr spondingly small 
teeth. I fee l this has been dictated by the fac t that in 
this place alone one has two differ nt gear systems 
joining a single pair of axes. The centers B and D 
a re linked on the one ha nd by the gearing B4-fl2, 
and on the other hand by the chain of gears 82 - Cl 
+ C2- D !. The first pair totals 32 + 127 = 159 teeth, 
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F IG. 22. T he same with higher penetrat ion showing inner gcarin~. 

and o f th e chain the fir st pa ir compri ses 64 + 38 = I 02 
teeth leaving a gap of 57 teeth in w hich to esta bl ish a 
2/1 r a ti o. This could be clone exactly by a wheel pai r 
of 38 - 19, but those a re a wkwa rd num be rs a nd pre­
suma bly th e choice o ( hav ing 48 - 24 in small er tee th 
has y ield ed easier gea r cuttin g and a mu ch more eve n 
p11110n . The wh eel pai r is fi xed in place by a wedge 
ami pin running throug h the circu la r ax le. 

PL NI ON /J I 

This s ma ll gea r wheel ha s a rad iu s of 5.4 111111 or­
respo nding to 22 teeth, but as above, one has a d irect 
count o f 24 teeth, necessaril y ra th er sma ll er tha n usua l. 
It is f1 xed in place hy a wedge a nd p in running throug h 
a circul a r ax le, but s ince it mu st turn th e wheel D2 
o n th e o th er s ide of the pl a te there mu st he a squ a red 
end on th e axle a nd a t th e center of th e pinion . T he 

p inion is fixed in p lace and reta ined against hcn llning 
di sengaged by a small displacement hy mean~ nf a 
bridge which has been erected o n a pair of r ·ctan~ular 
support s w hich Rank the . mall wheel. The top of tiH· 
bridge is now lack ing and only the supports with their 
wedge and slo t fittin gs r e111:1i n . The hrid~r 11\u st have 
had a width of II .~ 111111, just a shade large r thau the 

10.9 111111 clianwter of the pinion . and its length to the 

o u tsid s of th e rectangula r supports is .)2 .S 111111 . Till' 

line o f the a x is ///) rttn s about 14° to the left of the 

cent ral a x is of the mechan ism, hut there is some ~li ~ht 

incl i<:at ion that NCI> are not collinear. but that th<' 
ce nter C 1nay he cli spl acccl sl ig htl y to the right. Th<' 
d isplacement is, howeve r , at th e most I 111111 and thi s 

may be du e to di stort ion during the corrosion o f the 
f ragmen! s. 
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F rc. 23. Sample of alignment r~di_ographs showing teeth, wheel circles, axes, etc., 
marked m mk for t racing the gear t rains. 

31 
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l' tG. 24. Sample o f too th -coun t radi o~ ra ph enl argements showin!: method u"·d tn <i<·termim• nw,hin~-: in ~··a r train' . 

GEAR 1)2 

The center of thi s gear i. hidden under the differential 
tumtable and only a small portion of the g ared edge 
is visibl e to the naked eye. I estimate fr om the vi sible 
port ion a radius of m. 33 mnt corresponding to a gea r 
conn t of r a. 132, hut Karakalos , from the radi ograp hs 
show ing a much larger extent, counts 128. From the 
gear trai n I suggest that the actual number should he 
127 wh ich is the vita l parameter needed to produce 2.'i..J. 
sideri al revolutions of the Moon in 19 solar years ( it is 
the gea r C l of 31:1 teeth which prov ides the ss ntial 
param eter for the number of years). Presumably thi s 
wheel, too, must be mounted on a squared axle so as 
to turn rigidly with D l . 

GF:A I(S E t Al\: D E2 

These, like 83 and 84, arc visible onl y as a blm recl 
mu lti ple outline on rad iographs taken through th many 
layer s of materia l at thi s poin t. They appea r similar 
in size to that prev ious pair and Karaka los agrees te nta­
ti vely with coU11t s of 32 teeth for lhcsc too. A small 
rxtant fra gment visible on the back plat e ncar the 
break line through th e differential turntable suggests a 
r :~ dit! S of a litt le less th ;1n 9 mm which is consistent 

with this Cl ll tlll. \\ 'heel 1: I i;. proil;thly 011 tilt' iron! 
of the main pla te and happens to he in ~uclt a po:-,it i1111 
that quilt' by chance it is c111npletC'Iy rovcr<'d by tha t 
d rivC' wheel spoke in the four o'c lock position. ( ;ear / ~ I 

111eshes with /fl and scrn·s to transmit tltl' alllltl ;d 
revolutions of the main drivt· wltl'd without rlt ; tti J~'· 

of speed to gear 1:5 on the top of tilt· tum t;tblt· . ( ;t'ar 
1:2 is an id ler ott till' mai n turntai>k :-,haft whirh t r;ul ~ 

mi ts the sideria l revolution s of th<' ;\1oon to the un<in 
side of the turntab le. It is nec<"ssarily a double wiH·,·I 
of two ecptal portions r igidly fixl'd tog<"lher. :-,inn· / :.Zii 
with J and K I must li • in a plane ahov!' th;tl ni / ~· .!.1 

and H4j /J 2 so that the turntahil' can rev11l\'l' !lit ih 
ax is E, carrying J and K I with it. A single idlcr wiH'I'I 
could not afTect thi s and free rotation could not orn1r. 
I am most g rateful to l 'rof. t\. \\' . Slel'swyk of (;r"u 
ingeu for po inting out to llll' th is matter on wlurlt I 
had bec: n in error in a prcviou:-, rtTIIIblruct ion . 

The larger of these ge;1r,. 1:4. i~ a di>.c .'i2.4 111111 in 
radiu s ( Svoronos gives 52.0 111111 :u11l Thl'oph;utid<· , 
g ives 52..'i n11 n) wh ich coust itutc' the n1ain plate ni thl' 
rlifTerential tnrnt;~hle . The ~ mal ler gear. 1:3. colt,.. ish 11i 
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FtG. 25. Sample of detai l radiograph. In th is case attent ion 
is focussed a t the center o f axis B to see the structure at 
the center and count teeth for wheels 83., 84 ., E l., E2. 

FIG. 26. Radiograph of 1- ragm nt B. 

PIG. 27. Radiograph of F ragment C. 

an annulus of outside radius 50.2 mm (Theophanides 
50.5 mm) and inside radiu s 41.8 mm . The annulu s is 
fi xed above the turntable by means of at least two, 
more probably four wedge and pin fittings evenly spaced 
a round it; only one of these can now be seen. The 
sizes of the gea rs would indicate tooth counts of 201 
and 210 r spectively, but Karakalos counts from the 
much more extensive radiographic ev idence 192 ancl 
222 which would imply that one wheel has smaller and 
the other larger teeth than normal. The count for £3 
makes it y ield an exact and simple r atio, 192/48 = 
4/ 1, which is in good agreement with the astronomical 
parameters since it prov ides an ax is G which will turn 
on e per synodic month and move a pointer over the 
main lower back dial a t thi s useful rate. Unfortuna tely 
the large r gea r , £4, engages with no o ther preserved 
wheel. It is possible that it could be connected by gear­
ing, now totally lacking, to one of the subsidiary small 
dial s on the upper back dial, the cent ral dial of which 
has a pointer revolvi ng in a four-year cycle. If so, the 
number of teeth strongly urges w me connection with 
the 223 -month ecl ipse cycle attested by the one coherent 
piece of epigraph ic evidence where this number of 
months is inscr ibed together with the 235-month cycle. 

The evidence of the rad iographs and the naked eye 
suggests that the turntable was supported and h ld in 
place in a similar way to the main drive wheel. On the 
top right-hand corner there are partia l rem ains of a 
spacer support , and the radiographs show s trips of a 
spacer underlying the turntable and separating it from 
the main base plate at several points. Both E3 and £4 
are of thickness I .6 mm and the bottom of the turntable 
is raised to a height of 2.7 mm above the main base 
plate, the intervening space therefore has room for 
just two minimally thin gears in between. 
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I ~ I G. 28. Rad iograph of ! ~ ragmen! D. Thi s photogra ph, tlw only one in which a gear 
wheel is a lmo' t Cnlllpletc, has b en used for the tootlt-count process. 

GEAR I:.S 

Thi s gear is clea rly visible lying above the cent ·r 
of the difTerential turntable, forming a pair with the 
equal sized gea r K2 mounted next to it , ccent ricall y 
on the turntable. I mea sure the radii of these two gears 
as 13.7 and 14.6 mm respectively, but the distance be­
tween the ir centers is only 27.2 mm so presumably th rc 
has been some slight distort ion en larging K2. The 
ave rage size of the wheels co rresponds to a tooth count 
of abou t 54 teeth for each, but Karakalos count s 50- 52 
teeth for ES and 5 I and 48 for K2 which he sees as a 
double wheel. [ feel that the apparent double thickness 

oi both of these gea rs i::. caused by much corroded spac ­
ing wa shers undernea tl1 them. Further, since the ap ­
parent purpose is simpl y to provide a 1/ 1 ~-:car ratio 
I feel that some round number is most lik ·ly for the 
count of each and suggest the lowest of the oh:-.<'rvl'cl 
numbers, 48 teeth, as be ing appropriate . The sum of 
the two gear count s, 96 teeth, can also then be neatl) 
1natchcd on the b;tck of the tnrntahle by two pairs, e;tch 
of 32 teeth me~hing with a llli ss ing idler wheel of (>-1 

teeth, and forming a 11 eat equilateral triangle. At till' 
center of 1:. 5 is a sq uared axle hole aligned with thr linl' 
I:·K, that howe\-cr mu ~ t he ac iden ta l ~ in n:· t:S tunh 
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rigidly fixed to K2 but not to the body of the turntable. 
What seems to be a retaining plate holding the tops of 
E5 and K2 together lies bet ween the two wheel s and is 
preserved over the latter wheel as a cap of radiu s ca. 
9mm. 

GEARS F 1 AN lJ F2 

Only part of the edge of Fl is visible to the naked 
eye, but the pair, ftxed rigidly together and mounted on 
a small circular block is quite plain in the radiograph s. 
The larger wheel, F1, is mounted next to the block 
and is supported at the same level as E3 with which it 
meshes. On the radiograph it would seem to come 
very close to meshing also with D2, but that latter 
wheel is mounted directly on the main base plate fa r 
below the level of F l . The smaller wheel F2 is 
mounted directly above Fl. Karakalos counts the wheel 
pair as 54 and 30 teeth respectively, but I view the 
former number as an overestimate in view of the fact 
that a simple ratio with the 192 teeth of E3 seems to 
be intend d. I have settled on assessing the meshing 
pair as 48/192 = 4/ 1, but 54/ 216 wou ld give the same 
ratio and perhaps fit the observed count for the smaller 
wheel and the diameter for the larger one at least a:-. 
wel l. 

GEARS GlAND G2 

Again, as with F we have a pair of wheels fixed 
rigidly together and mounted on a block at the ap­
propriate height above the main base plate. The rather 
thick square block in this case is slightly larger than 
the smaller gear, Gl , and it raises the larger gear, G2, 
to be on the same level as F2 with which it meshes. 
Again the smaller gear is above the larger, nearer to 
the dial plate above through which the axle extends 
with a circul a r (unsquared) end. Karakalos counts 
20 teeth for the small gear, which I accept, but 54 or 55 
teeth for the larger of the pair. I find thi s too small 
for any simple and meaningful interpretation of the 
gear train and suggest that the count here should be 
60 teeth, giving a gear ratio of 60/ 30 = 2/1. 

GEARS Ill AND lf2 

Once more the wheel pair is mounted on a block, 
even higher than the previous one so that the lower, 
larger of the pair is at the same height as the smaller 
of the previou s pair. Thus ll2 is mounted on the level 
of Gl. The block used is mu h larger than the previou s 
ones, a s ingle block serving to carry both this pair and 
the next in the train, I. The block is cut away and 
slotted to allow free passage of G2 and cut at the back 
to g ive room for D2 . For thi s pair Karakalos counts 
60 to 62 for the larger and 16 teeth for the smaller . 
I have no trouble in accepting the count of 60, since 
60/20 = 3/ 1, but suggest that the 16 should be cor­
rected to I 5 so as to make a simple ratio with the wheel 
of 60 with which it meshes. An alternative to the 
latter would, of course, be 16/64 but Ka rakalos counts 

I as 60 teeth which I find acceptable, the context being 
a train of gears producing a 1; 12 ratio by using three 
gear s of 60 teeth each together with two pinions giving 
reductions of 1/3 and 1/ 4. 

GEAR I 

This wheel is completely invisible ex ept for a small 
fragment near the lower edge ; Karakalos counts it at 
60 teeth from the radiographs, see above. On the dial 
plate above thi s gear is insc ribed an ungraduated circle 
inscribed with a letter H (Greek eta) which constitutes 
a subsidiary dial in side the lower back dial. 

GEARJ 

No thing of thi s gear wheel is extant. It is res tored 
conjectural ly partly on the basis of a mechanical neces­
sity to connect the otherwise disconnected wheels E2 
and Kl, and it must be remembered that the first of 
these is also conjectural to some degree s ince it is 
visible only on the radiographs and may be a ghost of 
the wheel E l of exactly the same size and position in 
plan. lt is, however, also postulated that I exists on 
the basis of the axle fitting which is plainly visible as an 
otherwise inexplicable peg and wedge construction 
placed so as to form an exact equilateral triangle with 
the axes E and K. As remarked above (sub Gear E5) 
an idler wheel of 64 teeth at this point, meshing with 
the two 32-toothed wheels on the underside of the 
turntable would explain and utilize this equilateral 
triangle construction and let the turntable operate as a 
difTerential gear system subtracting the siderial motion 
of the Sun from that of the Moon and causing the en­
tire turntable to rotate at an angular velocity of one 
turn in two synodic months. 

GEARS Kl AND K2 

See above sub Gear E5. A most interesting feature 
occurs a little to the right of the lowest point of gear 
K2 where a small square slot is visible at the outer 
edge interrupting the row of gear teeth. I felt at first 
that this might have been some sort of "click" mecha­
nism by which the revolution of thi s wheel might be 
counted as in the hodometers of Heron f Alexandria. 
The most probable explanation is that, however, which 
was advanced to me by the late L. C. E ichner when he 
was building a partial reconstruction of the mechanism 
for the Smithsonian Institution. Eichner points out 
that this feature is exactly what would remain if a 
tooth had b en broken in antiquity by accident during 
construction or operation, and if the break had been 
repaired . The procedure for repair, then as now, would 
have been to cut such a slot, solder in a new strip of 
metal , and cut a new tooth on it. With the passage 
of time and the undersea corrosion the soldered metal 
join would have been eroded preferentially and have 
dropped out of place leav ing the bare slot. 
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l;Ei\ J{S L l !\ND L2 

T hi s is another pair of gea r wheels rigidly lixed 
together, the smaller above the bigger. T he fixed 
axle un which the pair rotates is visible on Lite back 
of tl<e plate, appearing like a ri vet head at the ap­
propriate place wllcre it has ueen revealed by !he break­
ing away of the left -hand half of the tumtable plate. 
The radii of this pair uf gen rs are 8.7 n1111 and 13.0 111111 
·orrespuncli ng to tooth counts of 35 and 52, hut 
Karakalos find s 36+ and 52. From tile trains 1 find 
:J(J to UC acceptable for the Slllaller uut suggest the 
rounder ll\unber 54 fo r the larg-er. lt might be re­
marked that !Jl.M is a righ t angle and the sides that 
enclose it a rc of lengths corresponding as radii to tooth 
counts uf exactly M + 36 = 100 and 54+ 96 = ISO; 
thi s sCe lll s one of the few places where " drawing board 
geometry" seems to have determined the pbn layout 
of the axes of the lllcc llani sm. II is perhaps also wor th 
noting that the radiu s co rrespondi ng to 150 teeth, 37.5 
mm is aln 10st cx;lc tly two d1gits of which there were 
sixteen in the J(oman foot of ca. 295.7 mm u 

GEARS Ml AND M2 

The larger of these gea rs is a disc of 23.3 mm r<Ldius 
ly ing with its ax is 0 11 the midliuc of the maiu base 
pla le. lt lies on the plal e and meshes at that level 
with gea r L2. The size would give 93 teeth but Kara­
kalos counts 96+ over a well -prese rved long stretch, 
and 1 find 96 quite a ccptable. The gea r has the usual 
squared hole, 2.7 mm square, at the center, the diago­
nal lying almost exactly, by acc iden t, along the midline 
of the pl ate. T hough ha rdly a trace remain s visible 
there seems to be nough left of the Pinion M2 to be 
registered on the radiographs. It s size can not be ac­
·urately determin d, but Karakalos count s 14 Leeth. 
In my opinion a sli ght rc-cstimat ion of the center leads 
une to 16 teeth as a tnuch better lit and a more app ro­
priate number for geometric divi sion. 

The radiographs show a pu zzling feature, not vis ible 
to the naked rye, which lies nca r thi s pinion and is 
probably to he asso i<lted with it. Along the central 
ax is of the mai n plate, just below the pinion, in a 
position where it is mostly obscured by Gears 1:.3 and 
£4 and by corrosion products is a square plate fixed 
dow n by two ri vets and appear ing rather similar to 
those fl anking the P ini on D 1, except that r li nd no trace 
of a central pill ar or wedge ftt tiug to hold cl own a 
uridg . Furthermore, I am doubtfu l as to the ex istence 
of a simila r pla te placed symmet ricall y on the oth r 
side of the pinion above it on the center 1 in e. 1 had at 
l1rst thought [ saw traces on the rad iographs but these 
may be acc idental shad ings, and if there were such an 
upper plate it would either have to be below the plate 
where it could not give much support or it would inter -

I< For this note on the Roman dig it, in common use in all 
the Hellenistic area al thi s time, I am indebted to Miss Mabel 
Lang. 
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vene bdll'eetl l;ear .\' and the !'inion M2., prt' Vt' llting 
them from being on the sa!llt' level and 111esl!ing. i 't'r ­
haps the obsrrv<'d square plat<' is thl' b:ts · for st nlH: 
sort ui one-si ded suppo rl uracket \\'hich Glllle over t hv 
top of thl' piniw 1, thr greatn part "f wh ic h is 1111\V 
lll iSS IIlg. 

GI·:AR N 

Th i.'> is a detached fragn1t'nl of lliCchani snl ( Sl'oronos, 
fraglllent )) ) which was seen by H.eh111 , l.Jut then mi s 
placed in the !lluseulll and 1101 refound unti l i\1arrh, 
I W 3. It is ;1 highly calcilicd mass abuut 40 111111 in 
diameter and 5 to KS 111111 thick \\'hich appears in the 
radiograph::. to contain a single gear wht't'l whit.:h Kara 
kalos rou1Jls at 6.3 teeth. Just possibly tlw great !hick 
ness and the lJinr which gii'C!> a doubk row oi t<.:(' th 
mighl ind icate that we arc de:tling here with a pair oi 
identical or nearly similar wheels. The Cl'lltn shows 
a rou nd hole with a wedge and pin lixing a,., in lhe axe,., 
of C and /J. There arc also Lhre · lixing (?) rivets or 
axes arranged in an equilateral triangll' 011 the gear 
face. The fragmen t has a light band that n1atrhcs the 
colora tion and srems to i'1t at the center of the dial 
system, i.l' ., at the point " of Fr:1gnwnt 1\ ~ide 2. i11 
Svoronos and tiH'rrfore along the ren l<'r line at tiH' 
very top of the ex tant utain fragment. 1\n alternativt· 
place fur a wlwel of this size would be at till' :-.idl' oi 
the lack ing idler wheel, 1, beneath the platr of the dif 
ferential turntable, !Jut in that ca:-.c Olll' would have to 
sup]X>sc that til· wheel had already been di ,.,plared fn11n 
it s posit ion and became calcilied in isolat ion from t ht• 
rest of the fragnJent s. 1 feel there is ju,.,t enough ·vi 
dencc of a physical lit to prefer the plact•ntctll at axi,., 
N. 

l;EAHS 0 1 A::-JI> 02 

The remams of thi s gearing is a prumitJetll fcatun· 
Di Sl'orunos's fragm ·nt H, side 2, point b. Bt·ctu"l' of 
rnn r h corrosion anclcalcitira tion and also beraust· oi Lilt · 
grea t thickness and radio-opaci ty oi the specimen it is 
most d irtirul t to di sti nguish and llll'a:-.u n· dl't ;t i \,., Then· 
:tppears to br. a ~ingk axis, prouably un squnrl'd, ahoul 
4 mm in diameter and ex tending to a dl'pth of 12.:1 
mm behind the back level of thi s portion of dial plate. 
The lir~t 5.4 mm of thi s depth appears to be ldlecl with 
uudiffcrentiatcd debris, but behind this is a gt·ar will'el 
about 2.6 111111 thick and about 1.1.5 to 14.0 mm in 
radius. This should correspond to about 54 Ll'elh, hut 
my hcst counts from l'isiblc and radiographic data give 
a consistently lower numhr.r, nearer to 4S teeth whirh I 
take prov isiomlly to be the value. Behind thi s wheel 
is another smalle r wheel also about 2.6 mtn thick and 
12.9 rnm in diamct r, l1ut on thi s l find no visible teeth . 
The radiographs show rather indi stinctly the presence 
of a smaller wheel, about 2/J the sizr of the larger , 
hence very approximately 32 teeth , but I cannot plarc 
it and suppose it may be concPal!'cl in cnrnhion product~ 
within thr. 12.9 mm diamel!'r mass. 
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J7 t G. 29. Genera l plan of a ll gearing, composite diagram. 
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FIG. JOb. Gearing on back o f main plate. 

