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Abstract

The Antikythera mechanism is a mechanical astronomical instrument that was discovered
in an ancient shipwreck (from about 60 BcE) at the beginning of the twentieth century.
A consensus does not exist on the question of whether the mechanism was built
shortly before the shipwreck or significantly earlier. Nevertheless, there is an emerging
consensus among scholars about the epoch of the back dials of the mechanism: the Saros
dial would start at 27 April 205 Bce and the Metonic dial four synodic months earlier,
that is, at 25 August of the same year. Using these two starting dates together with
the positions that some pointers still show in the extant fragments of the mechanism |
calculate the final date of the mechanism (i.e. the date that it showed when it was last
cranked, some time before the shipwreck) as approximately 5 March 193 Bce or one
anomalistic month earlier.
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Introduction

The Antikythera Mechanism is a mechanical astronomical instrument that was discov-
ered in an ancient shipwreck at the beginning of the twentieth century. The shipwreck
has been dated to the decades around 60 BCE.! A consensus does not exist

*This paper is partly based on data processed from the archive of experimental investigations by
the Antikythera Mechanism Research Project in collaboration with the National Archaeological
Museum of Athens (see Freeth et al., “Decoding” (see note 16)).
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on the question of whether the mechanism was built shortly before the shipwreck or
significantly earlier.> After twenty centuries under water, it is incomplete, and broken
into numerous fragments. The extant fragments nevertheless suffice for reconstructing
the main structure and functions of the mechanism. It had several pointers, intercon-
nected and driven by toothed gearing, that indicated the positions of the moon and sun
(and probably also the planets) in the zodiac, the date according to the Egyptian calen-
dar, the date in a Greek lunisolar calendar, and also the circumstances of upcoming solar
and lunar eclipses.?

On the back of the mechanism were two large spiral dials with some subsidiary dials
inside them. The upper spiral dial (divided to a precision of single months) showed the
date according to a lunisolar calendar based on the Metonic cycle, which distributes, in a
fixed pattern, 235 synodic months over 19 calendar years (of 12 or 13 months each). The
lower spiral was an eclipse predictor based on the Saros cycle of 223 synodic months
(equal to 239 anomalistic months or to 242 draconitic months). In 2014, Carman and
Evans investigated the possible epoch years for the Saros dial.* The key result is that the
solar eclipse of month 13 of the eclipse dial almost certainly belongs to solar Saros series
44. Tt had previously been established’ that the distribution of eclipses at 6- (or occasion-
ally 5-) month intervals was based on the Babylonian Saros cycle. Carman and Evans
assumed this result but also showed that the times of day for the solar and lunar eclipses
inscribed on the mechanism were excellently modeled by a scheme in which the depar-
tures from mean motion of the sun and moon were treated by Babylonian-style arithme-
tic methods. (The Babylonian-style methods gave a better fit than did epicycles.) The
best agreement between the inscribed times of day for the eclipses and the times of day
calculated theoretically from this model occurs if the full moon of month 1 of the Saros
dial corresponds to 12 May 205 BcE, with the exeligmos dial set at 0. Solutions are also
possible one Saros cycle later with the exeligmos dial set at 8 hours (in which case the
full moon of month 1=23 May 187 BcE), and two Saros cycles later with the exeligmos
dial set at 16 hours (full moon of month 1=3 June 169 BcE), although these have some-
what higher errors of fit. For later possible epochs, the fit becomes progressively worse.
It is also noteworthy that solar Saros series 44 ended with the eclipse of June 7, 168 Bce.”
Thus, it is unlikely the eclipse dial was designed more than one or two Saros cycles after
168 BCE. The Babylonian Saros system generally underwent a recalibration after a Saros
series ended. Indeed, there was a recalibration between 132 and 110 BCE.? Freeth, using
a partially independent procedure, obtained similar results for the possible epoch dates.’
In the following, I shall therefore work with 12 May 205 BcCE as the best-fit possibility for
the full moon of month one of the eclipse dial (with the exeligmos dial set at 0). The very
first day of the eclipse dial in this scenario was 15 days earlier, that is, 27 April 205 BCE.
This I refer to as the minimum-error epoch (or starting date) for the Saros dial. However,
it should be kept in mind that starting dates one or several Saros cycles later cannot be
excluded on the basis of the eclipses.

This date implies that beginnings of the Saros and Metonic dials cannot correspond to
the same month, for, as Paul Iversen and John Morgan pointed out to the author in per-
sonal communications, there is strong evidence that requires that the beginning of the
Metonic dial fell in August or September.!® Recently, Paul Iversen, using a thorough
calendrical analysis, has argued that the first day of the first month of the Metonic dial
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was (approximately) 25 August of the same year (205 Bce).!! Thus, the Saros dial started
4 synodic months earlier in the same year than did the Metonic dial.