1: 1c;. JOn. Ccari ng on front of main pla te. 
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J.' u;. 31. ( ;car ing on back o f d iflcrcnt ia l tu r ntable. 

Th t.: measun :J d is t;mc between cen te rs () and J\' is 
.!5.1-1 111 111 c rrespo nding to abo ut 103 teeth; the r efo re, 
if a wheel on ax is 0 is to mesh w ith the 64-toot h 
whee l at N, it m ust have ca. 39 teeth. I conj ctu re 
tha t one may h;-~ve in fac t a gear ing o[ 64/32 = 2/ 1, 
th e level of bo th wh el s being just above the I ac k 
surface of the m;-~ in plate . This is in ag reement with 
ev idence from the main fr agm ent that leads one to sup­
pose tha t there is a space of about 12.5 mm bet ween 
the inn e r su rfaces of th main base p la te and thc back 
d ia l plate. 

O n t he oute r sur face of the dial pla te, ar uud tltis 
ax is, a circle of ca. 9 mm radiu s is inscribed . It has a 
pa ir of perpend icular d iameter s which li e in the d irec­
tion s of the ma in axes of the base pla te, and to t he left 

of the rad ius at six o'clock is in scribed ;t Grrek lett er ~ . 
\Ve have tltrrrforr il stt bsidiary dial at this point, sim i­
lar in cons tru cti on to that O\'er Gear 1. 

DESC tn l'T fON O F GEA R T l ~J\ 1 NS 

l t is clear thnt the log ical point of entry into t il(' 
gearing syste m II IIl S[ be the ma in dr ive Wh('C I U I ancl 
the contrale Gear A ll'h ich feeds it. T l1r st urdy con­
struct ion of the drive wheel, its larg-e r than usnal te ' th. 
and it s placing at the jnin of the two ccntrn l a xes of the 
main sur viving fragment <~ll show that th is prominent 
feature was intended ns the basis for the entire con 
str uction. Thi s is conlirmed hy the fa ct thn t the a x i . .; 
se rves ns a cent e r for two sepa rnte gear sysll·ln s in 
addit i01 1 to the two pi nion dr ives fro n1 here to tl1 e rl'ntl·r 
of the di fTe rential tmntahle which is the centra l prcll n i 
nent fea tu re of tllC' other sidc of the ma in hasc plate . 

Since the main drive wheel sit s d irectly below and 
concentr ic wilh the front dial plate with its anntta l 
and zod iac circle d ivision . it is rea >o nahle to snppns<· 
that this wheel is to have iln a nnual rotat ion <~ ssoc i atcd 
wi th it. Thi s docs not imply that the wheel is to IH' 
turned by waterpo\\'Cr or by ha nd or soJnc other IJH' ;J ih 
at iln <~ct u al rate of one tm n dur ing a year , hut rather 
that ;t turn of this whe I is to " rcpresent" a yea r. n" 
ma tter what rate at whic h it may he lttrned . If t he 
circul a r dru111 nnw fixed by calcil1ca ti on to the under 
side of the one sm viving- fra~men t o f the hack dia l 
( Svorono.'i , fragmcnt B ) is a crank handle, as l sup 
ro~e. then the clr\·icr is to he tumed hy hand . l t ntig lll 
th en he used by ;Hljmting it to past and futme da ll'' 
to cillculate hy nJ C:tJ Js of the ~ca ring the variotb 
ast ron om ica I and ca lend rica I phenom ena. /\I tern:tl i vel\' 
it migh t he mo n'd step hy step, adju sting it c u rn · ntl~ 
a day :tt a time ~o that eac h day it would give th.<· 
phenomen n for the present. If the drum is not such a 
handl . hut a moon indi ator or some otl1 cr part of th · 
dial mach inery, then it is open to quest ion whrtlwr tl w 
n1echan ism was designed to be tnrned in one of t he ~c 
ways by a handle or whether it was made to he nHlve:l 
ilutomat i c;-~ ll y. perhaps in conjunction with a clrpsyd r;1 
and poss ibl y. too, an anaphor ic clock a rrangement thai 
would show the ph nomena assoc iated with the dai h 
rotation of the heav ns . l ~xactly such a device cou lcl 
well have been as~oc i atccl with the sort of display which 
lw s bee n snggcsted as a r stora tion for the well -known 
Tower of Wind s l>t 1ilt by J\ndronicus Kyrrheslcs in 
J\t hens in th · second quarter of the fir st century II .<'. 

It is a l111ost ce rta inly, however, not thi s part icul a r 
piece of mec hnni sm, for the Tower of \N inds is c~ 
se ntia ll y a Roman construction, wi th th, wind naJilt'' 
in scr ibed in Roman letters, hut the Antikythera mec iJ ;t 
ni ~m inscriptions ;'li"C Greek. though nf much the ~;tlllt' 
period. 

It takes approx i111:tt ely, or perhaps c:-..ac tl y, live turn , 
of the c-on trale wheel to produce a s ing;le tllrn of the 
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drive wheel. A turn o f the contrate corresponds there­
fo re to about 73 days and if the p resumed cran k handle 
dru m were g radua ted in days a round its edge such 
graduations would be about 2.6 mm apart , some 70 
per cent larger than the no rmal sepa ration between 
gear t eeth . 

The associatio n o f the main wheel with a n annual 
cycle is strengthened by consid ration of the r elation 
of thi s wheel to the differ ential turntable. Though the 
complex that is fo rmed by the Gears E 1/ B 3 and E2/ 
B4 is ex tremely d ifficult to see visually o r on the rad io­
graphs it seems to agr ee best with the existing four 
identical gears of 32 teeth each whose [unctio n is o nly 
to transmit two motions fr om the main drive wheel to 
the differential. One motion is that of the drive w hee l 
subjected to only a single 1/ 1 gear ratio that leaves it 
at the same annual rate but reverses the direction o f 
rotation. The o ther goes through the tra in B 2 - C 1 + 
C2 - D 1 + D2 - B4 - E2 which introduces succes­
sively ratios of approx imately 3/2, 2/ 1, and 4 / 1 as well 
as four r eversals of d irection. T here feeds into the 
differenti a l turntable therefore an annual m otion a nd 
another which goes r ound approx imately t welve times 
during a year . 

It seem s that the function of the turntable must be 
to take these two rates o f revolution, one annual and 
the other ap1 roximatel y monthly, and compound them 
either as a sum or a difference. The two obvious and 
almost in scapable astronomical choices would be as­
soc iated w ith the fact that the synodic motion of the 
Moon- the cycle of the phases from N ew Moon to F ull 
Moon- is the difference between the sideria l motions 
of the Sun a nd o f the Moon against the backdrop o f the 
fi xed stars. T h e Sun appea rs to rota te through the 
stars of the zodiac in about 365 days while the Moon 
changes place in a period of about 27! days and chan ges 
through its cycle of phases in about 29! days. 

Either the differential turntable adds the r evolutions 
of the Sun to those of the synodic phenomena to pro­
duce the revolutions of the Moon, or it subtracts the 
revolution s of the Sun from those of the Moon to pro­
duce the cycles o f the synodic months. From the fact 
that B3 a nd B4 rota te in opposite directions (and so 
therefore do El and £ 2 ) it follows tha t it is the la tter 
case which applies. This is confirmed by the gear 
ratios (see p. 45) which introduce numbers compa tibl 
with the classical Greek calendrical device of the M et onic 
cycle in which 19 solar years are made to corresp ond 
exactly with 235 lunations and ther efor e with 254 
siderial revolutions o f the Moon. The gearing con ­
tains wheels that correspond very well with the prime 
numbers of 19 a nd 127 which are needed to mecha nize 
the Metonic cycl e. We have in fact 

64 48 127 254 
38 X 24 X 32 = 19 

so that the diffe rential gea r is fed with 254 revolutions 
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F rG. 32. N umber of gear teeth as a function of wheel r adius. 
T he upper, middle and lower stra ight li nes corres1> nd respec­
tive ly t 4.44, 4.00, and 3.75 gear teeth per mm radius, or 
d iametra l pitches of 0.45, 0.50 a nd 0.53 111111 diameter per tooth. 

o f £2 and 19 revers r evolutions of E l fo r every 19 
(d irect) turns o f the m ai n d r ive wheel ; thi s produces 
235/2 revolution s of the whole differential t u rntable and 
a ll the gears mounted upon it. 

Thoug h the ev idence mig ht be conside red weak 
becau se o f the diffic ul t ies a lr ady stated in e st imating 
p recisely the number o f gear tee th on each wheel, it 
b comes stronger w hen o ne takes into account the 
number-theoretic restra ints w hich x ist. For example, 
if in tead of the 19-year Metonic cycle we had supposed 
as a bas is fo r the train the corresponding numbers for 
the 8-year Octoeter is, it would have been necessary to 
produce an overa ll r atio of 99 synodic months and 
t here fore 107 siderial revolu tions of the Moon to 8 of 
t he Sun . T hi s might have been achi ved by a set of 
gear s yielding 

64 48 107 107 
32 X 24 X 32 8 

For the firs t t wo ratios it would have been possible 
for any pair of gear s to be used with a simple 2/1 
ratio , but whatever the arrangement it is inescapable 
that somewhere in the train there shoul d b a wheel 
hav ing the large p rime numb r 107 or a multiple of it 
as it s gear tooth count. T he re is no such wheel in the 
t rain since those tha t exist a re eithe r far too big o r fa r 
too small , however gen erously one supposes the possible 
error s to accumulate. It is the refore impossibl fo r 
the gear train to be a mecha nization o f the ctoeteris. 

S imila r conclu sions ar e obta in d if o ne attemp ts to 
fo rce the existing evidence into the other readily avail­
a ble a lte rna tives for some sort of year / m onth ratio. 
A ll ratios involving the numbers of days in such period 
conta in inadmissible prime factor s; 36 5 days im plies 
the presence o £ a wheel w ith 73n teeth, and 365!-
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TAllL E 3 

SYNOPTIC TADLE 0 1' GEAR WHEEL S AND ! :-ITE R- AXIAL DISTANCES 

N umber of 
Leeth 

15 1{2 

16 M2 
20 C l 
24 Dl - 5.4 111111 
JO F2 
32 E l - 9.0 1111n , /J.1, /J-1, E2, /\I, 0 l 
.16 Ll - 8.7 1n111 
.18 Cl- 9.3 111111 
48 C2- 10.6 111111, ; l - l J.9 1111 11, E.'i , Fl, 1.:2, 0 2 
54 L2--13.0 111111 
60 G2 , 1ll, I 
63 N 
64 /32 - 16.4 111111, ) 
72 C/J- 16.6 111111 
96 M l- 23.3 111111, EK - 27.2 111111 , Ji.J 2(1. 0 111111 

.100 /l/.--25. 6 111111 
102 13C- 25. 0 111111 
127 !J2- cn. 3.1. 0 111111 
150 LM- 37.4 111111 
192 J~J--50.2 111111 
222 .r:4- 52 .4 111111 
22 5? /J l - 63.0 111111 

The best f1L is approxi111al ·ly 4 Leeth for every 1 m111 of ralii11 ,, 
i.e., ca. 1.57 mm / tooth . 

days implies an impossibly large factor of 487. A 
111onth of 29t clays would require a wh el of 5911 
Ieeth, and a siclcrial month of 27-! clays requires one 
of the 4hl teeth, and all these seem contradicted by the 
gea r count est imates. 

Tt should be noted, ltowcv ·r, that if by some devi e the 
direction of rotati on of one of the m ovements could be 
reve rsed so that the inpu ts to the differential turntable 
were the solar year and the sy nodic month and the out­
put the s iderial month, we cou ld use a train quite close 
to that attested to prod uce an acceptable syno lie month , 
v r.::. : 

M 47 125 235 
:18 X 25 X 32 19 

l cannot, however , see any easy way in whi h a small 
change of gearing would permit thi s usc of the turn ­
table, and, much stronger than thi s, the alternative just 
proposed would then give a far less log ical arrangement 
of the dial plates. The synodic month would then be 
shown with the solar yea r in the top dial, and the 
lower back dial would then show on a d ial graduated 
with ca. 60 divi sions the passage of the Moon around 
the zod iac and every twelve such complete revolutions. 
It does not seem to make sense astronomically, so we 
return to the sole rema ining conjecture that the turn­
table has an input of the two siderial r evolutions and 
an output of the synodic month. 

It has already been remarked that in thi s particular 
train of gears a furth er restriction o n gear tooth num -

bcrs is introduced by the fact that the train begins and 
ends at the B axis of the mechani sm . Because of thi s, 
the sum of the rad ii and therefore that o f the teeth in 
the Gears R2, C l , C2, and Dl should he equal to tl1 c 
stun of D2 and B4. If we assume that the wh ·cls o n 
the drive shaft a rc already g ive n :tt the s izes of 64 and 
32 teeth hy case of di vis ion, a nd that the wheels of 3R 
and 127 teeth arc dctrrmincd hy the pr ime fac tors in 
the req uir ed rati o, thi s leaves a total of 57 teeth in 
which a ra ti o of 2/ 1 must he achieved . Thoug h the 
exact solution is 38j l9 it would reduce in c!Tcct to 
having the gear p:tir C l + C2 become an idler gear 
of 38 tee th- or a ny numb r, say 3o or 40 for th;tl 
matter- and lea\·ing the essential prime tlltmher I<J to 
he produced lJy a pinion of that number of tee th al I) l . 
This has hccn rejec ted in favor of a sol uti on of 4R/ 2·1 
us ing a larger 11tnnhc r of te th noticea bl y sm;tll cr than 
th ose elsewhere· in the mechanism. I think that tiH' 
motivation ha s been quite si mpl y the avoidanc of that 
pinion of 19 which wOJdd have hcen dirticult to CJtt and 
qui te uneven in it s operation . hut in any event the lay 
ing out of this pa rti cular gear train clenJOJJ strates th t' 
need f r much Soph i. tication in design. 

lt is noteworth y that the almost collinear axes ncn 
h:wc hcen p la eel along a lin e that is inclined at ahou1 
l -t 0 to the main ax is of the 111 echani s m instead of clir<'c t 
on it . So far as ! can sec thi s has been dictated hy the 
need to enabl e the perimeter of the large (;car 1)2 to 
clra r the supports of the gar :-.y strm on axes F, (;, I I , 
;Jncl/ which underl ie the center of th <' lower hack dia l. 
If so thi s is again a cons iderable feat in sophi ~tical •<1 
des ign s ince an axi s on the front of the main plate lia !'> 
had to be located so as to produce a clearance at 1lw 
hack of thi s plate. 

lt is, I think, wo rth while to compare the gear ra tios 
used he re with those o f the o nl y other known spc i­
mens, those of the text hy al - Biruni (ca. 1000 A. n.) "' 
;11Hl of a geared ca lendar con tained in a n as trolabe, now 
in the Museum of the History of Sc ience in Oxford 
(G unther No. 5) made by Muhammad h. /\h i Hak r b . 
:\1uhammad a r -Rashidi a l-lbari a l- Isfahan i in 1\. J T. GIR 
= 122 1/2 A.o. which follows the same general plan as 
the tex t. Biruni uses a gea r train which may he wr itt en 
as 

48 - 24 + 59 - 19 + 59 - 7 + 1 0 - 40 

in which the double pinion 7 + 10 is turned once a 
week and produces a revolut ion of the wheel of 40 in 
the 28 days of the sideria l mont h. The wheels of 19 -l 

'"Eilhard Wiedemann , "Ein I ns trument, das die Bewe~un g 
von Sonne unci Mond darstellt, nach al Biruni," Der Is/om 4 
(1913) : pp. 5- 13. I have puhlishccl notes on 1hc text and the 
ast rolabe in my "Origin of Clockwork, Perpetual Mot ion and 
the Compass," sec n. 24, p. 43. It may now he noted that 
lliruni asc ribes the work to a Na stulus (or Bastulus) who is 
now identifi er! as the (Syrian) maker of the ea rliest known 
elated (A. H. 315 = 927/8 A.D.) ast rolabe. Sec Alain llricux, 
Pari s, Ca talogue, November, 1973 : pp. 6-9. 
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FIG. 33. Secti ona l d iagram of complete gearing system. 

@) 
59 rotate in a double month of 59 days and carry a 
moon phase volvelle with day numbers 1 to 29 and 1 to 
30 a lternately as well as an ingenious arrangement of 
a pa ir of black circles and a pa ir of s ilvered circles 
which can be v iewed through a window to give the 
images of Full Moon and New Moon . The gearing 
then continues to ma ke the wheel of 48 teeth rota te just 
236 times in 19 months, a tolerable but not very good 
approximation for the M tonic ycle. A small modifi­
cation would have given a much better result, viz.: 
47 - 24 + 60 - 19 ... which yields a ratio of 235/19. 
Biruni gives two other alternative systems, one of which 
makes the year not solar, but a lunar one of exactly 12 
synodic months and another which seems too corrupted 
to make sense. 

In the astrolabe which very s ignificantly is construc­
ted with equilateral triangular teeth just like those of 

the Antikythera fragm ents, the gearing system is 

60 - 10 + 64 - 64 + 64- 8 + 13 - 48 

exc pt that the original pinion of 8 teeth has been 
replaced by a more modern one with 10 t eeth. The 
system is that the wheels of 64 teeth rotate in a double 
month and carry a Moon phase dial with the day num­
bers as before . The wheel of 48 then rotates 13 times 
in 12 months and therefore shows the sider ial month, 
and th whe I of 60 teeth rotates once in 12 m nths and 
shows therefore the lunar year. There is no indication 
for the solar year, and the calendar is therefore com­
pletely lunar and Islamic. 

In both cases, however, there are gear trains which 
produce calendrical ratios of the months and the years 
omparable to those of the Antikythera mechanism and 

in one case using also the Metonic cycle, though in a 
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more s im pl e fashion. lt seems quit e clear that the 
tradition of the geared calendri ca l work mnst have been 
continued from Greco- l{oman times to h lam even 
though there arc no other texts now known. Arabic 
mater ia l in this area is not too well pub lished, however , 
so it is a lways poss ible that more traces will be unco ,·­
ered in d ue course. 

The remaining gea r system proceeding fr on1 the main 
dri ve wheel is that wh ich leads to th e upper ba ·k d ia l 
through th e tra in 112- L.l + L2- M I + M2- N, 
it being remembered that the last n;.11ned gea r whrrl is 
restored to th is place only conj ecl 11ra ll y from it s place 
on t he d i:1 l plate fr :1gmcnt (S 1·o ronos, fragm ent C). 
lf thi s pa rt of th e reconstruct inn is corn:r t , and the grar 
tooth counts a rc approx imately correct also we ha1·e the 
i11 1plied ratio 

64 54 16 16 
36 X iJ6 X 63 6J 

from wh ich it fo ll ows that the ma in part of the upper 
back dial co rr sponds to a revn luti•m :-~ pprox i1nate l y 

every four years. 
My first conj ectme 11':-tS that the ab ve ratio led the 

way e ithe r to a dial ex hibiting the period o f the plane ts 
or to one based upon the 223- month eclipse cycle which 
is referred to in p;ut of the inscri ption on the instm­
mcnt door panels. For the fir st alt e rnative a dial plat e 
insc ribed in the .160° of the zod iac rather th:1n the 47 
or 48 divi s ions act uall y found wo11ld have been much 
mo re a ppropria te and , moreover, one would have to 
a ssume that C)Uite la rge numbers of gea rs to produce the 
r equired ra tios for the p riocls of the planets arc now 
lacking. F or th e latter peri od one wonld have to as­
sume that somewhere in the gea r train there shoul d 
a ppea r a wheel with the prime number of 2.2.\ teeth, 
a nd thi s is clearly not so. 