In this paper, I will use these two starting dates (for the eclipse predictor and the
Metonic calendar dial) in 205 BCE together with the positions that some pointers still show
in the extant fragments of the mechanism to calculate the final date of the mechanism. By
final date, I mean the date that the mechanism showed when it was last cranked, some
time before the shipwreck. In order to do so, I have to assume that the extant pointers did
not move significantly after the wreck. I will discuss the plausibility of this hypothesis in
each case. The final date obtained is (approximately) 5 March 193 BCE or one anomalistic
month earlier. The procedure that I will follow is rather simple. There are just two extant
pointers in the fragments: those of the Metonic and exeligmos dials. Knowing the starting
dates of each dial, we can calculate the dates at which both pointers would point to the
position that they are still pointing to now. We will arrive at four candidates, but both
historical context and mechanical considerations strongly favor the 193 Bce candidate.

Finding the final date

In fragment B, almost the entire Metonic pointer has survived.'? Refer to the lower part
of Figure 1. A portion of the pointer close to the arbor and part of the bearing device that
held the pointer to the arbor are missing. Nevertheless, through a careful analysis of the
microfocus X-ray computed tomography (CT) of this fragment, the remains of the bear-
ing device allow us to confirm that it is well aligned with the pointer’s tip (Figure 1).
Therefore, it is reasonable to assume that the pointer, despite its damaged state, shows
pretty nearly the position that it had when it was unbroken.

The pointer tip is well preserved. The guide pin is still in the spiral slot, and the
arrow-shaped pin that served as the pointer is in place. It is possible to measure, there-
fore, the last position that the pointer showed. It is pointing to the first days of month
143, that is, a little more than 142 months after day 1 of the Metonic dial. It is important
to recall that the Metonic dial does not afford the precision of reading to a single day,
and probably an ancient user was not expected to read off a precise date on the Metonic
dial. (He could know the exact day by reading the Egyptian calendar dial on the front of
the mechanism). Nevertheless, careful measurements show that it is pointing to day 6 of
month 143 (see Figure 2). That is, it indicates a time that is 142 synodic months, 5 days,
beyond day 1 of the Metonic cycle.

If we assume Iversen s starting date of 25 August 205 BCE for the Metonic dial, then the
last position was about 22 February 193 Bck if it had been moved forward in time less than
a Metonic cycle. Of course, we cannot assume that the last position is less than a Metonic
cycle from the starting date, but what we do know is that the final position is either 22
February 193 BcE or any integer multiple of 19 years before or after that date. I will use 22
February as the paradigmatic date, but the analysis doesn’t require such a precise reading
of the Metonic pointer. The fact that the pointer is broken and the imperfect alignment
between the bearing device and the pointer itself prevent us from assuming a too narrowly
defined date. Also, the error due to the construction of the gear teeth should be allowed
for. This kind of error has been analyzed already by Edmunds. According to him, in the
case of the Metonic pointer, the maximum deviation from a perfectly accurate display in
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Figure |. Both sides of the upper figure are the identical CT image, but on the right, |
superimpose some lines and references. E is the guiding pin and C and D are lower sides of the
pointer bracket. Line B is collinear with border C of the pointer bracket. Line A is parallel to
line B but passes though the center of the arbor. Line A passes through the guiding pin E, but
not exactly through its center, so the pointer is very well, but not perfectly aligned with the
pointer bracket. The lower part of the figure reproduces the reconstruction of the Metonic
pointer in Anastasiou et al., “The Antikythera Mechanism” (see Note 12), 453 for comparison.
(Copyright of the Antikythera Mechanism Research Project. Image kindly provided by T. Freeth)

the worst-case scenario (taking backlash, uneven division of the teeth, and the imperfect
triangular-shaped teeth into account) would be 15 days.!3 In our analysis, I will assume
that any date up to one synodic month after or before 22 February is admissible.
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Figure 2. The two sides of the figure are identical CT composites, but on the right, |
superimpose some lines. Lines A, B and C pass through the lines that divide the first months
of separate turn of the Metonic spiral. Numbers 0 to 3 indicate the turns of the spiral. The
dashed line joins the center of the pointer shaft with the middle of the arrow-shaped pin. The
numbers in square brackets indicate the month. The pointer is therefore in the second month
of the third turn, that is, at month 143, close to the beginning of the month. (Copyright of the
Antikythera Mechanism Research Project. Image kindly provided by T. Freeth)

One revolution of the exeligmos dial comprises three Saros cycles, that is, 669 syn-
odic months. In fragment A, there are clear remains of the exeligmos pointer, as Freeth
and Jones pointed out.!* Therefore, our next step is to calculate the position that the
exeligmos pointer would have at each Metonic extrapolation from 22 February 193 BCE.
We already know that the Saros dial’s first turn, and therefore, the exeligmos dial’s also,
started four months earlier than the first turn of the Metonic dial. This means that when
the Metonic pointer indicated the beginning of month 1, the Saros dial was already at the
beginning of month 5. After 142 months, when the Metonic dial indicated the beginning
of month 143, the Saros dial was at the beginning of month 147. The exeligmos pointer
thus pointed at day 6 of month 147 in its first Saros when the Metonic pointer indicated
day 6 of month 143, that is, 22 February 193 Bce. When, after 235 months, the Metonic
pointer is again at day 6 of month 143, the exeligmos pointer will be pointing at day 6 of
month 382 (147+235); after one Metonic cycle more, at day 6 of month 617; and after
one more Saros cycle, it will have completed a whole exeligmos and will point at day 6
of month 183 (47 + 235 + 235 + 235 — 669); and so on.