Taking the app rox imately four-yea r period a nd the 
dia l div ision into 47 or 48 parts together, one is led to 
suppose tha t what is indica ted nn1 st be the months of 
thi s cycle, e ither synodi c or cal ndar . If it is the syn­
odic month which is in vo lved, the full ns months of the 
cyc le mig ht well ha ve been div ided up into 5 section s 
o f 47 each, and in tha t case the gea r tra in wou ld be re­
q uir ed to make 5 revo lutions during 19 of th m:-t 11 t 
drive wheel. This coul d have be n achieved by some 
such :1 set o f rat ios as 

64 SO t R 5 
36 X 9~'i X 64 = l <J 

which seems also with in tolerab le lim it s for the obse rved 
tooth co unt s. 

We find , therefore, th :~t th is tra in could bear the 
interpretation either of a 4-year cycle or of one of 47 
synodic months. T he form er woul d g ive an exact num­
ber of clays, 1,46 1, for a complete cycle and these wo uld 
be divided up into 48 (Egypt ian ) months of 30 clays 
each together wit h the four sets of epagomenal days, 

three uf the sets being of 5 days ;nHl the fourth (If (J 
days. Five such conce ntric sca les wo uld on tain 20 
so lar years, so that the f1fth rin g would not be rtllll ­
plctely used if only the months uf the 19 -yea r cycle were 

in sc ri!Jcd. I 're~um;1bly each calendar month would he 
in scr ibed wit l1 the dat es of :'licw :\l oon and Fnll l\ lo<ll1 
at that p lace in the cycle. 

For the latter alternative . the dial 1\'ould be i11 ~cr illl·d 

with d i\·is iuns correspondin g to the 47 synod ic mon ths 
on each of the S r ings , and in e: tch di vision wn ttld h!· 
in scr ibed the dates of New ~doon and F11ll ~1oon as 
befo re. The fonner alternative seen1~ to ntc s light I y 
more to be preferred fr om the ev idencr of the gear ing. 
the latter nwre sui ta ble to the ex hi biting of calend ri ca l 
data by tlw en tire lll tc hani sm. It seen1s to me that onl y 
:1 much 111 ore certain gear count or a better rl'ading tJf 
the d ia I f rag nll'nt s CO li ld cn:1 ble us to ·boose hd W('('n 
these two al terna ti ves or, indeed , to he quite ~un· that 
the i1 ttention of the dia l is some thing- e lse quill' difTer!'nt. 

The analysis of the remaining gearing lc:~ding to th e 
s1nal l s ubs idi ary dial at the upprr back seems to lll e 
quit e llopel·ss at thi s stage. The on ly clues arc the very 
poorly preserved n •m;Jins of J..:l':trs 0 l 02, :~nd till' 
four divi s ions ;tnd insc ribed letter ~ nn the s1na ll d ial 
it self. I cannot CI'C n g uess as to wiH' th ·r ()I i ~ in ­
tended to mesh with ,V or with anothn gt';lr co;1x ial 
with N. Tltc expectations from astrtlllolnical or r:tl!'n ­
dri c; tl theory do not help nn1ch ei ther. It would MTill 

futi le to introduce a gea r train to COlliTrl t hi ~ 4-year 
cyc le hack to one of a singlr yea r subdivided by tlw d ial 
int o four seasons, it wonld also see1n aiJsurcl to intro­
duce a 1/ 1 gearing so that th t• fom separate years Ct> ttld 
br shown 011 the snhs idiary dial. Tf th e 4 -year C)Tk is 
to be geared up to a larger period. then depending on the 
two choices already given for interpreting the main di;tl , 
onr would expert that eit her the indicated cyc le should 
he 19 solar years or the 47 synodic months should he 
g-eared up to :1 !\1 etonic cycle of ::?.\S or an ecl ipse cycle 
of 22.~ sy nod ic months. This latter is the mos t likely 
possibility . co r respond ing to almost one complctt' turn 
of the 1\lnon's nodes with respe t to the 7odi;1r or 
exac tl y 19 turns of them with respect tn the synodi c 
month cyc le of the I wer hack dial. 1 n none of t hcsr. 
rases would the four -p:-trt divi s ion of this snhs idiary 
d ial seem :-tppropriate, and the last a lt ern:-~tive. tho1 1gh 
most attr:1ctive, s e1 ns to he ruled out hy till' ahs!'tKc 
of any ge:tr wheel large enough to h;tvc the prinH' num ­
ber of 22.\ teeth. 

The difTerential turntable is certain ly the most spec­
tacnhr lll echanical feature of the Antikythera devi ·c 
because of its extreme sophist icat ion an d Ja ck CJf any 
hi stor ica l precedent. S ince it lies to on· s ide of the 
cen tral line of th ·back of the main plate and is <"'erbid 
hy two dial s . ;t tt cs tcd uy survi v ing fragments and leav­
ing no space bet we n. it is imposs ibl e t h:-tt the turn table 
should he just a display dn·ice in vol\'ing perh:-tp somr 
epicyclic gearing to illu stra te planetary n10tions. Ther • 
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is no room for any such display, and the turntable and 
dials are qu ite clea rly preserved very near their or ig inal 
posit ions. F urthermore there seems enough of th 
gearing to provide the turntable with a pair o f ( oppo­
site) inputs corresponding to the solar and lunar 
siderial revolutions, a nd a n output which r eadily bears 
interpretation as that w hich should be provided by such 
a differential gear arrangement. Thus v n tho ugh 
one m ust presume the existence of the Gear 1 wh ich is 
now lacking, it seems quite secure to interpret the 
structure in thi s way . 

From its des ign (sec fig. 34) it is clear that the 
diffe rentia l turntable must turn a t a rate which is g iven 
by half the diffe rence ( i.e. half the a lgebra i sum ) of its 
two inputs. In this as the output wi ll be half th 
254 - 19 = 235 synoclic revolutio ns of the Moon wh ich 
take place during the 19-year Metonic cycle. It would 
have been poss ible to obta in immed ia tely an ou t put 
with one turn p r synod ic month by lead ing the revolu ­
tion off from the turntable by a 2/1 ratio produced by 
a w heel hav ing just h alf as many teeth as tha t a round 
the rim of the turntable, that is by a w heel of 96 teeth 
engag ing w ith the 192 of Gear £3 for example. S uch 
a large wheel, however, would have prevented su bse­
quent gear ing from coming n ear to it s ax is, a nd ins tead 
the route has been taken of using a train of smaller 
whee ls that f1rst give a 192/48 = 4/1 ratio with the 
turntable rotati on and then deer ase it aga in 30/60 = 
1/2. 

r suppose that the u se of 30/60 instead of the 32/64 
used elsewhere in the gearing is motivated by th fact 
that the next part of the train derives a l j l 2 ratio by 
recl uctions in two stages of 1/3 a nd 1/4. By u s ing a 
gear of 60 teeth as a basis one is enabled to employ 
pinio ns of 20 and 15 teeth, whereas with a wheel of 64 
teeth the I /3 r a ti o would become impossible. The en­
t ire train then, starting w ith F2, is based upon wheels 
of 60 teeth. 

T t is wo rth s pec ia l note that the Ax is F occupies a 
p s ition to the le ft of the ma in dia l center G a nd slightly 
above it , quite symmetrical w ith the Axis I to the right 
of cen ter . The Axis I is the center for the subsid iary 
dia l which shows a revolu tion in 12 of t he months indi ­
cated sing ly by the main dial, presumably, therefore, 
giv ing indicati ons f r a lunar yea r. One might reason­
abl y expect that Ax is F would therefore also be a cen­
ter fo r a subsidiary dia l, presumably one connected with 
its revolut ion at th e rate of two turn per synod ic 
mont h. I see, howev r, no tra e of such a dial even 
though the surface of the p la te is well preserved at this 
po int. Furthermore the end of the axle does not appea r 
to be squa red, and there seems no obvious calendrical 
or astro nom i al function for such a h a lf-month cycle. 

In connect ion with th Axis F it is a lso possible that 
there might have been another gear rotating on th is 
center quite independently of Gears F 1 and F2, and 
meshing w ith £4. Such a gear wou ld have had to have 

8 ~R,.utoaoo rOIOIIOf'l 

~ o = 1/2(P+0) 

Q • 

a p . 2~4 

0• - 19 
a•l/21235) 

F IG. 34. Principle f the differential gear system. 

about 40 te th , intermediate in size between F l and FZ, 
and it would have p roduced a ratio of ca. 22/40 with 
the differential output and therefore led to a rotation in 
ca. 0 . .16 months or 10.6 clays. Again , I find no radio­
g raphic vidence to support such a conjecture and no 
r asonab le fun tion for a dial indicating a rotation at 
any such rate . We assume, therefore, that this lower 
back dial has a central feature indicating the cycle 
throug h a sing le synod ic mont h , and one subsidia ry 
d ial for the lunar year of twelve months. 

If, however, the Gear £4, which looks as if it should 
be one of the two hi e£ outputs from the elaborate d if­
fer ntial turntable, does not mesh in this fashion, its 
purpose is a mystery. l can see no way for £4 to mesh 
with any other gearing in the neighborhood of th is 
lower back dial where surely a revolu tion based some­
how on synodic months would belong. 

The upper and lower back dials between cover so 
much of the surface of the back dial p late that th re 
seems little space left over for other indications. T he 
base plate a ll a round the turntable is so complete t hat 
one can say wi th some certainty that there exis ts no 
axle hole or gear mounting that could serve as a basis 
for transmitt ing a motion from somewhere near the 
perimeter of £4 to the front side of th mechanism and 
thence to some ind i ation near the front dia l syst m. 

T he only possibility I can se is that £4 was arranged 
to feed to the upper back d ia l system from som axts 
lying outs ide the range of the extant fragments. T he 
most reasonable axis for this would b that of a sub­
s idia ry dia l placed to the left of the main dia l Axis N, 
symmetrical to that of 0 to the right. A single gear 
on the axis, by virtu of the radius required, would have 
ca. 125 te th, and would produce a rotation th refore 
in 250/222 months . This could conceivably h ave some­
thing to do with the anomali stic month or with the 
motion of th nodes associated with the clips cy le, 
but I regard any such suggestions as ext remely insecure 
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pending further ev id ence fr om the gear ing and dial 
system after cleaning or other examination. [t should 
be noted that in any gearing of the type suggested the 
222 teeth of E4 could not be associa ted with the 223 
months of the ecl ipse cycle for the fa ctor goes the wrong 
way around . for such an eclipse cycle one wonlcl need 
a wheel of some mul ti ple of 223 tee th actuated in efTect 
at the rate of one tooth per tttonth. Tl ere the 222 tee th 
are subdiv ision of a single month, o r rather of ;t two­
month per iod. T he nttt ne rical sim il :-trity seems there­
fo re to be nothing more than a co incidence. 

THE I NSC!{! PT!O NS 

GEN ! ~ Hi\ L DESC RIPTIO N OF TilE STI\TE 
OF TITE FRAGMENTS 

The frag111ents, as seen during the present stu d i e~. 
consist principa lly of the rlccomposition prodncts of the 
bronze machinr, squ 'ezcd together under great pre"­
sme, corroded by sea water, and cove red with ra l­
c:-treous acc re tions. In some places the mater ia l ap p ;t rs 
compact and hard, and itt suclt it scents likely that some 
irce metal ex ists at the co r . In many other pl:-tres the 
material is so powdery and friable tltat it cannot ~up­
port its own weigh t, <tnd crumbl es under the lea st 
provoca tion in spite uf the ea rly treat ment with poly­
viny l acetate or ce llu lose nitrate or some such con­
sol ident. Such crunth!ing has markedly reduced the 
size of a ll fragments, as may be een by compa ring old 
photographs witlt tttor recent vtews. Some of the 
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FrG. 35. Parapcgma inscr iption. 
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changes have been due to the masterly separation of 
layers one from another at the hands of the museum 
technician s, hut other changes r epresent a complete 
Joss of evidence. Fortunately, in many cases of such 
loss there is the compensation that decay of a super­
fic ial layer has revealed new evid~nce on an underly i~g 
surface prev iou sly hidden from vtew. Becau se of tht s, 
the ev idence of a complete set of pho tographs taken 
through the years has been particu la rly valuabl ~ . to 
these studi es , and I mu st thank the mu seunt authonttes, 
the !a t Dr. Ernst Zinner, and the Bayerische S taats­
bibliothek at Munich fo r making them ava il able. 

As a curiou s effect of corrosion under pressure, it 
happens that one of the largest inscriptions, formerly 
on the back door of the instrum nt, though lost, all but 
for one smal l fragm nt, is preserved over a much large r 
area as a mirror-image insc r iption, scarcely blurred by 
its mode of formation, is quit leg ible on two of the 
mai n fragments and matches compl ·tely the direct in ­
sc ription of the sm all piece of rig inal door plate. It is, 
however, so111 ew hat fragile, p ieces of it having already 
b en rubbed away, and any futur cleaning would 
necess.:·u il y de~t roy it compl etely in revealing deta il of 
the surfaces on which it is deposited. 

In color the fragm ents range from the pale whitish 
green of Cassiter ite 15 (stannic oxide) through all 
darker shades of the green and blue-green of Atacamite 
(basic cupr ic chloride), with an occas ional patch of 
yellow-brown iron ( ?) accretion and some streaks of 
gray and g ray -black over small a reas. It is easy to 
see from inspect ion tha t the joins between fragments, 
when co rrectly made, g ive a good match of color pat­
terns over the a r a of the jo in. This was found most 
helpful when I confirm din 19G l the joins between the 
three main fragment s which had been proposed on the 
basis of shape and configuration a lone after the first 
examination some two years previously. 

The four main fr agments of the machine, as no w 
p reserved, are obviously identica l with those lett ered 
A, B, C, and D in the plates illu strating the original 
publication by Svoronos, though, as noted, they have 
been somewhat reduced in size by wear and by restora­
tion in which accreted debr is has been removed and 
plates separated from the cohering masses. I hope that , 
now that this investigat ion is published and the present 
evidence recorded, it may be judged possible and x­
ped itious to continu the clean ing and separation par­
ticularly of th dial fragments with thei r crucial in­
scriptions. Frag ment B of Svoronos has been markedly 
red uced in size by the removal in pieces, later reas­
sembled, of an insc rib d plate that was once the front 
door of the in strument. In addition to the three mam 
fragments and this front door plate there exist some 
fi fteen small fragments, most of them being scraps of 

lS These two minerals are the characteristic corrosion prod­
ucts of bronze. I thank Dr. A. E. Werner of the British 
Museum Laboratories for these identifications. 
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FIG. 36. Back door pla te inscription. 

in scribed plate which have been read and joined wh n­
ever possible. Fortunately it happens that t he three 
chief inscriptions are in very different letter sizes and 
l ine separations, and on this basis it has been possible 
to classify each fragment and make some j oins. In 
addition to these identifiable larger fragments, t here is 
a little cardboard box, some 9 em X 7 em containing 
about 2 em• of tiny pieces and dust from which the 
chemical and metallurgical samples were provided. 

The inscriptions al l appear to be made by the same 
hand, but in three different sizes; large for the para­
p gma plates ( interl inear distance 4.8 mm) , medium 



I 

4S PRI CE : C l ~r\RS FROl\1 T i l l ~ C.RE [l\:S [m ,\:-. S A\IU~ 1' 1111. S <> C. 

2.7 mm { 
2 

3 

Direc t n TAN 
Curl ed fragment 

I In 6 2 

7 3 

a 
mm{ 2.95 

9 

~ 

!I 

10 6 

11 KATAK E ] 

H :L 

AIOA:LTHP 

nPOHI E ITAIH 

NA :LTA:L HHM EPA:L 7 

12 I IN ETA I K · T ·/\TA M H 
13 N OYO 9 

I~ Mirr or 
I~ 

18 

I T 

18 

Small lett er s 

I ; 1G. 37. l.o\\'c r bark dial inscript inn. 

for the d irect and mir ror tn sc rtpt tOib from tl1e hack 
door ( interlinea r 3.3- 3.6 mill ), and small for the in ­
scrip tions a round Lhe back di als and on the front door 
( interlinear 2.6-2.9 mm ). 

T he inscription i ~ difficul t to read and tltc 111aler ial 
too deli cate fo r squeezes or 111 0lds. !\lorcovcr, there 
are onl y t wo places in wh ich photog raph y has proved 
sufficien t to g ive tl1e form s of th letters sttflicient ly 
well fo r reprod uction (sec fi gs. 18, 39). O nly in the 
second case, alas, do th photographs g ive nearl y as 
mu ch opportunit y as the or iginal for read ing the text. 
F ro nt t hese it wi ll appea r that the epig raphica l ev i­
dence s trongly supports the dating of the wreck and 
m a hine . T he letter forms are, in t he op inion of P ro­
fesso r Benj amin Mer it t, charac teri stic of the fir s! 
century n.c ., or more loosely, of Augustan times. F or 
exampl e, the left ve rtical of ll is much longer than the 
right; the verti cal strokes of M and the hori zonta l ones 
of~ are not parallel. There a re t iny se rifs at the end 
of each st roke (sec f1g . 39). Thi s ev idence is of some 

im portance, for it sho\\'s agreemen t of thr inscript ion in 
date, both by epigraphy and by content, w ith that o l 
the wreck itself on archaeolog ical g round s and on a 
possible astronom ical dating of the calendar in sc ribed 
on tlt e in st rument sca les. Thus the insc ription cer ­
tainly belongs with the inst rument and it s gears, and 
the whole assembly comes from the same period of the 
wreck and is no accidental later add ition on top of tilt' 
wreck. Even if a second hip had dropped overboa rd 
a nineteenth -century planetarium in scribed in C reek 
:1 nd of thi s cur ious and unfamiliar des ig n (sec page 12). 
it is un likely that it would have been in sc riherl arrh;ti 
cally in a fir st-century n.c . hand, and closely related lo 
an ancient ca lendar. 

The in sc riptions ;1r given in ligures 15- 3H us ing the 
norn1al epigraphic convent ions where a clot under a 
letter indicates a doubtful reading and sq uare brackets 
I J arc used to enclose restored sect ions. Un fortunatcl! 
there arc only two sec tion s, !he large piece of parapegma 
pla te and the lower sec!ion of the hack door, where tlH· 

VOL. 64, I'T. 7, 19 74 J THE INSCR II'TlONS 49 

p reserved text is suffic ientl y ex ten sive a nd coherent to 
read and unders tand more than a scattered word or two. 

THE PARAPEGMA I NSCR I PTION 

There are preserved on the la rge fragment the last 
n ine lines of a column which reads 17 as fo llows: 

[K] ... CVel1ln g' 
[A] The Hya[des se]l in the evenin g 
M T a urus [be]gins to rise 

[N] Vega rises in the evening 
E [The Ple iad]es r ise in t he morn ing-
() The H yades rise in th morning 
II Gem ini begin s to ri se 
I' Alta ir r ises in th evemng 
~ Arcturu s sets in th e [ morning] 

T he format and con tent is very similar to that o f the 
traditional Greek ca lenda r , particularly to that ap­
pended to the l sagoge (Introduct ion to Ast ronomy) o( 
Geminos who fl ourished in Rhodes. From a dating of 
the I sis fe s tival in this tex t, it is deduced by Manitius 1 8 

that he fl ouri shed abo ut 77 B.C., roughl y contemporary 
with the A nti ky thera shipwreck . ' 0 These calendars 
and others like th mare based upon the heliacal ri s ings 
and settings of the bright stars and the zodiacal con­
stella tions, and include also weather ind ications and 
other ph nomena basecl upon the seasonal climate. T he 
terminology o( thi s fragment does not deviate from the 
standard except in the use of the ra re form YA~ in ­
stead of YA6E~ for the Hyades. 

S ince we do not have dates correspond ing to these 
phenomena but only the k y letters mark ing them, there 
is li ttle one can do by way of astronomical commentary. 
Table 4 g ives a set of posi ti ons in the year, according 
to a zod iacal calendar, for a complete scheme of all four 
heli acal ri sings a nd set tings for each of the star s men ­
tioned to gather with S iriu s whic h almost certainly 
mu st have been included. I have included also t he 
equinoxes and the summer solstice as well as the ri sing 
of Gemini which is g iven in the text and the ri s ing, 
probably of Taurus, w hich is probably to be restored 
in line M. Evidently, howeve r, there are not qu ite 
enough li nes to go round, even without more constel la-

11 T he lines A, M, N have now only their last words visible. 
The transcription of the begi nnings, identifying Hyades, Taurus, 
and Vega, a re taken from the unpublished notes of Rehm r -
£erring to a state of Fragment C when more of the parapegma 
plate was intact. One cannot now check these reading . I 
have assumed the plural form for the Hyades, TA~E:E instead 
of the s.ingular, as in line 0. 

18 Manitius e(jition of l sagoge, pp. 263-266. 
18 P rofessor Otto Neugebauer has, however, pointed out to 

me that the calculat ion of Manitius is insecure and that closer 
consideration of the evidence from the da te of the Isis festival 
points to a later date in the first century A.D., the first ha lf 
?eing more likely than the later part. The parapegma calendar 
ts, however, in origin pre-Hipparchian and much older than 
the calendrical exposition of the ! Jagogt. 

tion ri sings or other br ight stars, so possibly various 
phenomena were combined or omitted a ltogether. 

T able 4 is therefore not to be considered as anything 
but a most tentative reconstruction. It does show that 
the natura l phenomena are by no means distributed, 
but it does not accou nt well for t he concentration of 
the ftrst fo ur letters of the alphabet in L ibra , if this 
read ing of the div ided limb is correct Furthermore, 
it cannot be quite sat isfactory that the line IT should 
be sandwiched between 0 and P which bear the dates 
5 Gemini and 7 Gemini in the lines w hich Geminos 
asc ribes to Eudoxos. We would then have presumably 
a concentration of three phenomena in one sho rt three­
day stretch of calendar , so presumably the scheme used 
separates these dates rather more widely than that of 
E udoxos. I t is also remarkable, if R ehm's reading for 
li ne N is correct, that we have an evening rising of 

Vega (Lyra) but not the evening setting of S iriu s 
which should fa ll on Taurus 4 according to Geminos. 
As a fu rt her difficulty I feel there is some indication 
that the p henomena fa ll too thickly in the fir st part of 
the alphabet but there are too few of them for the 
ava il able 1 tter in the second part. In other words 
there is some mi sma tch or misplacement I cannot under­
stand between the places of the lette rs on the limb and 
those on the preserved section of calendar. The mis­
match is unc rtain and may be quite small, but the 
problem seems to be unresolvable with thi s little ev i­
dence. 

F tc. 38. Front door pla te inscri ption. 
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Ftc. J9a. Fr;~ g n tenl contai nittg line , 36 45 of hack door Ill· 
sc ri ptiOn (~CC ;il su i'1 g. 40) obliqiiC illllllli na tion. 

1 NSC HTPTI O~S ON DOO I~ 1' 1./\TES, 
A ' ]) MT SCI~ I .LANEOUS 

The larg'st piece of coherent :tt td legible inscr iption 
is on the back doo r pb te where ll'e a re al.Jlc to make 
j o ins between ntirror- im ; t ~c and dired incised char­
ac ters on seve ral fr:t gment s. 1 feel th · iollow ing sec­
ti ons ca n be t ranslated: 

Line 
IS pro trt~<lir~ 
16 c. trri es , o f whi ch on e 
17 ;lt Hlth ·othc r 
l H [Venus] 

20 th e pointe r 
2 t th e S un' s r:tys 

37 whence ea rn out of 
JH the fi n; t pos iti on 
39 two pointers , w hose ·rHis ca rr y 
40 fo ttr, l hc o ne indica tes 
41 th e 76 yea rs. ,]!) y rs. o r the 
42 2[23] co min g- toge th er 
43 so that th ·w ho le wi ll 1> · divid ed 
44 eclipti c 
45 sitnil :n to those o n th · 
46 carncs 

The readings in lines 18 a nd 42 a rc unc r ta in ancl con­
jectural, but in the latter T r e l sur th at the number 
is thi s rathe r than 235 which would b the alternati ve 
o n astronomica l grounds. 

On the whole it seem s that thi s text is conce rn ed , as 
indeed it should b , with ex plaining the dials a nd po inter 
r eadings on the pair of back dial s, a ncl that these arc 

Ft<;. J'JI>. Sa me tragmcn t with direct illllm inat ion. Thi, h 

the only place \\hl'l't' more th;111 a fnv insrr iht·d tt' ll l' I' S ('. I ll 

sa ti sfa ctor ily lH: photographed. 

ha:-cd upon the :'ll etnnic :-tnd Cal li pi c.\'Cks of 19 years 
and 7o year~. the former consisting of 23S nl!>ttths or 
ll.!J40 cby~. ancl the latter of ~40 months or !..7.75!) day s. 
The s i ~n u>.ed fo r years in li tis passag-!'. L, is tlt a t ntos t 
common for th • period, though elsew here it m ay he 
used for the fra tion ~· T he nunther 22.1 occ ur ring- itt 
line 42 r<'fc rs of course to tltc cycl· of 22.1 synod il· 
mon ths in wltirh there orrm l <J ('cl ipsc po~s ihiliti cs at 
either node . 

In the i nsn i ption on the lower b;tck d i;tl ( fi ~ . .17 ) 
lin es 13 14 rn ight he read 111'0~ All11 Al l ) 2Tll ' , 
"Towards th e l ~:ts l (wind )": s intila r ly pe rha ps lin es 
16 - 17 ma y be some fon u of l A IITl l' J O[~ J, "wes t -

l: tc. 40. l: ro11 1 door plate fragme nt wit h al111o; t 
ill ·g il ,lc in scripti o11. Sec also i'os::. 22. 
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north-wes t (wind)" and line 6 some form of Al'lt 
(genitive AIII02::) "west-south-wes t (w ind)." But 
what the point o f these direc tiona l mentions may be 
I can not g uess . 

THE ANTIKYTilERA MECHANISM AS AN 
HISTORICAL DOCUMEN1 

Even if the Antikythera fragments ha 1 been no m ore 
than a few small br nze wheels and gea rs of uncertain 
function, th ey would const itute an hi s torical r elic of 
eno rmous interest a nd importance. So little has come 
down to u s from the G reek Miracle, cl cisive for the 
birth of our so rt of civili zation, that we have become 
used to m aking a g reat deal of the things we have. 
Preservat ion has been highl y s lective so that we tend 
to see the G reek s in term s of only the more indestructi ­
ble masses of uuilcling stone, sta tuary , and ceramic 
toge ther with co ins and a few grave goods that are the 
main holdings of our mu s um s and archaeolog ical s ites. 
M in or ob j e t , e spec ia ll y those in non- precious me tals 
are rare, a nd even when they ar prese rved by 1 ca l 
cataclysm a s in Pompeii and Herculan um, object s of 
sc ientift c int cre t a lmost never go beyond a few common 
weights and m easures, pe rhaps the p c ia! tool s of the 
local surgeon or denti s t, ancl th e caliper s of the stone­
mason, builder, or carpente r. Wheels from carriages 
and carts survive from de p a ntiquity, but the re is ab ­
solutely n th ing but the Ant ikythera fra gments that 
looks anything like a line gear wheel or small piece of 
mechani sm . Indeed the ev idence for cient ific instru ­
ments and f111e m e han ical ob jects is so scant that it is 
of ten thoug ht tha t the Greeks had none. There is a 
whole apologetic used mos t energet ically by Ben ja min 
Farringdo n that exp la in s the (fict itiou s ) total ab..,e nce 
of Greek ex perimental sc iences from literary r emarks 
tha t the in st itution of slavery made manual work re­
pugnant t o the intell ectual of those times and thereby 
cr ated an unbridgeable gulf betw en the worlds of 
sc ientific theory and those of mecha nics and technology. 
For an example of thi s one might ite the r emarks of 
P lutarch that Arch imedes for all hi s enormous kill 

would not deign to leave behind him any commentary or 
wri ting on such subjects ; but, repudiating as so rdid and 
ignoble the whole trade of engineering, and every sort 
of a rt that lends itself to mere use and proftt, he placed 
his whole affection and a mbition in those purer speculation s 
where ther can be no refe rence to the vulgar needs of 
life .. . . 

At the least the tangib le presence of thi s one complex 
sc ien tifi c artifact g ives the lie to an hi storical theory 
that has long been outworn and is now unworthy of 
se riou s consid ra tion . 

More generally, from the entire Greco-Roman period 
there is only one class of extant objects to illustr ate 
the birth of m odern science and mathematics, the 
sundials. There exist a preciou s few-in fact just 
eleven known exa mples-of small bronze plates en-

g raved with a network of lines and inscriptions that 
enable the u se r to find the time of day from the position 
of the Sun. 20 There also exists a much larger, indeed 
a surpri sing ly large number of about 300 specimens, of 
larger ma rble blocks, shaped into spherical, conical, and 
other surfaces, and engraved with similar lines that m ay 
be used to tell the time of day, or perhaps more often, 
the season of the year. 2 1 From all these sundials one 
may learn a littl e of the history of our sc ientific culture 
that is not told from the surv iv ing texts. Technologi­
cally ther e is nothing difficult about the cutting of the 
m etal or the stone. It could be done, and regrettably 
often was, by the crudest art isans. All the art lay in 
the design of the lines, all the cleverness in designing 
an obj e ·t that mirrored the motions of the heavens . It 
seems as if they were m a king little monuments to their 
cunning astronomical understanding rather than de­
vi sing useful in struments for anything so mundane as 
to tell the time. This is not to say the sundials were 
never used--especiall y as one goes late r into Roman 
times ther e is clear s implification and debasement in 
d esig n and with it a move away from intellectual crea­
tion and t owards function a nd util itar ianism. Here 
again thou g h we may be prejudiced by selective survi­
val. We are dealing, afte r a ll, only with those speci ­
m ens that ar m onumental or decorative enough to 
have lasted. T he useful time tellers may have been 
s impl e sc ratchings on stone walls, long since worn 
away or defaced . 

To be classed with the sundials, however, is one 
especially remarkable survival. The Tower of Winds, 
located in the Roman Agora in the heart of Athens, was 
built by A nclron i us Kyrrhestes of Macedonia about the 
second quarter of the fir st century n.c. It was a monu­
m en t des ig ned in accord with the science of the day 
with an esp cially complicated sundial on each face of 
its octagonal tower, a wind vane and a frieze of the 
gods of the prevailing winds above that, and a whole 
series of marvelous astronomical and probably other 
showpieces inside. It was, in fact, a sort of Zeiss plane­
tarium of the class ica l world. Moreover, it is note­
worthy as being one of the very few buildings from 

20 These have been collected and published in my paper, 
"Portable Sundials in Antiquity, including an Account of a 
New Example from Aphrodisias," Centaurus 14, 1 (1969) : pp. 
242--266. 

21 T he corpus of all known examples has been fully cata­
loged and annotated by Sharon L. Gibbs, "Greek anti Romau 
Su,J.dials," Ph.D. dissertation, Department of 1-1 is tory of Science 
and Medicine, Yale University, 1972, University Microfi lms 
Dissertation #73-14334; to he published as a monograph. It 
is worth pointing out that there exists a Qttite remarkable 
concentration of marble dials, including unfinished examples 
in the island of Delos, which seems to have been a sort of cult 
center and sundial factory of the ancient world. Because of 
this, one must consider that island as a good alternative can­
didate for the provenance of the Antikythera mechanism; nei­
ther it nor Rhodes would conflict with the archaeological 
evidence from the other objects. 
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antiquity that has come dow n to tt S re la ti vely unh;umed 
except fo r a g-utted interio r . I t has never lost it s roof 
no r been buried o r demoli shed. 2

" ] t stands, almost 
contempo ra neous with the Antikythera fragment s and 
indeed, closely assoc iated with them in spirit and i1t 
scientifi c d etail. W e mu st say more of it later in con­
nection with the hi storical traditi on from which the 
Antik ythe ra mechani sm springs . 

Though we know littl e of ancient science and tec h­
n ology directl y from a rtifac ts, there is al ways the ev i­
<lence of the literature. I-l ere, too, howeve r, sur viva l 
has been ra ther more selecti ve than the lon!j traditi on 
of scholarship with rich sources lead s tt s to suppose. 
It must not be forgotten that , fo r a tex t to sur vive, it 
11 Suall y has had to be such tlta t it wa s wor th th e labor 
o f hand-copying, re-edi t ing, and prohahl y also t rans­
latin g time after tim e as a classic unti l it could stretch 
through the ages and reach tlte r elati ve s: tnctuary of the 
pe riod of th e prittted book. E ve n quite im po rtatt t 
wo rk s by the most famous authors a re kn ow n to tt s 
onl y throug h their li s tin g by some bi ogra pher . And 
ho w mrtny authors are ktt uw n onl y by n:-t me, how ma tt y 
book s by lesser authors ha ve di ed quit e unrecorded ? 

If thi s be true of th e wo rk s that reco rd the geniu s 
of g reat philosophers, the mathemat ici:u1 s, and the theo­
r e ticians of astronom y, it is doubl y tru e of the record of 
tec hnology . E ven for much la ter pe r iod s before print ­
ing the re are on I y the rarest acc identa l s tt rv i va l s of 
detailed sketches like those of the tt otebno ks of V ill ard 
de H onni court ( thirteenth century) and of l.<'o nardo 
da. Vinci .( fift eenth century). From classica l t imes 
the re is almost nothing of thi s sor t. \ Vhat we have 
in stead a re a few books which desc ribe the teclmica l 
practi ces in civil and mi li ta ry engineerin g, a rchitecture, 
and agriculture, and so on. In the fir st place th se arc 
o ften sil ent in just those places where we would w ish 
fo r an exac t sta tement of technical detai l ; in the second 
place we are dealin g in all such wo rk s with what has 
become kn own as L ow T echnology, the sor t of craf ts 
that all men in a ll cultures have used in a ll ages for 
building homes and roads ami wa ter sup ply, making 
cl othes and pots, g rowin g and ooking food , wag ing 
war , etc. With the Antikytltcra mec hani sm , wha teve r 
it s functi on , we a re vidently conce rn ed with the ra th er 
different phenomenon of High T echnology . Thi s is 
t he name we g ive to those spec ia ll y sophisticated craft s 
a nd manufactures that a re in some ways intimately as­
sociated w ith the sc iences, draw ing on thent for theo ries, 

"" It has been analyzed by J oseph Noble and the present 
author in "The Water-Clock in the T ower o[ Winds," A m rr. 
I our. Archaeology 72, 4 ( October, 1968 ) : pp. 345-355 and 
p lates 111- 11 8. See also my article "The Towe r of Wind s, '' 
N ational Cro.rJrapJr.ic Ma.r;az i11 e 131, 4 ( 1967) : pp. 586-596, 
illus. Fo r the very interesting symbolism of the T ower sec 
m y paper, "The ¢ , -A; , and 0 , and other Geometrical and 
Scientific Symbolisms and Talisman s," in : Miknla s T eich and 
R ubert Young ( eds.) , Chm1 .r; iuy P rrspcc tivrs i11 th e H islory 
of Scimrr ( London, 1-Icincnlann, 1973) . 

g iving to them the in st rument s a nd the techn iqtt cs tha t 
enabl e me n to obse rve a nd expe rim e nt and itt c rea sc 
both ktt owlcdge and technica l com pete tKe. 

l t is t h i ~ 1-1 igh T echnology th a t has provicl ('d the two 
chici tra umat ic histor ical changes that diffcrt: nti a tecl 
our prese nt c iviliza ti on fru m all th :-t t had go tt c l1c fo re. 
In t lt e n1idd le o f the ~cvc n teett th Ct' llttt ry, spre;u ling ottt 
fro m chief cent e rs in Florence, in l .ondut t, a nd in I 'a ri s 
there ca nt e the Sc iet tti li r 1\ evoltttion which was fo tttul ccl 
pa rtly upon changes in ph ilosoph ical a tt itu de , , par tl y 
on th e newly w idespread and powerful cltangt·s in the 
technology uf coll ll llltni ca ti on by sc it·t lli lic jouma l ~ 

ll'lt iclt replace d itt d i\·i du ;tl cor respondence, IHtt par tl y , 
pc rh; tps eve n pr itt cipally, o1t the new a\·aila hili ty of 
sc ienti fi c inst rum <'nts ior t'X JH.:rim en tat ion. It ha s o ft ctt 
IJce n re1 narkcd tltat it i ~ to th e al most tt nknnw n httt 
tll tttHTO US g rou p of tlla th ctn; ttica l practitiomT' tlt ;ll IV(' 

sltot tl d look tu le<tm tlte rca sous fo r tlt e Sr il' ll t ii'tc 1\t·vcJ ­
Itt tion , rat her tha n to the fa mous sc il' nti sh of th(' period . 
The prac titioners . the litt le tn en oi sc i!' ttn ·. ll'(' l't' ti ll' 
inst rttllH'n t makers. the teachn s of na vi ga t ion and s tt r ­
\'ty ing, tlte wr itns tlf hack hooks on tilt' tt ,eiu l sc ic tttii't c 
craf ts. T lt m ug lt s tt c lt ttte n as thei r kadn. 1-:l ia s 1\l k n , 
thro tt gh the st ronge r and ltc tt cr organ i ~. ed colleagues 
it t tl te C ui ld of Clockma kcrs, and th r<n tgl t ;.ttch contacts 
as 1\ohert ll ooke, the ex pt:rimen ta l opna tor of tl H· 
1\oyal Soc iet y oi l .ondon , they influ enced t lte 1\'ltoll' 
ha tt d of '' ;unateu r s of sc ience'' wlto con~t i tt t t ed tlte lir , t 
sc ientil ic soc ieties. The amateurs wcr · tltc c u sto t1 H· r ~ 

of t ltese pract it ioners, and every e!Tort was made by 
the ar ti sans to populari ze and protllote the tts(' of 
lll <t t ltenta tica l a tt d other sc it·tl ti lic inst rt tnH·nt s. 

Then aga in , heginnittg in the la t ter ha lf of thl' l' igltt ­
et: nth cen tu ry , most ly in Eng land , the mov<·nH·nt know n 
as the Indu strial l~evolttt ion tra nsformed the world 
once more, changing the e nti re pattertt of world eco­
nomics <tnd prod ucing a new so rt of S(lc ial forrc·. T he 
or i ~in of this tr<t umat ic chan~e also lay partl y in tiH· 
spec ia l craf ts of high techno logy, part intlarly those oi 
line nt achi ne-mak ing. In the textile ind ustr y attd w itlt 
the ste<tm -pumping engi tt es part of the c raft cl<'r ived 
fro m that of the wheelwr igh t , the millwr ig ht, and the 
mtntng engmeer. The d ra matic c ha nges, however, tltat 
made a revolution poss ible were most often those oi 
ingeni ous new des ign h<tsed upon the craft of the in stru ­
me nt-make r and hi s close ally, the clockmaker. The 
te xt il e mac hine ry incorporated high I y !>Oplti st ica tccl 
littk work a nd dev ices a s complex as the clifT<'rential gear. 
a nd it is no acc idc tt t that James \Vatt ltrs t met tit!' 
steam engine a nd was led to hi s grea t invention s hy 
repa iring a workin g lectu re-demonstration mocl<'l in hi~ 
joh <ts instru ment -maker for a un iver si ty. 

A s one traces hack th e roots of the Scil'nt ift c and 
Tndu st r ia l nevolutio ns beyo nd the line machine-m ak ing 
and the sc ient ilt c inst rume nts, all th e strand s join to ­
ge th er in to <1 conti nuous thrc;1d of the g reat traditiona l 
c raft of cloc lo naking . From the thirteenth century 

L 
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on wa rd s, a ft er the E uropean hig h M iddle Ages had 
r eceived the I sla mic co r pu s o f scientifi c learn ing, in ­
cluding tha t which had been transmitted from antiquity, 
this cr a ft fl ouri shed . Beginning in the fift eenth century 
in the c ity states o f N uremberg and A ugsburg the trade 
of the instrumen t-make r began to be specia li zed , but 
befor e and afte r thi s the clockmak ers were a lso con­
ce rn ed with the design a nd m a king o f a ll so rt s of astro­
labes , quadra nts, sundi a ls, and othe r sc ientific a nd astro­
nomical in struments. T he clockmakers we re thus the 
prototy pical g roup of practiti oner s a nd a rti sans w ho 
mainta ined in their technical t radi t ions, and even in 
their guild st ru cture as a profession , tho se special skill s 
and qualities whi ch were ba la nced bet ween the sciences 
and the craft s and w r e to become th e crucia l elem en t 
in g iv ing the world the Sc ienti fic a nd 1 ncl ustria l R evo­
lutions and th e recent age o f Hig h Technology. T he 
cla im , of cou r se , mu st not be p ushed too fa r. T he m a in 
li ne of clockmaking was, we m ay ma intai n, a necessary 
condition fo r this evolu t ion , but it was uy no m eans 
sufficient . As if to p rove the cla im one may ex p se o n 
the di ssec ting boa rd of hi sto ry the case o f C hinese c ivi l­
iza tio n which had a ve ry simila r beginning but a q uite 
d iffe rent la te r stage. As Weste rn clockmaking began , 
so did a tra liti on g row in the East, a lmost indepen­

dentl y in classi a \ and medieval times . By the time of 
the Scienti fic Revolution, however , the Easte rn t rad i­
tion lay broken, a nd developm ent was begun again only 

by infusion fr om the West a t the hands of the J esui t 
missio naries.25 

T hus, though not su ffic ie nt , the tradition of clo k­

making can be seen to have been crucial to the em ergence 

of our modern world. So much of p r esent-day m a­

chine ry der ives from it tha t it has become com monplace 

to u se the term " clockwork" fo r anything w ith gear 
wheels-as in clock work toy tra ins fo r exam ple. T he 
timek eeping, ti ckin g m echanical clock it self can be 

traced back only t o t he thirteenth o r fourteen th centu r y, 
but t he w ide r h is tory of clock work goes back beyond 
the ex traordina ry em ergence of t he clock to a long 
prio r period w hich includes the lines that lead also to 
such dive r se developments as the concept of pe r pe tua l 
moti o n, the des ign of calcula ting machines a nd com­

pute r s, to autom ata a nd r obots, a nd to magne tic com ­
passes.H It is in thi s sto ry that the Antikythe r a m echa ­
nism prov ides u s with dramatic n ew ev idence a nd the 
earliest relic o f such a d isti ngui shed m ain line in tech ­
nology. 

25 F or this trad ition see J oseph Needham, Wa ng Ling, and 
Derek de Solla P rice, li eavmly Clockwork (Cambrid ge U ni­
versity P ress , 1960). 

26 For a full er account of this line see my monograph, " On 
the Origin of Clockwork , Perpetual Motion Dev ices, and the 
Compass ," C on.trib1Jtions from tht Museum of History and 
T echnology, Smithsonian Ins titution Bullet in 218, No. 6 
( 1959) : pp. 81- 11 2. 

T llE EARLY HISTORY OF GEARING 
AND CLOCKWORK 

T he hi sto rical o r igin of the toothed gear wheel is ha ­
b itually misstated in the earlier specialized accounts and 
in most of the modern secondary treatments that rely on 
them.'" T he position has, however, now been clar ified 
by the meticulous schola r ship of J\ . G. D rachmann 26 

with whose views I ent ir ely agree. T here ar e four d if­
ferent ways in which gear wheels were used to transm it 
motion or power; pa ra ll el wheels engag ing each othe r , 
w heels a t r ig ht angles engaging each other , a w heel 
engaging a toothed rack , and a wheel engaging an end­
less screw worm w heel. T he first case in whi ch pa r a ll el 
gea rs a re mesh d was fo rmerly thought to be attest d 
by a passage in the M echanicai Problems of A rist otl , 
w hich is generally a tt ributed not to A ristotle himse lf 
but to th e peripati school, say 280 B.C. Drachmann h as 
shown e ffectively that the passage in questio n is not 
dec isive for th er e is no explicit ment ion o f teeth n the 
w hee ls a nd they may just as wei\ be smooth disk w heels 
in fri ctiona l contact. There is no othe r evidenc in 
lite ra ture o r in ex tant o bj ects to ind icate that this sor t 
o f gea ring x isted prio r to the dat of t h e A ntikythe r a 
mec ha nism. 

Ev idence for the use of rack and pini on gearing a t 
a s imila rl y earl y da te, ca. 280 n. c., is prov ided b y 
V itruvi us (ca. 25 H .• ) w ho described it as a co m pone nt 
in the wa ter clock of K tesibios. As Drachmann r e­
marks , howeve r , it seems to be a prema ture invention , 
fo r no thing like it is found in later wate r clocks w her e 
a lmost every thing in the jackwork is m oved by wa ter 
power or by levers and str ings. W e are on mor e cer­
ta in g round for the use of the gear turned by a worm 
w heel, fo r thi s is clearl y invented by A r chimedes , say 
about 250 R . . , and used in hi s war eng ines. Furth r ­
more, th e device is taken up by later inventors in other 
contex ts. H eron (ca. 60 A.D. ) us s it a g r at deal in 
hi s hodomete r and dioptra, and gives a theory of it and 
deta il s of its const ruction . 

T he ea rliest lite ra ry reference to gear wh els o ther 
than their u se togeth e r with an A rchimedean scr ew 
occurs in V itruvius , ca. 25 B.C ., where they a re m n ­
tioned as a pa ir meshing at right angles in the con struc­
t ion of a wa ter mill ; thi s use later becomes q uite com ­
mon w ith the use of pegged w heels and lantern pinions. 
After thi s c mes H er on who describ s in hi s r ather 
fanc iful and probabl y impractical barulkos a method fo r 
using trains of gea r w heels meshed in parallel fashion 
to ra ise a very heavy load with a very sm a ll e ffo rt. 

n For monographic accounts o£ gear wheels the standard 
source has been Conrad Matschoss, Ceschich te des Z almradu 
(Berlin , Verein deutscher Ingenieure, 1940) . A typical modem 
derivative is Darle W. Dudley, The Evolution of the Gear A rt 
(Washington, D. C., American Gear Manufacturer s Associa­
tion, 1969 ) . 

u A. G. D rachmann, T he Mechanical Tu hnology of G,.eek 
and Romatl A ntiquity (Copenhagen, Munksgaa rd, 1963), 
cspecia 11 y pp. 200-203. 
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F IG. 41. Design by a l- 13iruni m. 1000 A.D. for a ~can•d sola r 
and lunar ca lendar computer. 

Thus a lthoug h gea r wheels <1 rc well ;-t lt es ted from the 
t i111 e of Arch imedes onwards , they occ ur onl y in comhi ­
n;-ttion w ith the rae! in what m<1 y have been <1 one-shot 
in vention ascribed by a much bter so urce to Ktcsibi os, 
a nd in connecti on with Arch imedes' own much used 
a nd survivin g inve ntion of the screw-worm whee l. 
O nly a cen tury later than th <1t asc ribed to the A ntik y­
thcra mechanisms do we find ev idence of the low tech­
nology use o f <1 pa ir of gears to turn pow ·r throug-h a 
ri ght a ng le a nd the bnru.lkos dev ice which uses a very 
high gear rati o to move a heavy load and looks ns if it 
ca me, as it probnbl y docs, from a schoo lbook example 
o f the functi on of para ll el gea rs ra th er th <1 n from a 
practical mechani sm. 

Wha teve r th e interpretation placed upon it , there is 
no questi o n that th e Antikythera mechani sm has as it s 
mnin features a very sophisti cated tra in of many gea rs 
111cshing in parall el planes a nd of w idely nsso rt d 
s izes; there is also th e use of a contra te gea r to turn 
the dr ive through a r ight angle in a very different sty le 
to that of the low techno logy millwright. Aga in , ac­
·cpting even the widest possible li mits fo r the dating 
o f the inscri ption on th e instrument and the a rchaeo­
logica l ev idence fr om the wreck, it is clenr thnt we have 
somethin g much more eompli cnted than anything nt­
tested by the I itcrnry sources. O n the othe r h <1 nd there 
is no act unl connict tha t would cn use o ne to reject eithe r 
the ev iden ce from A ntikythera or that fr om th e litera­
ture. O n the contrary, the deta il of th e gen rs from the 
mec hanism fo llows fa ithfull y that prese rved in th e 
i llustra tions of the ll eron ic and V itru via n tex ts, espe­
c ially in the feature tha t all gear teeth are exactly 60° 
eq uila teral t rianglcs. S uch teet h a re reln ti vely easy to 

sha pe by hand-sawing and fi ling-the techno logy o f fine 
meta l work, as ev idenced fr om ea rl y G r eek jewelry was 
capabl e o f all the sk ill s of fabr icati on mnny centuri es 
before thi s."7 lt is worth not ing that a lthough such 
gcn r tee th a rc no t very effi cient fo r t ra nsmitting power 
-epicyclo ids be ing now preferred- they d o fun ction 
quite well in clockwork ;15 evidenced fr om th . opcratin JZ 
de Do nd i clock reconstructions now in th e Sc ience 
l\1 useunt , London, and th e M uscum of II istor y and 
T ec hnology, Wash ing ton (sec f1g . 44) . The new ev i­
dence about Greek mcch;-tnisms forces some consid T ­

able re-eva luation of the old . We m ust suppose th a t 
from both l le ron and Vi tru viu s we u ndcres timat<· what 
was ;-tva il able in gear ing te ·hnology in th cir times. It 
is a qu ite rcason:d.>lc suppos ition si nce, after :til , 
Vi tru vius is w riti ng a book 011 archi trctmc , and ll non 
a hook o n th eo retica l mec hani cs and the bas ic l' le lnt' ltt s 
of mec ha ni sm ; neit her of th em represent th e ir work s a!> 
a t reatment of a ll that co ul d be cl one w it h con1pliral<'d 
dev ices. 

f bel ieve that we hilVl' now evi dence for the ftrst I i111 C 
that l fcron and V itruviu s arc indeccl 11 11 a side trade 
from th e ma in line of gear ing. ;~nd that the true bq~ iu ­
nin g is nearer to the clockwork nf Ktesihios :t nd what 
ntu st have bern a !'.imilar contributi on hy :\rr hi111 edcs 
himse lf. The nwchan is111 from /\ntiky thcra n·pn·sl' 11t s 
a co nt inua tion of th is main li ne e ither by a pro-ess 11f 
s teady bu t unreco rded evolution or b y a mass ive i1 111 0 · 
vat ion by sontc un k nown ge niu s, contctnpora ry w ith til l' 
simi larly spectac11lar des ig n o f the T own of \\'ind s. 
Fmthcr we may s<~fcly suppose t hat thi s li ne r11 n t inucd 
and was transmitted to Islam, for we h:t\'C both a text 
and a sun·iving instrument close ly related to the 
Antikyther<1 device nnd dating from .ca. ! ()(X) A .D. and 
122 1/22 A.D. (figs. 41, 42) respectively. Thrsr I slamic 
inst rumen ts in their turn bridge th e ga p hy displaying 
considerable kinship both to the nstrolnhic water c locks 
of 1 slam and to the as tronom ical mechnni ca l clocks of 
fo urt eenth-cen tury E urope that fnumlc<l the powerful 
and per vasive tr <1d iti on of clockwork a nd thereby J lig h 
Tc hn ology. 

T he ev idence to support thi s conj ect ur e comes. not 
from th e hi sto ry of the gear wheel. hut from that of the 
plnncta rium . ft is n<1turn l to tnke such a route when 

pursuing th e h istor icn l nncestry of the mechnn icn l clock 

in Europe beca use of the odd fnct thnt the clock seems 
to come into be ing fully -ncdged as n "fallen angel from 
the world of nst ronomy." T he two ea rli est clocks we 
kn ow a re onl y very inc id r ntnl ly time-telling d evices . 
nnd th e cruc ia l in ven tions of th e escape111ent "t ick- tock" 
nnd the we ig ht dri ve arc di srega rded, left anonymo us, 

27 Tn thi s respect sec for example the very clea r equila teral 
"gear tooth" decora ti on on the late fifth century u.c. Capitol 
P in in the Mus cum of F ine Arts, Boston. published in H. 
Hoffman and T. F. Davidson, r.n·rk (;old (floston. etc., 1965) , 
p. 187, fq::-. 70c. 1 am gratef ul to Professor . S. Sm ith for 
ca ll ing my attention to this excellen t example. 
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FrG. 'IL. Astrolabe contai~ing geared calen~ar work. The instrument, now in the Museum for History o£ Science, Oxford, 
was made. by M. b .. A:bl Bakr, Isfahan m 1221/2 A .D. and the gearing follows the des ign repor ted by ai-B iruni co. 1000 A.D. 

and contams many s1m1lar fea tures to the Antikythera mechan ism. 

a nd not r ga rded by the a uthor s as a matt r of conse­
quence. What was importa nt was the enormo usly elab­
orate gear-work of the many dials to di splay a ll the 
motions o f the s ta rs and p la nets a nd the course of the 
calendar. In the clocks of R icha rd of Wallingford (ca . 
1327-1330) and Giovanni de Dondi ( 1348-1364) we 
have such mechanisms described in detail 28 and one 
cannot doubt their ing nuity or the fact that they must 
have worked a nd been extremely impressive. So im­
pr~ss ive were they in fac t that the metaph or of the 
umverse as a g reat clo k b ame mbodied in the phil o­
sophical and theological lite rature, and sketch es o f the 
mechani sm s of the de Dondi clock account fo r two of 

28 For the de D ondi clock see Silvio Bedini a nd Fran is 
Maddison, "Mechanica l Universe," TratM. Amer. Philos. Soc. 
~6, 5 ~Philade l phia, 1966). The Richard of Wallingford clock 
IS subj ect of a forthcoming monographic book by Francis 
Maddison. 

the most omplica ted gea rin g diagram s in the sketch­
books of L eonardo da Vinc i .~ 0 

I hncl p reviously thought that these early astronom ical 
clock s were mechanizat ions of a prior tradition of n on­
mechanical but movable geometrical devices called 
equatoria that were u sed to calculate the positions of 
the planets from the Ptolemaic theory. S uch devices 
seem to have been common during the M iddle Ages 
and texts about them abound . In a sen se it is still tru 
that the early clocks we re such mechanization s, but 
I th ink now that the tradition of the geared plane­
tarium, moved by hand , o r self-movin g with the aid of 
a water clock, goes back to classical times. 

Ju st like the history of gearing, that of the mecha nized 

equato rium is based u pon li terary sources a lmost con­

temporary with the Antikythera mechan ism, and they 

2t Bedini and Maddison, op. cit., p. 32. 
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F1G. 43. Interior m chani sm of the Oxford as trolabe. 

r rach back to implicat e A rchimedes a nd perhap al so 
Ktesibios as the progenitors o f the t rad iti on. The 
prime authority is C ice ro (b. I 06, d . 43 H.C.) w ho went 
to study in G reece in 79 n. c . a nd settl ed in th e islan d 
o f Rhodes with Mol on who had been on · of hi s tuto rs , 
a nd with the stoic phil osopher P os idonios of A pamea 
who C ice ro says also made one of th ese J\rchimedean 
devices . C icero return d to R ome in 77 II. C. , w hich is 
ju st about the supposed time o f the w reck of the A nti ­
kythera s hip taking w hat mu st have bee n much th e 
same route-but it would he asking t oo mu ch of f rtui ­
lous circumstance to suppose t hat it is t he baggag • o f 
the fam ou s o rator that now lies partl y at lh t: bo ttom oi 
th e sea a nd partly in the G reek Natio nal Archaeolog ica l 
M nseum . J\t all events , C ice ro did not lose hi s in tere st 
in Archimedes , for a littl e later, in 75 H.C. wl 1en he was 
qu.acslor in S ic il y he id t: n tili ed the tonth of the m a the­
mat ician from it s geometrical diag ra m a nd re stored it . 
I now give in full in tran slatio n the relevant te x ts front 
C ice ro and the late r wr ite rs. C ice ro 's de sc riptions of 
Arch imedes ' pl anctnrinm nre: 

F or I remember an in ci d nt in the li f of Caius Sulpiciu s 
Gallus, a most learn ed man, as you know : at a time wit n 
a s imi la r phenoutcunn wa s reported, and he happened to he 
; 1 ~ the house of Ma rcus Marcell us , his coll eague in the 
consu lship ( 166 n.c.), he ordered th e eel sti a l globe to be 
broug ht out whi ch th e g randfath er of Ma rcellus had ca rri ed 
off from Sy racuse, when th at V('ry rich and bea utiful city 
was taken (2 12 B.c.), though he took home wit h him 
n othing else out of the g rea t store o f hooty ca ptured. 
Though I had heard thi s globe menti oned f!Uite frefJuent ly 
on account of the fame of Arch imedes, when T actuall y 
saw it I did not pa rti cul a rly admire it ; for tha t other 
celes tial globe, also constructed by Arch imedes, wh ich the 
same Marcellus placed in th e temple of Vir tu e, is more 

bea utiful as wdl as more wi dely kn oll'n anto1tg th e people. 
Hut when Ga llus bega n to g-ive a ve ry learned explanati on 
of th e dev ice, J concludecl tha t th e fam ous S ic il ian had 
he ·n endowed with greater geniu s than one would im ag-in e 
it poss ibl e for a hum an hein g to possess . Fnr Callus told 
us that th e oth er kine\ of celesti al g- lohc , whi ch was solid 
:11 HI cont a ined no holl ow space, was a ve ry ea rl y ill vcn­
tion, th e f1r st one of tha t kind ha ving been constnl cicd 
hv Thalcs of Mikt us, ami Lit er mark ccl hy E udox us of 
( ni du s (a di sc iple of l'lato, it was claimed ) with th e 
constell at ions and stars whi ch arc Jixcd in th e sky. li e 
a lso s:1id that 1uany years later Aratus, borrow in g- th is 
whole arrang-ement a nd plan fron 1 Endox us, had cl esrri hecl 
it in verse, wi thout any knowlcclgc of astronomy, hut with 
m nsidcrahl c poetic talent. But thi s newe r ki nd of glob·, 
he sa id, on whic h we re delin c;l tcd the moti ons of th e sun 
an d moon and of those li ve star s which an: ·:di ed \\'; ln ­
clerc rs, or, as we might say , rovers, (i.e., th t: live planl't s) 
conta in ed more than could be shown on the solid globe, 
and th t: invent ion of A rch imedes cl esc rvecl spr · ial aclm ira 
tion because he had thong- Itt out a way to represe nt ac · 
curatcly by a si ng- Jr device fo r turnin g- the g- lobe lhose 
var io11S and d i \'cr~ent nHI\'Clll C: IIt S with th t: ir d it't'cren t rat t'' 
of speed. And whl'n Ca llus moved ihc g lobe, it was actu ­
a ll y tru e tha t th e moon was alw; lys ;ls 1uan y revolution s 
behind the snn on th e brou zc contriv ance as would ag- rre 
with the num ber of clays it was beh ind it in th e sky. Tlut 'i 
th e . ame eclipse of the s1111 happened on th e g- lnhc as it 
wou ld act 11ally happen, and the moon came to ihc point 
where the shadow of th e earth wa. at th very tiu1c whcu 
the sun .. . out of the reg-ion . .. . 

/J c rc publica , r. xiv (2 1-22), Keyes 's trans la ti OII. 

F1c. 44. ~1oxkrn rccon. trunion from manu. cript descriptions 
of the a~trono 111i ca l clock of Giovanni de Dondi, ca . !364. 
Note the equilate ral trianp;ular tee th which survived in 
even lai er clockwork in spite of 1hcir indfocicncy. Copy­
rig-ht Scit•ncc M \I H' \1111, t .nudon. 
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For when Archimedes fas tened on a globe the movements 
of moon, sun a nd five wandering stars, he, just l ike 
l'lato's God who built the world in the Timae·us, made 
one rev oluti on of the sphere control several movem ents 
utter ly unlike in slowness and speed. Now if in thi s 
worl-d of ours phenomena can not ta ke place w ithout the 
act of God, neither could A rchimedes have reproduced 
clle same movements upon a g lobe wi thout divine genius. 

Tuscalatl disputatiMtS, I 63, K ing's tra nslati on. 

Later descript io n s fro m Ov id (fi r st centu ry A.D.), 
Lactantius (fourth century A.D .), a nd Claud ian (ca. 400 
A..D.) respec tivel y are : 

This littl e spot, which now supports th e Hall of Vesta, 
was then the g rea t pal ace o f unshorn N um a. Yet th e 
shape of the temple, as it now exi sts, is sa id to hav e been 
its s hape of old , a nd it is based on a sound reason. Vesta 
is the same as t he Eart h ; under both of them is a per ­
petual f1rc; the earth and the hearth are symbols of th e 
home. The ear th is l ike a ba ll , r esting on no prop ; so 
g reat a w ig ht hangs on the air beneath it. Its ow n power 
of rotati on keeps its orb bal a nced; it has no a ngle whi h 
could prc:.s on any part; and since it is pla ced in the middle 
of the world and touches no s ide more or less, if it were 
not convex , it would b nearer to some part than to anoth er. 
and the universe wou ld not have the ea rth as its cen t ra l 
weig ht. There s tands a globe hung by Sy racusan art in 
closed ai r, a sma ll image of the vas t vault of heaven, and 
the ea rth is equally di s tant from th e top and bottom. T hat 
i:; brought ahout by its round sha pe. T he form of the 
temple is s imilar: the r e is no proj ectin g angle in it; a 
dome protects it from the showers of rai n . 

Ovid, Fasti, V l , 263-283, Frazer's tra nslati on. 

Could Archim edes the Sic ili an hav e devi sed from h oll ow 
brass a likeness and figu re of the wo rld , in whi ch he so 
arra nged the sun ancl moon that they should effect un eq ual 
motions and those like to th e celes ti a l changes for each 
day, as it were, a nd di splay or ex hibit , not only the ri s ings 
and setti ngs of the sun and the waxings and wanings of 
the moon , hut even the unequal courses of revolut ions a nd 
the wanderings of the sta rs as tha t sphere turned, and yet 
God Himself be unabl e to fashion and accompli sh what the 
ski ll of a man could simulate by imitation? Which 
an swers, there fore, would a S toic give if he had seen the 
form s of s ta rs pa inted and reproduced in that sphere? 
Would he say that they were moved by their own purpose 
or would he not rather say by the skill of the desig ner ? 

L actant ius, The Divitle Institutes, lf , 5, 18, McDonald's 
t ranslation . 

Archimedes' sphere. When Jove looked down a nd saw the 
heavens figured in a s phere of glass he la ughed and sa id 
to the oth er gods: "Has the power of mortal effort gone 
so far ? I s my handiwork now mimicked in a fragile 
globe? An old man of Syracuse has imitated on ea rth 
the laws of th e heavens, the order of nature, and the 
ordinances of the gods. Some hidden influence within the 
sphere directs the various courses of the s tars an cl ac tu ates 
the lifelike mass wi th definite motions. A false zodi ac 
run s throug h a year of its own, and a toy moon waxes 
and wanes month by month . Now bold invention rejoices 
to make its own heaven revolve and sets the stars in mo­
tion by human w it. Why should I take umbrage at h a rm ­
less Salmoneus a nd hi s mock thunder ? Here the feeble 
hand of man has proved Nature's riva l. " 

laudian , S horter Poems (ca. A.n . 400 ) . Nu mber LT 
( LXVII I ) , P latna uer's translation . 

A similar arrangement seems to be indicated in another 
m echanized globe, a lso mentioned by Cicero and said 
to have been made by Posidonius of Rhodes: 

\Vhcn you see a sta tue or a pa inting, you recogni ze the 
exerci se of art ; when you observe from a di stance the 
course of a ship, you do not hesitate to assume that its 
mot ion is g uided by reason and by a rt ; when you look a t 
<l sun -dial or a water-clock, you infe r tha t it tells the t ime 
by a rt and not by chan ce how then ca n it be consistent 
to suppose th at t he wo rld, which includes both the works 
of a rt in ques ti on , the craftsmen who made them, and 
everything else besides, can be devo id of purpose a nd of 
reason ? Suppose a trave ll er to car ry into Scythia or 
llri ta in the orrery recently constructed by our fri end 
l'os idon ius, which at each revolution reproduces th e same 
1notions of the sun , the moon and the five planets that t ake 
place in the heavens every day and night, would any s ingle 
nati ve doubt tha t thi s or rery was the work of a rational 
being? T hese thinkers howeve r ra ise doubts about the 
world itse lf fr om which a ll things arise and have their 
bei ng , and debate whether it is the product of chance or 
necessi ty of some sort, o r of divine reason a nd intelligence; 
they thin k more highly of the achi evement of Archi med s 
in making a model of the revolut ions of the firm amen t 
th an of tha t of nature in creating them, although the 
per fecti on of th e original shows a cra ftsmanship m any 
tim es as g reat as does the counter£ it. 
J)c natura deorum, 11 , xxxiv- xxxv (87-88) , Rack ham's 
tran slati on. 

In spite of a ta nta li z in g lack of technical detail s it is 
clear that C icero was stimulated by activ ity in the con­
stru ction of these m echanical " spheres" in the sch ool 
o f Posido niu s when he was a t R hodes in 79-77 n . . 
and that the re was at thi s time some fir st-ha nd knowl ­
edge of at least tw o such devices m ade by A rchimedes 
which survived a s booty taken from Syracus to R ome, 
one in the bouse of the Marcellus fam il y and another 
in the T mpl e o f V irtue. The essence of the mechan ism 
whic h has been added to the older static globe of fi xed 
star s is a new mechanical dev ice which shows the rota­
tion in th zodiac of the S un and the Moon, the classica l 
five pla ne ts , and the phases and 1 erhaps also eclipses. 
for the Moon. It is perhaps worth po inting out that 
w hat seems to impress Cice ro most is that the mec ha­
nism takes the ( s ide ri a l ) m otions of the S un and the 
Moon and produces from them the o rrect (synodic) 
wax ing and waning o f the Moon's pha es, fo r thi s is 
the featu r to whic h the g reater part o f the surv iving 
mechan ism from the Anti kythera fragments is devoted. 

If we a r to c red it Archimedes for even the simple st 
possibl e device of the sort mentioned we mus t assu m e 
that he u sed a set of gea rs meshing in para ll el planes 
to g ive the corr ect mean p riodic rotation s to the seven 
c lestia l hodies a nd the syn die month . No other 
m echa ni sm of strings a nd pull eys or anything e lse would 
g ive so appropria tely the behav ior of the interlocking 
regular cycles that constituted the main corpus of astro­
nomical theory at the time of Archimedes. Gears 
fit ting together could reproduce faithfully the tradi­
tional values fo r the mean periods of the planets. Thus 
a 30/ 1 gea r ra tio would be u sed to carry a pointe r in -
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dicating the place of the planet Saturn w hich moves 
round the zod iac once in a period of 30 yea rs during 
which the Sun has made 30 revolutions. S imilar a r­
rangem ent s would he made for the l 2-yea r mean 
period of Jupit er and probably a 2~-yea r period for 
Mars. ] f thi s is reasonable for representing planetary 
motions, it is much more forcibly suggested by the 
relentl essly even, day-by-day, month-by- month, ycar-by­
year progress of the calendrical cycles in volving the 
S un and the Moon. The cycles of Meton and Euctemon 
(A. ca. 430 11.c.) and Calippu s (late fourth century 

1:. c.) arc such that gearing will prov ide a bea utiful and 
elegant demonstration to impress any student of the111 . 
A wheel of l 9 tee th engag ing with one of 235 teeth 
w ill as they turn together show tooth by too th the w;1y 
in which the cycle of the year s is enmeshed with that 
o f the synodic months. 1 f one attempts to add more 
wheels to give the cycles of the days or of the siderial 
months, one gets exact ly the sort of device referred to 
by Cice ro, prese rved in the A ntik ythcra fr agments, 
and cont inued in the l sbmic and bter European gea red 
devices. 

In a dev ice of thi s so rt, con1pli ca ti ons will ar ise quite 
11aturally uoth from the astronomical necessity and 
from the number-theo retic rclat ions of the dcsi red 
gea r ratio s. For exampl e with the 235/ J 9 ratio men­
tioned above, thoug h one may wish to tt ·e gea r wheels 
having nuntbers of teeth that are easy to mark out by 
geometrical construction , thi s is not poss ible. The 
numerator has prirne factors of 5 ;md 47, and the de­
nominator is a lread y a prime, so that the rati o can be 
achieved onl y uy some such gear train 30 as for exampl e 
GO- 12 + 47- 19 where there will always remai n 
whee ls h ~ t v in g the awkward numbers o f 19 and 47 tee th 
o r some multiple thereo f. From astronomical necrssit y 
tlndonbtedl y the most telling is the relat ion between the 
s icleria l moti ons of the Sun and Moon and the Moo n's 
sy nodic cycle of pha ses; exac tl y that which impressed 
C icero . For the M etoni c cyc le, for example, of 19 
years and 235 sy nodic 111onths, it is absolutely necessa ry 
that the iVI oon make 235 + J 9 = 254 siderial revoluti ons 
in the co111plcte cycle, since theoretically the synod ic 
m onth is produced hy the rate at whi ch the Moon out­
run s the S un in it s passage round the zodi ac. I·:ither 
one G ill s impl y build such a consistent set of 1111111bcrs 
into the system, for exampl e by addin g ;1 ra ti o of 254/ 19 
to tltat which gives the basic cycle, or one can take the 
elegant but mechanica ll y diff1ctilt route of providing 
a mechanism that starts with two o f the rotat ion rates 
and generat es the third by mechanical summing a nd 
diff erencing. Thi s latt er rout e seems to have been that 
wh ich m otivated the incl usion of a differential gea r 
turntable in the J\nt iky thera m echani sm. 

3o W e usc here the stanU:ard nota tion fo r desc ribing a gear 
train. The numbers g ive the tooth count of eaclt w h el. Two 
number s linked by a da sh ( -) represent gea rs tha t mesh to­
gether. Two numbers linked by a plus ( +) r epresent gea rs 
on the same shilft turning toge ther. 

S ince the ; t s tronomic;~ l cycles are such a natural 
target fo r gear- work , lead ing on to step-by-s tep incre;~scs 
in complic;~ ti o n, and since we now h;~ve the ev id en c <~ 

o[ the A 11tiky tltera 1n cc lta ni ~m to support tl1 c remark s 
made by Cicero and late r writ ers about the planetariu11t 
of 1\rchimecles, T think \\' e may sa fel y re- interpret tltc 
his tori ca l pos ition. /\ rch imecl es ev identl y mu st hav <~ 
taken the fir st steps to mec hani ze the mean ntut ions of 
the S un and :'11 oon and pla nets and incllrporated tlti s 
mechani sm into elegant and impressive dev ices wh icl1 
survi ved in Rome io r m:tny yea rs. li e may al so have 
tttadc a11 excepti on Lo hi s custom of not contntitting to 
wr iting hi s ingen ious invention s, fo r ant o ng- !ti s los t 
works is li sted a trea ti se, "O n S phcre-m;1king ." which 
m~t y well ha ve g-ive n this semi -mathemati ca l mat er ial 
of the pla n(·tar ittlll ra ther th:tll :t simpl e descr iption of 
the ma rkin g r,f ~L tr s on a hal l. ln thi s planetariut ll 
A rcltin1edes wonld ltave used, perhaps for the fir st titne , 
sets of gears arranged to meslt in parallel planes, and 
he would lt ;tve been led to the rath er e l q~ant nutnher 
ma nipul at io 11 which is necessary to get a se t of co rrect 
ratios for turning the var ious planetary n1 a rk ers. 

li e 111 ;1y also ltave used h is favo rite wonn -wlt e<· l 
construction to tn rn the gear-trai n sys tem 0 11 e too th at 
a time in orde r to ac hieve the la rge ratio necessary for 
show ing the dail y ro tation in additi o n to tlt osc of th <' 
Snn and Moon a nd pla net s. 1 cr haps it slt01dd ;tl ;.o 
be remarked that t ltcre appea rs i11 th e literature a text 
on the ''Clock of J\ rclt imcdcs ." J t is prcserv('d in 
/\ rah ic manu sc ript s which ascribe the origin of tlt e 
work 11 01 only to Archimedes hut to JT cron and I 'hi lo ll 
al so. 3 1 The des ign of the monumental piece is s imilar 
to the o ther l slamic clocks of l ~ id wan and al-Jazari . 
The clepsydra has a va ri able depth hole to 111akc it fol ­
low the seasonal hour s, ;md the sin k ing fl oa t works a 
pair of l inear scales a nd makr,; the cy<'!'> move ott a (T n­
tral face . Tt also is gea red through a con tratc wher·l 
to a dev ice to make a hircl spit a ball into a gong basin 
eve ry hour on the !tou r, ancltltc outflow water fro m tlw 
clepsydra is used for a typ iral ll eronic si nging-bird dis­
play below. Though the clock is obviously in the g reat 
tradition t ha t run s from K tesibios tc1 l'ltilo n , there is 
no way of kn ow ing the po int or point s of the scqu enc<' 
from wh ich it spr ings, nor even of dis ting ui shing ;lil y 
part that is ll ellen ist ic from that which may he later 
J slamic elaborat ion. Jn particu lar there is not hing of 
the astronomical clockwork tradit ion hne, only the la ter 
J lcronic automaton display technique, and it is sugg ·~ted 
therefo re that the name of Archimedes is invoked only 
as the founder, or co-founder with Ktesib ios , of the 
automated water-clock tradition. P erhaps some day a 
deepe r stud y of the I slamic t raditi n may sort ottt these 
H ell en istic clements conta ined in it, and throw ltH>n: 

3 1 l ~d ited by Ei lhard Wiedemann and Fri lz I l <lll !>r r. "('her 
ci ne dem Archimedes z uge~chr i chcnc Uhr." N m m .- lett~ .-lca­
dem ine Carsarrut• l .t•opoldiua-Caroliuar (;,·nuwoi, ar .Vatur<>e 
Curiosorum 103 , 2 ( IT a ll r, 1918) : pp. 164 -202. 

VOL. 64, PT. 7, 197 41 EARLY HISTORY OF GEAR ING AND CLOCKWORK 59 

light on the work of A rchimedes and the other m echan­
ical innovators. 

Cicero does not m ention any intervening authorities 
on the making of such p lanetarium spheres, so we may 
reasonably suppose that the Archimedean tradition was 
taken up again only in the period in which he found 
it flouri shing in the school of Posidonios in Rhodes in 
78 B.C . Though the re m ay not have been s ignificant 
development in eithe r gearing or in planetarium con­
struction between Archimedes and Posidonios there 
had been a very great change in a stronomical theo ry 
and in instrument-making due to two advances made by 
Hipparchus, who flouri shed probably al so in Rhodes 
ca. 162-126 B.c. One effect of the work of Hipparchus 
was to make planetary theory considerably more com­
plicated geometrically than the m atter of s imple rota­
tional cycles wh ich it had been in the earliest phase . 
A second chru1ge due to H ipparchus came about through 
hi s introduction of the stereographic projection w hich 
enables one to map a sphere on a flat surface in such 
a way that problems such as those of spherical astron ­
omy can be solved eas ily by plane geometry and 
trigonometry. 

The force of the first change was that it r endered un­
satisfactory the sort of representation that could easily 
be obta ined fo r planetary motions by m ans of s imple 
gearing. I believe that it might well have made the 
planetary geared model virtually unobtainable in prac­
tice from that time until the hig hly elabora te con struc ­
tions of Richard of Wallingford and Giovanni de Dondi 
restored the Archimedean intentions in the la ter M iddle 
Ages. At any rate we have no records and not even 
literary eviden e for any mechanized p lanetary m odels 
after Archimedes except for tha t of Posidonios who 
may well have prese rved the s impl e original system . 
The force of the second change was to enable the makers 
of model s to avoid the cumbersome and inconvenient 
use of a g lobe a nd enable them to represent the univer se 
on flat plates and dia ls. It seem s likely that the fir st 
use was in the anaphoric clock in wh ich a di sk is 
ma rked out as a star map u sing the stereog raphic pro­
j ecti on a nd rotated by a water clock behind a sp ider ­
web arachne of c ircul a r arcs which map the hori zon and 
several lines of eq ua l a lti tude and equa l az imuth for the 
place in question. 83 If the pla te is fitt ed with a repre­
sentation of the ecliptic with holes so that a S un and 
perhaps a Moon can be plugged in at positions appro­
priate to the day of observat ion, the turning di sk will 
show the ri sings and settings of Sun, Moon and f1xed 
stars, and by the passage of the Sun past the lines of 
the arachne it wi ll indicate the hours of the day and of 
the night. Thus such a device g ives a very impressive 
representation of all the featur s of the diurna l rota­
tion of the heavens. 

32 Here I have foll owed the ve ry convincing a rguments of 
A. G. Drachmann, "The Plane Astrolabe and Anaphoric Clock," 
Centaurus 3 ( 1954 ): pp. 183- 189, a nd 0. Neugebauer, "The 
Early His to ry of the A strolabe," Isis -40 ( 1949): pp. 240- 256. 

First, the anaphoric clock was used to replace the 
indicators which Ktesibios had worked by a rack and 
pinion in his water clock and subst ituted for the special 
device controlling water flow at rates appropriate to the 
seasons. As such it was described by Vitruvius, and 
exactly such a device seem s to have been the central 
feature inside the Tower of Wind s. A fragment from 
such an anaphoric clock di sk, inscribed in Roman letters 
and dating apparently from the second century A.D. 

has been found at Salzburg. Secondly, the principle of 
the anaphoric clock seems to have been reversed for 
convenience; the fragile arachne being replaced by a 
solid di sk inscribed with the network of arcs of circles, 
and the turning portion becoming an open-work pierced 
p late containing pointers marking the position of the 
dozen or so brig htest stars and a circle marked with the 
zodiacal signs a nd the eel iptic. In this form it is the 
as trolabe, the most important scientific instrument of 
the I s lamic and E uropean Middle Ages, extending into 
the R enai ssance with perhaps a thousand examples 
known, dat ing from the ninth century onwards. Byzan­
t ine, Syriac, and ] slamic texts have been preserved but 
it seems likely that thi s instrument too must have or igi­
nated in the Greco-Roman period and it is even faintly 
possible that it could be another product of the Rhodian 
school of Posidonios. 

Under these modifications the exhibit ion of the astro­
nomical universe became changed from what it had been 
for Archimedes. The solid sphere was repl aced by an 
ana phoric clock representa tion as in the Tower of 
Winds, a nd the emphasis was taken away from the five 
planets wh ich were either shown in s implified form or 
marked on a dial where the anomalies in the ir motions 
could be taken care of by appropriate in scriptions rather 
titan by e1 icycl ic gear assembli es. The emphasis thus 
was moved to a di splay of th gea red cycles of the S un 
and Moon and the resulta nt synodic month, a nd per­
haps a lso some mecha nization of the eclipse ycle or the 
motion of the Moon's nodes. I think also that there 
cou ld have be n added at this time another trans ition 
from solid to fl a t model, a representation of the phase 
of the Moon, not by a painted ball, but by a marked 
di sk painted part black, part white, and viewed through 
a littl e window . S uch a device occurs in the geared 
device by al-Biruni a nd in the geared astrolabe founded 
upon thi s text ; it is a dev ice still to be found in the dial s 
of recent g randfather clocks, and as a separate Moon­
phase in strument or in combination with sundial s it is 
very common in m edieval tex ts and in th work of 
Renai ssance instrum nt-makers. At a ll events, as a 
result of the Hipparchan modifications the Archimedian 
planetarium evolved most probably into just the sort 
of S un and Moon cycle calculator device that seems at­
tested from the Antikythera fragments and from the 
later his tory of clockwork astronomical models. 

Since we do not know for certain whether the Anti­
kythera mecha nism was driven automatically by water 
power or turned by hand, it is perhaps unfair to call it 
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a "calc ulato r ." J f a ulo ttla tic it is m o re p roperly an 
e x hibi t ion dev ice, an ebhorat c c lock-dial a ssembl y; if 
manual it is s till prima ril y an e legant d en1 ons tra ti on or 
;; imul at ion of th e hea ve ns, more like at t astrolabe per­
ha ps than a dir e ·t an es tor of the calculating- machines 
o f .l'asca l and l_c ilmiz. N ever theless, it does IJ SC fi xed 
g-ea r ra t ios to make these calcu la tio ns of the soli - lunar 
ca lendar a nd it does thi s m ore by us ing po inter re;1.clings 
0 11 a dig ita l dial than by Cil us ing a dire · t geom ·tr ica l 
m odeling o[ the path s of tlte pla nets in sp<lCC. The 
ti H:c ha ni sm di sp lays the cycl ical sequ ence o f sets of 
di screte phe nomena ra th er titan a cnn ti tniutn of event s 
in a Row in g- time. In t lti s way it is pe rhaps mme in 
the spirit o( Babylonian a st ro nmn y and the modern 
d igita l compute r tklll in that of Creek geometri cal 
model s a nd the au tomated sphere of Arch imedes. 

Fina ll y it mu st IJe added that another big cha nge 
a lso occ11rrecl in th is period . 1 t is nowh ere in ev idence 
fro m lite An tiky the ra mec ltani sm. tho11 g h it may have 
been in volved in the T ower of \Vinds, il tHI it left a 
cons id e rabl e legacy to the g re;Jt clo ·k s of the [sh mic 
and l ~ u ro pea n M iddl e /\gt:s. The s itnnlati !J ll of the 
heavens had onl y hcen o ne-ha lf of the tr;1d itiu n of 
g lo rify ing 11l il n 's cnlllprehcn sion o f c reati o n hy actin g as 
(;ocb, nnking th eir own u niver ses . T he a stronom ica l 
hal( was complemented hy a se ri es o f dev ices tha t 
I imitated li ving I e ing s, :1utomata i11 the fo rm s of b ird s 
t ha t Rapped the ir win gs a nd wh ist led , mann ikin s t hat 
gy rated , moved th ei r heads. and hl e w tnnnpets and 
ba nged gongs a nd drum s. The s im nlatio n wa s no t en­
tire ly tri v i;tl . Ju st a s in thl' as tronomica l au tomata no­
bod y se r ious ly be lieved tha t tl1 e pn fcc t ll"orkit tg of the 
pla neta rium pruved that the s ta r s and plan ets were 
real ly turned by clockwo rk, 'o no iJo rl y thoug ht tlt;~l the 
strings a nd p ull eys, wat er pipes and pneunta li c on ­
t rivances dnpli cat d tl1 c wo rk ings of bio logy . 1 evc r­
thc less, these JJ I<Hk ls pl;t yed a co ns ider;1 hlc ro le in d evel ­
op ing wlta t was essentiall y a lll ec ha ni st ic ph ilosophy in 
w l1i ch th e wo rk ings of human and a ni mal physiology 
conld rea sonalJl y be a sc ribed to humors a nd flui d s 
coursing throug h the t11hes of the hod y and mu sc les 
that mov cllikc ropes . 

. "uch s inmi ;Jtecl ligures are g iven most adcq nate 
tre; JtnlCJlt in th e Anto111afo ll Th eolcr 11f f lcron w here 
the di splay is often m ost e leg-a nt and compli ca ted tho ug h 
t he mec ha nica l princ iples used arc ingPnious combina­
tion s of str ings a nd leve r and pulleys. Now here d oes 
Heron use gear s i11 tlti s work. Indeed the hi s tor ian s of 
technology have often complain ed wi th some p ique that 
the mo s t complex technol og ica l tex ts fr om ant iq uity 
concer n nothing more tha n these ' "w ys" instead of use­
ful work ing mach ine ry. T he po in t has been mi ssed that 
these a ut omata were in fa ct combined w ith the a s tro­
tt o mica l mod els to produce di splays o f ho th halves of 
c r eation together, and thi s is w hy they a ppear as such 
not on ly thro ug h B yza n tiu tn , I s lalll, and the E m opeiln 
\tl iddl e Ages bnl ri g ht dow 11 to th e modern .lllack 

Forest cuckoo clock. 1f thi s a lso seems comparati1•<·ly 
tri v ial it s li01tld be remembered a lso that , in add ition to 
the ru nt r ihutitJJI to conce plnal JtJ odel-n1aking in early 
physiol ogy, .,ne il ntodels were th e so1trce fro 111 whi ch 
;dl uf our JH>II·erfu l modern tradit io n of aut om a ti ntl 
spriii J;S. TI H· legacy o f these ea rly rol >ol s is ia r frotn 
trivial, a tHI :do tl g the way tile "' toys" ll'cre a carri e r , 
as \\"l'f"(' t he a .~tronom i ca l clock ll'o rks , fn r ;1 largt• ~han· 
of lll ;tn" s li HJ ~ l sopili st ic:1tCd t"tt H' JIH -c it;Inica l tech nolog io. 

T I- ll ·~ I . \' 1 ~\: TI O:\ 0 1.- COl\ ll ' l . IC/\ T l·: l ) C Ul(" \, 
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I·: 1T JJ th oug h the d iffe ren t ial gc;~r tnay have lll;tck ih 
appearance in the , \ntik yt hera nH.:c hani sm lh r011g h the 
motiv;~tion to t:xh ihit lhl" nwtiuns of th e Snn a nd \lo!IJI 
in per fect co ns istency witlt tlte phases ol the i\ loon. it 
is twvertheless "urpri s ing to lind such a sop hi ~ tictlt"d 
de1·icc ~o ea rl y. i11 my ex perience it is dilftcu lt ("\' <"II 
tod ny to ex plain th e theory oi thi s gea r-work to tlH" 
IH dk of peopl e in a nwdert 1 aucli enn : f; unili a r with a ho ~ l 

of tn echanical and electro nic d ev ice~ . It Jlll tSI :-.111 el y 
r;1nk as one oi the g rea tes t bas ic nte ·ha tti ra l ittvetl t ion s 
nf ;dl ti n1e , and \\"h e thcr the it1 vento r wa,., ,\ rrh imccle ~ 

hilll seli or ~01 11 e litlktlO\I"JI ingen iOIJ S nH.:c hani r oi tlw 
school oi l'osidotli os he ~ hon ld be acco rded the highe:--t 
honors . It ,., houlcl by the way he noted tha t in spi t!" o l 
asse rti ons in severa l secondary wo rk s the diflercntial 
gear occurs nowhe re in the works of l .eona rdo da \ ' itn·i 
atid is not used i1 1 the de Dottd i clock . The d ifT ercn tia l 
gea r 3

·' doe s not appear aga in until it occur s in a ("OJJJ 
pl ica led globe clock n1ade hy E berhar t Baldewin, tit<" 
p rcdeces.-.u r of the fa mou s r locktnak ·r J o lJ st l ~urgi ( tilt' 
Second A rch imedes. as he was called ) at the "ourt oi 
Landg raf \\' illt clnt IV at Kilssel in 157S. The clork. 
which is now in the l lherl Co llecti o n a t the lh it i:--lt 
1\ fu seu m. lbCs a di llerential gea r wit h t"O JJ trate pinitHIS 
on a di sk dri ve n hy a wo rm wheel to conve rt tl w .~(J) 
lunt s oi 'o lar day ax le it tto .)(J(> tum s which arc 11 ·cc k cl 
for the propn sidcrial day revo lu t ion of the ~ta r g-loll\·. 
S im ii<Jr d iflcrential gea rs can he found in manr a~tro ­
Jton lical c l ock .~ of the s ix teenth and -'L" I"C tH ee t;tlt l"l"JI 

"" F or th!' hi .<;JOry of 1hc d ifferent ial gea r ,,,.,. II. vnn ll e rtt·k. 
" T ho: ( l ri g in of t he DifTe renii a l Gea r a nd it s Connec tio n " 111! 
l·:quat ion Cl<lcko;,' ' Trans. N rw<umrll Sor . 30 ( I.<JIIclon , 1 '1.'>5/ 
5(•/5 7) : pp. 1~ 5- 1.' 5. 

Fn r t he Battle w in clock I have u"·d II .. \ Ja n I .loyd, s,,,. 
O ul .flau rlill </ Cinck.f m>rr S r·urn I lundrnl }' ,·or s ( I .O<Hion. 
l .conilrd T lilt ll noks L im iJecl. l95R): pp. 57- (,(J. I havt' ~ivt·n 
here no men tion of the clifTe re nt i~l gear ing a lleged to have ht·t·n 
incl uded in the Sou1h - P o inti ng hario ts built in Ch ina hy the 
eng ineers Yen S u a nd Wu Tc-Je n in the years 1027 and tl 07 . 
/ \ full account o f t he obvio us ly com plex m echa ni sms and th<" 
seve ra l ingenious n-co nstructi ons t hereof ha s been given by 
J ose ph Needha m , Sc ir11 ce aud Ci1 •i/isalinn ;,. C ilino 4 , 2 (Ca m 
bridge U ni vers it y P rl' SS , Ca m bridge, 1965): pp. 2!\6-.103, hut 
l do not feet conv inced tha t the tex t s w ill l)("ar " different ial 
gea r ini erprcla ti o n, a nd even if they diet it would seem likdv 
10 he a s trand of hi s to ri ca l dcve lopmen l quite independen t 1;f 
1he \Vcs lem line ht: re desc ribe d. 
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turies whe r e it is commonly used, as in the Ant iky­
lhera mecha ni sm, to mediate between the synodic a nd 
s iderial months. Later it is a lso u sed to bring into the 
clock a cam motion for the Equation of Time and for 
T idal Dials . One mus t assume that the principle was 
common knowledge not long after 1575 and that it was 
introduced in the sam e astronomical clockwork contex t 
in w hich it seem s to have sta rted. 

Severa l times in the eighteenth century the re appea r 
t o have been m ore or less independent reinventions of 
the principle of the differential gear in clockwork, not­
a bl y by J oseph Williamson in 171 9- 1725, by Dauthiau 
who claimed in 1765 to ha ve invented it some fifteen 
yea rs earlier, and by the brothers Aureliano and David 
a San Caj e tano who studied it intens ively and built 
cl ocks as well a s producing a theoretical study of the 
k inematics of differential gearing in 1793. Early in the 
ni ne teenth century, by which time the basic principl e 
o f the device m ay have become common knowledge 
among mechanicia ns outside the craft of the clock­
maker, the diffe rential gear makes it s fir st appeara nce 
in the tex til e industry. Almost simultaneously, perhaps 
both mak ing ind ependent inventions, perhaps one learn­
ing from the o ther, perhaps both deriving from the 
dockmak e r tradition , it is the subj ect of patents by Asa 

rnold of R hode I sland in 1823, a nd by Henry Houlds­
worth and a tinsmith called G reen m Engla nd in the 
same year. 

The gear was u sed in both cases in the bobbin-and­
fl y frame fo r cotto n m a nufacture, being applied to the 
r ov ing so as to regulate the variable velocity which 
was required for winding the fine filam ents of cotton 
evenly on the bobbin. It was this tha t enabled cotton 
yarn to be m ass-produced at greater rate and lower 
-co st whil e improv ing the quality of the product, and 
as such it revolutioni zed one of the m ost economicall y 
important indu stri es o f the period . From the tex tile 
mill s the d iffe re ntial gear mig ra ted into the a utomobile 
by a route which happens to be traceable. The person 
in volved was Richard Roberts who had started a s a 
worker o n text il e machinery in the 1840's and had 
lea rned m ac hine-shop practice with Maudsley ; it was he 
who first designed a st eam road vehicle which u sed the 
differential gear in o rder to make the powered wheel s 
stee rable-the same purpose for which it is s till applied 
in the modern a utom obil e from which it is now most 
g n e ra lly famili a r to m echa nics. 

There is, the r efor e, a reasona bly direct route from 
the use o f diffe rential gea ring in Renaissance clocks 
to the present day, but one can say nothing a s to the 
question of whether the Renaissance u se was a direct 
transmission fr om the old tradition of astronomical 
clockwork or whether it was a r einvention by another 
brilliant m echanic in the same stimulating contex t. 
Whether it be inventio n or reinvention, the bas ic ques­
tio n remains; what !earls to the appearance of such 
sophistica ted devices so early in the tradition ? Part 

of the an swer li es, I think, in the fact t hat in any case 
the tradition of gearing was a lready quite far advanced 
by the time the diffe rent ia l gear makes its appearance. 
Even i( the interval is only t hat from Archimedes to 
the time of Cice ro, the re would have been about 150 
years to breed a familia rity . The other part of t he 
answer is close ly associated w ith the problem of why 
the earliest mediev al clocks, and perhaps the earliest 
of those in the Renaissance tradition t oo, happen to be 
so much more complicated than those that come later. 

Perhaps there is a particular sort of inventive mind 
that has its particula r · brilliance in the perception of such 
things as the complex re la tionship of a gear system o r 
an involved mechanism. I suggest that Archimedes, 
and the a no nymous m aster o f the school of Posidonios, 
and Richard o[ Wallingford, G iovanni d e Dondi, Eber­
hard Baldewin, Jobst Bi.irgi were a ll innovative mechani­
cal geniu ses of thi s sort. It must be very ra r e that such 
genius is combined with a nother that leads to the 
other things for which men become famous, but such 
is true for Archimedes and indeed fo r Leonardo da 
Vinci who would almost certa inly have been unsung 
if they had been only mechanicians. The people with 
this sort of mind m ay not be nearly as uncommon as 
their lack of notoriety would lead us to suppose. I 
suggest that it is probably the same trait of m echanical 
ingeniousness that one finds in thou sands of proud but 
unknown nineteenth-century patent-holders, many great 
experimentalists and eng inee rs whose skill s became 
obvious e ven in childhood when they were entranced 
by the creations possible with a toy erector or meccano 
set, and perhaps also in the new generation of young 
geniuses whose perception is now transferred from 
gearwheels to compute r program s. 

I think that severa l times in hi story such geniu s has 
m ad e gea r ed astrono mical clockwork so fa r ahead of 
hi s time that a ft e r him the development has rested fo r 
awhile to emerge w ith a trad ition augmented m ore by 
s timulus diffus ion than by direct continuation of the 
idea. A technological tradition is something so much 
more fra g ile than anything that was encoded into a 
written book and transmitted into the orderly fashion 
of knowledge. Each advance filtering down led to a 
debasement of the original brilliance, but the t ech ­
nological availability led, a ft er some gap in time, to 
application fo r more and more socially u seful result s . 

For the Antikythera m echa nism, I think it is neces­
sary to assume the ex istence of a genius of thi s cu s­
toma ry sort, a nd it seem s more likely to be an a nony­
mous mechanician of Rhodes, rather than that of Archi­
medes who would otherwise have to be credited not 
merely with the invention of fine mechanical gearing 
of all sorts and with its application to astronomical 
clockwork, but also with the next huge stage of con ­
ceiving the differential gear. Vv e know of no such 
mechanician, but they were m ost often poorly r ecorded 
even in more r ecent times, and in any case the his torical 
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and the archae-olog ical reco rd for Rhodes is so mu ch 
poore r than m;~ny other im portant centers of G rero­
l ~oman science and technology. 

Even so we know of many likely cand idall: s for the 
a uthorship of the 1\n tikythera n1 echan ism includin g­
A ndronicus Ky rrhestes who built the T ower of \ i\f ind s 
a nd al so one of the mos t complicated astronomica l sun­
d ials on the island of T enos, P osidoni os hi mself, whose 
work in thi s a rea is attested by the statement of Cice ro, 
Geminos, whose luni -so lar cycle theory and parapegma 
calendar of the I sagogr is the cl osest tex t we have to the 
inscription s on the mechanism, and pe rha ps others o[ 

thi s period. \ \'e know also fr om the isl;uHI of RllOck s 
a somewhat my~t eriou s and fr agmentary in sc ripti o11 
whi ch w;~ s excava ted in Kcskint o nca r l .indos and ap­
pears to contain the num ber ica l para meters fo r a com ­
pl ete planetary syste111 . 1 n all it seems that in Hhodes 
of the period, though there may hav e been no astron­
omers or mat hemati cians of the greatest geniu s then ! 
were all til condition s and int erests for a 111 ec hanic of 
geniu s to foll ow in the tradi t ion oi ,\rchinH'de s ;u HI 

huilcl the mechani s111 that \\'as re tri eved fro 111 the /\ 111 i 

kythe ra wr<:ck. 

APPENDIX 

I. COMPOSITION OF THE METAL 
FRAGMENTS 

T he chemica l composition of the Antikythera frag­
ments appears to have been investigated by Damberge 
in the course of studies connected with the cleaning of 
the bronze statues from the wreck. His analysis does 
not seem to have been 1 ubli shed in full , though R ediadi s 
cited the central result in 1910. From thi s it wou ld 
seem that the meta l was a simple bronze con ta ining 
about 4.1 per cent of tin a lloyed with the main com­
ponent of copper. 

To confirm a nd ex tend this result I asked permission 
from the authorities of the National Archaeological 
Museum for small quantities of the rumbled debris 
from the fragments to be removed for study. This was 
graciously granted by Dr. Karouzos, and similar small 
samples were transmitted to Professo r Earle R Caley 
of the Ohio S ta te Univers ity for chemica\ analysis and 
to Professor y ril Stanley Smith then at the Institute 
for the Study of Metal s, U niversity of Chicago (now at 
the Massachusetts In stitute of T echnology) for m etal­
lurg ical a nd spectroscopic s tudy. I am most g rateful 
to them and to their assistants for their careful and 
valuable work. Their reports are appended. In brief, 
they confirm that the metal was a bronze, no other 
metals being present as more than the expected impuri­
ties. In particular, the bronze, unlike the later Greek 
bronzes, contained no large amount of lead, and it does 
not seem to have been originally gilded . The bronze 
had been worked by cold hammering and then annealed 
a t a dull red h at, pre uma bly in the course of prepara­
tion of the fa irly uniform metal sheet out of which 
almost all the preserved portion s seem to have been 
fabricated by sawing and filing and drilling. The small 
amount of lead may well be due to the presence of 
soldered joints-at least one occurs at a place where 
a gear tooth has been m nded by the in set of a soldered 
plate (see p. 35), and the presen e of a trace o f iron 
in one sample but no t in the o ther may be due to the 
presence of a small pin of that metal u sed in some slot­
and-wedge joint. 

Caley's suggest ion that the sheet may be earli er in 
date than the machin is particularly interesting, 
though of course we do not have anyt hing like an ample 
series of analyses of Greek bronzes. Even if we had, 
there wou ld be much difficulty in asserting tha t all 
lead-free bronze obj ects must be earlier than those con­
taining much lead. If, however, Caley is right in this, 
one would presumably suppose that the sheet metal 
used in the inst rument had been cu t from a large uni­
form plate-it woul d have to be a t least three square 
feet in area- made in more ancient times. An old 

plate carrying an inscnpt10n would have served very 
well. Unfortuna tely, there seems to be no trace of any 
old inscriptions on the undersides of the preserved 
plates. 

REPORT OF PROFESSOR EARLE R. CALEY 

A sample of the corrosion product s was exam ined 
for the purpose of establishing the identity of the m etal 
used in the construction of the me han ism. This 
sample, wh ich was composed of small particl es of cor­
rosion products from the obj ect, was supplied by the 
Director of the National M useum of Athens. T hese 
part icles had the form of fla t fragments, irregular 
g rains, a nd coarse powder. Most of them we re dark 
or light g reen in color, some were dark or light gray, 
and a few w re black. No free metal could be d etected 
among or within any of the particles. The total weight 
of thi s very heterogeneous sample amounted to onl y a 
few centig rams. Because it did not appear to be truly 
repr sentative of the co rrosion products as a whole, 
and because its weight was so small, no quantita tive 
analysis of the sample was attempted. The result s 
here reported were obtained from a systematic qualita­
tive chemical analysis on a semi -micro scale, and from 
supplementary separate tests. 
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Copper, in the form of various compounds , was found 
to be the metallic element present in la rgest proportion. 
Tin was found to be present in much smaller propor­
tion, apparently in the fom1 of stannic oxide. Iron , 
which was probably p resent in the form of ferric oxide 
or hydrated ferric oxide, was the only other m etallic 
element that was detected . The proportion of iron 
appeared to be smaller than that of the tin . Gold , silver, 
lead, nickel, and zinc were sought but none of these 
was detected . S ince the absence of lead seemed to be 
of special interest, thi s fact was confirmed by differ ent 
independent tests. Carbon , chlorine, and sulfur were 
present as carbonate, chloride, and sulfide, r espectively. 
Most, and perhaps all of these, were combined with the 
copper. S ilicon was present in small proportion in the 
form of silica, and possibly also in the form of s ilicate. 
Of course , oxygen was present in the form of oxides 
and other compounds, though no test s were actually 
made for thi s element. 

The results of thi s examination indicate that the 
una ltered metal of the mechan ism was a simple tin 
bronze. Whether thi s was a normal bronze, or one 
that contained an unu sually low or unusually high 
proportion of tin, could not be determined from these 
qualitative results. That the proportion of tin could 
have been determined by a quantitative analysis seems 
doubtful in view of the possibility that the ratio of 
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copper to lin in the corrosi on products mi g ht have been 
very differen t from that in the una ltered m etal. Th e 
absence of lead co mpounds among th e co rros io n prod ­
u c ts is surpri sing s ince lead is a normal romponcnt o f 
ancient bronzes. Thongh lead is o ften present in very 
low proportion as an impurity itt ea rl y Greek bronzes, 
it is usnall y present as a princip:-tl componrnt in tltosc 
of late date, and in those made as late a s lh • first 
century JI. C. the proportion of le;l<l often exceed s that 
of the tin. 1 t is not unlikel y that lead compoltnds 
would b al.Jsent from the corrosi n product s of :t 

bronze that contained lead as a me re impu r ity , or thilt 
they would he presen t in suc h s111all proportion a s to 
escape detection, but it is very unli kely tltal they wottld 
he al.Jsent from the corros ion produ cts of a bronze that 
conta ined a moderate or higlt proportio n of lead. Even 
i( the ·mall randont sample suppl ied for thi s exalllina­
Lion was poorly representa tive of lite corros ion products 
in a quantitiltivc sen se, it seems unlikely th:1t lead com ­
pounds would ltave been entire ly ilbsenl even for thi s 
sample had the unaltered me tal con tained lead a s a 
principal component. The result s of thi s cx<lminilt io tl 
therefore su ggest tltat the hronzc used in the con struc ­
tion of lit e mec ltani stn ma y h ave been n1ilnubcturctl 
much earl ier than the fir st ce ntury B. C. 

HEPOHT or PHOf<ES SOR CYR TT. S. SM !Til 

There was an in adequ a te a m ount of material fo r a 

chemical a nil lysis, but it was exa1nined spectrographi ­
ca lly. Two sa mpl es were studied , o ne an average 
sample of the mi scellaneou s debri s, the other selc-cted 
compact particles fr m the core of the orig inal sheet 
(see below). 

The results of tl1c spectrochet11ical analysis arc S\1111 -

mari zcrl in tabl e 5. The matcri;tl wa s bronze of good 
quality. It would be reasonabl e to suppose that th e tin 
content was about 5 per cent, which agrees with its 
microstru ctu rc. The re is no tr;1 c of z inc; h ence th e 
suggestion that the mcc l1i!ni sm wa s mad e of brass i,.; 
completely ncgatecl. The iron , ;utt im o ny, and a rsenic 

(11) 

T :\I!LI·: .'i 

S I'F('I'I!()(,I(,\I' IIIC :\ SA I. YSIS OF llt·: IIWI S I· I<OM 

i \ S IIKI''IIII·. IlA ;\lt-:C IIA :>I I S M 

. ~-:=-=====----- -
El ·rn· ·nt A v<> raJ,:c samplr S·· ll'tl l'd fl, t ~ II H' III !'l 

- -- -
Copper \1 a iII COII ~ li Ill!' II l \) ,till CO I1 ~ 1 illlt'lll 

Tin 1- to "v I tO '; 
!.cad 0 .. 1 O.(J 

Ar:;r ni c 0 . 1 II. I 
Sodilllll 0 . 1 0 . 1 
:"ol ickel !!.()(, tl.l 
Cold (!.Oil (I.\ I-I 

I ro ll (1.05 II.O .'i 
t\lllillHJII)' 0.0 .! 11 .04 
Hi , mut h 0.0 .! II.\ I-t 

l \l additiOil l o I ht• , ig-llilica ll l COlli [lO ll (' Il l' li , lt •d a hove, l HI I), 
sa 111 ptc, C'O IIt .till cu aholl\ (1.()1 per cent of :Illlntilllllll , lllol r h ­
d c llli iii, calcill lll , :!ltd cohalt; a ho 11L 0.001 Lo O.OO.'i p..r <'L' Ill ol 
llla ~ ut• :-; iut u, v.tu.tdi lllll , silvl' r, boron and ch romittlll , Z in c and 
1ncrcu r y wnL· tllldc tl'Cll'd (i .e. , '''" 1h.1n ai>o lll tl.(l l p<'r c<· nl ). 
:'-Jo oth er elt ·nH·nts WL'rL· fo1111d . 

' r!u; fil{llrl'S <\fC hasP <f Oil a Vi :'\ tt ,d C'~ tim a lC of rl'lati Vt' lillt ' in ­
l l' lbiLiL'S a nd .tr ·only approxill~<~liun , . There CIHtld h<· .111 <·rror 
h y a s IIIllCh :b SO pe r CC III of \lit' val"' '' ~,:iV<' ll. Thl' ' pec\ro­
graphic . ln : d y:o:. t ·~ wen.' <ICJ nl' 0 11 ten milligran1 :-., unpl <'~. h11rne<l to 
completion in a Ill a111p. DC arc and p hoLt>grapiH·d in the W'I V<· 
lcng- lh ril ll !(l' 225 0 Io 4800 ""!: ' Ir<JI II ,. 

con tents, t !toug h sig n iftciln t, are undo u htedl y norm;tl 

impurities. The gold ro ntr nl is not un1t sual fo r an 
anc ient copp('r alloy. It is ju st poss iblt: that the sheet 
had been g ild ed, althoug h no trace of gold rould he 
nbsc rv cd und e r th e microscope, and it is thnt'forl' 
roncl udccl that the ~old t hr~t is present was an tm int<'n 
tiona! itllp!lrit y itt tlw meta l it self. The sodiu111, ca l­
ci um , and al~tmin11m were rrob;~hly merel y ahsor\)('tl 
from th e sea w<1t r, and the o the r c lent e ttt s . all of 
whirl1 arc in in sig nilic<1nt amottlll' s , arc natural illl ­

purit ic s. 

.\ I TCRO STlWCTl' R 1·: 

TIInc wrre tw o flat bit s, roughly a mil linwtcr ac ros~. 
wili cil wcrr cn111 pact <·n o ug h for mctallo~r; 1phic l'X . 

FtG. 45. Metallurgical microphotographs of a sample of met~ ! from the A ntiky thcr~ nicchanism. (11) tintcs 75 ; 
(b) timcs250: (c) timesSOO. 
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amination. These were found to consist principally of and became somewhat elonga ted during the wo rking <Ji 
co rros ion product, though with some residual uncor- the meta l into the form of shee t. In genera l, the micrn­
roded metal. The larger of these fragments was about structure is that of an annealed I.Jronze cons isting of the 
0.6 millimeter thick, wh ich i s supposedl y about the a lpha solid-so lution phase alone. There is no trace of 
thickness of the or iginal sheet. The fragment was com- the second phase, beta (or its compositi on products), 
posed of three layers, the two outer ones being com- which appears in structural equilibrium above abottl 
posed of a soft co rros ion product 0.07 to 0.1 2 milli- 14 per cent tin but at lower concentrations in c;tsting-s 
meter thick, which had become detached except locally that have n t been annea led. The average g rain size 
(fig. 4Sa) . T hi s layer was entirely miss ing from the of the a lpha phase is a i.Jout 0.02 mm. The micruha rd ­
other fragment. The inner part, 0.33 to 0.42 millimete r ness measured in the uncorroded areas of fiv e diiTerent 
thick, was partly metallic, with compact corrosion prod- grains v:~ ricd between 38 and 62 kg/m 1n" (V i c ke r ~ 
uct, as shown in figures 45 b, c, at magniftcations of diamond test 2 gram load). These low va lues suggest 
250 and 500 respectively. Th is corrosion product had an annealed bronze conta ining less than 5 per cent tin . 
been formed in a manner defmitely related to the micro- This exa minat ion shows that the orig ina l metal had 
structure of the metal. Attack had obviously proceeded been worked fai r ly ex tensively, prouably I.Jy co ld ham ­
ftrst along the grain boundar ies and then in a definite mering wit h intermedia te anneals and then finall y alt ­
crystallographic form with in the g rain s themselves, nea led at about 500-600° Centig rade (a dull red hea t ). 
which is revealed by the geometric c ri ss-c ross patterns The g- ra in s arc uniform in size and sh<l pc, which prl' ­
observable in the photomicrograph. The angles be- eludes cmdc hot hammering- in an y event a bronze of 
tween the lines of corrosion product were measured in thi s composition is not easy to work when hot- and 
twelve gra in s, and in every case the angular relation- indicates fair ly ex tensive and uniform cold working 
ships confirmed the beli ef that they cor respond to the pr ior to the final a nnea ling , which must have O('en tlw 
( 111) planes (octahedral planes) in th e cubic system. last metallurg ica l operat ion. 
Sometimes they lay a long the I.J oundaries of the an- The spectrographic analys is was done by .\1 i s~ 
nealing twins. This configuration of corrosion product My rtl e Bachelder, and the micrographs we re made l>y 
is not observed in ordinary rap id co rrosion of copper- M mes. Betty Ne il son and Stanka J ovanov ic, all of th l' 
base all oy~, although it has been seen in _a number of,\>? stafT of the fn stitut e for the S tudy of Me ta ls, U ni versity 
other anc1ent I.Jronzcs. J t ts Case 1Il 111 the paper f CI 1· , go M~ rc ll 1959 
"Microscopic Study of Ancient B ro nze and Copper" 

0 1 
ca ' " ' · 

by C. G. Fink and E. P. Poluskin (Trans. Amer. lnst. 
Mechanical Engineers 122 (1936): pp. 90-120) and is 
not observed in castings or in worked bronzes that have 
been fully annealed, but it follows the slip planes pro­
tluced by cold deformation . Though slip bands were 
not visible in the uncorrocled parts of the metal af ter 
etching , and the g rain st ructure of the whole was not 
perceptibly distorted, the metal had probably been 
slightly cold -worked, for example, in a fin al plani shing 
operation or by the tracing tool used to apply the in ­
scriptions or g raduations. 

The corrosion product at the surfaces of the one piece 
(and which had supposedly become detached from the 
other a nd lost ) is mineralogicall y di stinct from the cor­
rosion product in the core in direc t contac t with the 
meta l and is much so fter . 1 t is perhaps an oxychloride 
which is formed by further minerali zation in situ of 
the primary corrosion products. There was no change 
in the gross a rrangement during thi s conversion, and 
the original gra in boundaries and the geometric mark­
ings of the first stage of the corrosion are clearl y pre­
served . There are probably two different mineral s in ­
volved, tin-ri ch and copper-rich respecti vely, though 
we have not identified e ither . 

There are a few large gray inclusions of slag in the 
origina l metal, which a re preserved and become even 
more clearly visible in the corroded layer. These in­
clusions undouuteclly originated in the casting operation 

ll. TECH N ICA l. NOTE ON ]"(ADIOCR/\ I'fl Y 
Of FRAGMENTS 

C II AR . KARAKALOS 

The f1r s t radiog raphs of the Antikythera Mcchan is111 
were taken by means of a weak source of Thulium -170. 
a ft er a request from the Na tioml Archaeolog ica l Mu ­
seum of At hens to the Greek Atomic E nergy Commi s­
sion fo r the 1 oss ii.Jili ty of radiograph ica l inspection of 
thi s va luable and unique relic of Greek antiqui ty . 

The radiography laborato ry of the Na tional Hesearch 
enter "Dcmocritos," being then under developmen t. 

was onl y equipped with elementary r<ldio-isotopc appa­
ratus to mee t nondestructi ve testing needs in indu stry. 

In spite of the fact that the images taken by these 
means were of a fair quality, they showed some new 
gea rs in fragment /\ . 

It appea rs then that sys tematic rad iographic work 
on the pieces of the mechanism, with x -rays mainly. 
would be helpful for the understanding o f its stmctun· 
and function. 

A ft er the fir st testing with th e Thulium-170 radiation 
source, the whole wo rk was car ri ed out with two port -

VOL. 64, PT. 7, 1974 \ RADIOGRAPHY OF FRAGMENTS 67 

able x-ray units with similar characteristics, as follows: 

(a) ANDREX, mo del 163 1 
KV range, continuous regulation 
mA range, continuous regulation 
Effective focal spot s ize 
Beam angle 

(b) FED REX, model F 2 16F 
KV range, stepless 
mA range, steplcss 
Focal spot size 
Beam ang le 

50-160 KV 
1-5 mA 
1.5 X 1.5 111111 

40 ° 

35-160 KV 
2-5 mA 
1.5 X 1.5 mm 
40° X 56o 

In order to fi x the centra l ray perpendicular to the 
film, a s tandard specimen was used. An additiona l 
standard spec imen proved useful for the comparison of 
some stereo-radiographic results . Appropriate devices 
ha ve been constructed for an easy change of the focus ­
to-film-di stance (F.F.D.) and the transla tion of the 
ob ject for out of center shooting. 

In order to control the image contrast of the radio­
g raphs two step-wedge indicators, made of copper 
sheets 2 mm thick, were used . The firs t was placed 
nex t to the obj ect, and the second one, which consisted 
of three concentric small di sks, was sometimes placed 
on the mechanism. 

THE OBJECT. MATERIAL AND THICKNESS 

The initial metal bronze out of which the mechanism 
was made is entirely transformed to decomposition 
products, squeezed together under g reat pressure, cor­
roded, and covered with some calcareous accretions . 
The structure of the obj ec t itself is therefore inhomo­
geneous and very d iscontinuous, and the existence of 
many gaps makes the range of the radiog raphic thick­
ness extremely large. 

At an area of irregular size, about 16 X 18 em, and 
in a space of thi ckness , nearly 24 mm, which is the gap 
within the drive wheel B 1 and the back dial pla te, are 
situated in various positions and levels, the 25 gear 
wheels, its supporting p lates and other components of 
the main mechanism . There is not therefor e any defi ­
nite ma terial thickness to be measured. 

EXPOSURE CONDITIONS 

A trial-and-error method has been used to determine 
the exposure conditions. 

Film : Films of the Agfa-Gevaert Structurix type D7, 
D4, and D2 have been exclusively used with lead 
screens (0, OS+ 0 .15 mm) for a film size of 20 X 25 
em and lead foil s (0.02 mm) for films of smaller sizes. 
Films of smaller s izes were preferred for two reasons : 
(a) they are more suitable for a closer contact to the 
object, resulting in a sharper film image, (b) fo r part ial 
exposure requirem ents. 

Geometry: Focu s-to-F ilm Distance: To make a 
whole radiograph of the largest fragment A, using a 
beam angle of 40°, a minimum F.F.D. of 23 em is re­
quired. Lower di stances than 23 em give a partial view 
of the object. To attain the optimum result other work­
ing distances were a lso used, in a range varied from 
17 to 150 em . 

Aspect selection: In most exposures the surface A 1 
(of the drive main wheel) faced the radiation beam. 
Fewer radiographs were taken with the object upside 
down, in order to minimize the distance of the upper 
gear wheels to the film. 

Scatt er Radi<Ltion: To reduce scatte r radiation appro­
priate lead diaphragms were applied at the tube window 
which confined the radi ation beam to the d esired object 
area. F urthermore lead backing and, in some instances, 
lead masking techniques were used. 

Kilovoltage selec tion and exposures: In view o f the 
fact that the specimen is of a high object contrast, a ll 
the available alternative techniques have been used, viz.: 

a) Individual partial views, of the significant areas 
of the obj ect at the lowest tube high tension, in 
accordance to the thickness to be pen etrated . 

b) One exposure on two films with different speeds. 
c) Low contrast producing technique for the entire 

mechanism exposure on a sing le film. 

The K ilovoltage working value was therefore different 
each time, ranging from 110 to 160 Kv. As an excep­
tion in technique (c) a fixed tube potential of 160 K v 
was used in preference. T able 6 that follows li sts some 
typical exposures used for the four fragments of the 
mechanism assembly: 

TABLE 6 

Obje t F. F. D. 1!. T Expos. Tlfirm of Type of 
em Kv rnA. min. screens 

Fragment A 140 em 160 Kv 7 D7 50/150 1/o 

Frag ment B 30 ! 50 1.15 D4 50/150 1/o 

Fragment C 20 125 3.5 D2 20/20 I" 
Fragment D so 120 20 D2 20/20 1/o 

In o rder to find the level of the wheels the classical 
method of two exposures on a sing le film, by moving 
the x-ray tube, has been applied for the wheels E l , B3, 
£2 but without satisfactory results. 

T he ove rlapping image was so complica ted that it was 
too difficult for the displacement to be measured. But 
the geometrical di stortion of the radii of the gear wheels 
on the films taken at the smallest F.F.D. (17-23 em) 
ver ify in general the already established positions. 

RESULTS 

From a fairly big number or radiographs taken, only 
the most suitable were chosen for detailed examination 
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and the d istances be twee11 the axes of the gea r whee ls, 
th e d iameters and the ll1l lllOer o f tee th were rl cterm incc..l. 

D etermination of wheel diameters: J~ad iograph s of 
a F. F. D. m ore than one mete r were used to avo id geo­
Jn e t r ical d is to r tio n in order 10 d c tcnn inc the d ia111e tr r 
o ( th e w hee ls <Jncl th e size of the othe r co 1n ponen ts of 
the 111ech an ism. 

Counting the 1Wmbrr of gmr lcl'lh: T he CO llllting 
of t he n u m be r o f th e gear teeth was made d irect ly on 
th · nega tive plates w ith th e naked eye or w ith t he help 
of a magni fyin g g Lt ss. In cases of doubt and for 
g reater accuracy p os it ive en larged copies have u en 
1\ secl. 

On th ese cop ies the cirn nnfer c nce of t he gea rs has 
heen drawn, th e p s iti ons of t he m iss ing teeth have been 
measured in . and the n a ll of th e teeth - ti p s have been 
perforall:d w ith a p in . 

The CCHlllling of the number of the gear tt·et h lia ~ 

l>een done hy t'lllllllt:rating on tlw IT\'t' rse s ick of tlw 

plwtograph th e numiJn of the co r re~po n cling ho le s. It 

i,.; hoped that t hi s lllrthorl ach ieved tlw least error :-. . 

J\ 11 the radiog raphi c exposu re work has been c;1rr ied 

n n l in t he labo ra to r ies of til l' \'at ional ;\ r c l ial'ologic;~l 

:\ lu ~t' ll ll1 of At hens wit h t he x- ray apparat JIS of il~t · 

\i a tiona l J ~e~carch Counc il "Dcmocritos." 

J 11 o rd e r tu ·on1pl c te the raclioJnctric ex ;uninat io n I 

further intend to usc a 2.'i0 Kv. x-ray 11 11it for S() llH' 

m o re s ter eog raphi · cxp SIJr cs and lateral sho ts. 

J should li kP to thank t he ;"Jutliorities o f :-.Jat ional 

i\rchaeolog ica l :\ l usc 11111 o f Athens an d the ( ;rrt·k 

t\tcHnic Energy Connn ission fur pe rmi ssion and facil ­

it ies g ranted to m e. 

Aaboc, Asgcr , 3 
Abi Ba kr, M uha mmed b., 42, 55 
Alle n, E lias , 52 
Atmas:esl, 19 
A na l ysi ~. !>pcc trochem ica l, 6~ 
Anaphori dock, 22, 40, 59 
Annua l cycle , 4 t 
An tiky th em ( Isla nd) , 5 
Ant ik y t.h ra yout h, 8 
A p hrod is ias, 5 I 
Arachne, 59 
Aratus, 56 
Arc him edes, t 3, 5 1, 53, 56, 57 , 59, 60, 6 1, 

62; c lock of, 58; sph ·re or, 1 t 
Ar is to t le , 53 
Ar nold , As.a. , 6 1 
Ast rolab ic water c locks, 54 
As t ro nom y, Baby lo nia n, 60 
At las , 22 
Atom ic E nergy Commission, G reek, 13 
Aut ma t iou , 60 
Au tomaton thca t r, 60 

Baby lon ia n astron omy, 60 
Ba c hcld .. r, M yn lc, 66 
Ba ldcw in , Eberhar t , 60, 6 1 
Ba rul kos , 53 , 54 
Bast u Ius, 4 2 
Red ini , S ilv io , 55 
von Ber te lc, II. , 60 
a l-13ir un i, 42, 54, 55, 59 
Bobb in a nd fl y frame, 6 1 
Bot, Pe ter Corne lius, 9 
Brass, 12 
Bri ux , A la in , 42 
Bronze, 12 
Burgi, j obs t, 60, 6 I 

a lcndar reform , Ju lian, II 
Calcuda rs , Egy p t ia n m ta ti ng , I I ; Alf'x­

a ndr ia n r.xed, t 1 
a ley, Earle H.., 63 

Ca lli p ic cycle, 50, 57 
Calypso (shi p), 9 

a s ing of m e ha nis m, 13, 14, t 7 
ass iterite , 4 7 
ha r io ts, south poin ti ng, 60 

Chela i, I 7 
Ch mica! ana lys is of me ta l fragme n ts, 
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