As is evident in Figure 4(a), the exeligmos pointer, though damaged, is clearly point-
ing in a direction a little clockwise of the middle of the first third (or “zero hours” por-
tion) of the exeligmos dial, so we are interested in candidate dates consistent with this
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Figure 3. Positions of the exeligmos pointer at the different Metonic extrapolations of 22
February 193 Bce from 858 BcEe to 758 ce. The dashed line shows the present orientation of the
pointer.

condition. In Figure 3, I have plotted the exeligmos pointer positions for all the Metonic
extrapolations within 800 years of the date of the wreck.!> We can confidently assume
that the mechanism would not indicate a date outside this range.

As Figure 3 clearly shows, we should consider only eight candidates, 22 February of
the years 573, 516, 250, and 193 BcE, and 131, 188, 454, and 511 ce. But a close analysis
shows that the pointer is definitely not pointing toward the pairs at the two extremes. In
Figure 4(c) and (d), I superimpose upon the extant position of the pointer, the direction
that the outline of the pointer would have if pointing at these candidates. The disagree-
ment is manifest, so we can confidently abandon the four extreme candidates and retain
only the four of the middle: 573 BcE, 193 BCE, 131 cg, and 511 ck. The pointer is lodged
on its arbor and the driving gears are in place, so unlike in the case of the Metonic
pointer, there is no reason to suppose that there could have been any significant deviation
of the pointer after the shipwreck. On the other hand, an error of 1 month in position of
the Metonic pointer would imply a displacement of just 0.54° of the exeligmos pointer.
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Figure 4. The four CT images are identical. 4A is an unmarked CT of the extant exeligmos
pointer. In 4B | superimpose upon the extant pointer a symmetrical shape and extended its line
of symmetry in order to find where it is pointing. In Figure 4(c) and (d), | superimpose upon
the extant position of the pointer, the direction that the outline of the pointer would have if
pointing at the extreme candidates among the Metonic extrapolations. The disagreement is
evident in both 4C and 4D. (Copyright of the Antikythera Mechanism Research Project. Image
kindly provided by T. Freeth)

Moreover, Edmunds’ estimate of the maximum error in angular position (due to imper-
fections in the gearing mentioned above) in this case could reach around 2.2° (personal
communication). Therefore, a total error of 3° is more generous than necessary. We also
should allow, say, 5° of uncertainty since we are not sure of the pointer’s exact direction,
because the pointer itself is incomplete. But the angular distance of the extreme candi-
dates from the line along which the pointer seems to be pointing is around 15°, which
means they may be excluded with confidence.

In fragment A, part of the pin and slot device survives.!¢ This allows us to calculate
the lunar anomaly that the mechanism showed at its final date. As one can see from
Figure 5, it is around 211° measured from the apogee. One might be tempted to use this
datum to restrict our possibilities still further, but this would require demanding an
unreasonably small error in the measured position of the Metonic pointer. The anomalis-
tic month is around 27.55 days. Therefore, in the margin of one synodic month on each
side of the Metonic pointer, all the possible anomalies are covered twice. It would not be
safe to assume a narrower limit.

But the value of the lunar anomaly can help us to identify with more precision the
exact day or days around February 22 that the mechanism showed at the moment of the
wreck. The reading of the anomalistic angle in the CT is very precise and all the relevant
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Figure 5. Both sides of the figure are identical. The gear with center k| (not visible as it is
underneath the visible gear) carries the pin P, while the gear centered at k2 has the slot. Both
gears rotate counterclockwise. Therefore, the slot turns faster with respect to k2 when it is
in the lower part of the figure, closer to k2 and slower when it is further, in the apogee (o).
The mean anomaly measured from the apogee is close to 21 1°. (Copyright of the Antikythera
Mechanism Research Project. Image kindly provided by T. Freeth)

parts (arbor, gears, pin, slot, etc.) are in place. However, Mike Edmunds has shown that
for this gear the standard deviation in the error in angular position is about £14° in the
anomaly (personal communication). In this case, because I am not using the value for
discarding possibilities but for finding the most probable, it is better to use the standard
deviation in a reasonable scenario instead of the maximum deviation in the worst sce-
nario. If we also allow an error of another +4 days in the mechanical setup (because to
fix the anomaly at a desired value is not too easy), we should tolerate an error of +5 days.
We know that at the first full moon of the Saros cycle, the lunar anomaly was 0°!7 and,
because the Saros (and hence also the exeligmos) cycle involves a complete number of
anomalistic months, we are able to calculate the lunar anomaly that the mechanism
would show at any possible position of the exeligmos dial. In Table 1, I give the two
closest days to each candidate that show the correct lunar anomaly (one before and one
after 22 February), and the number of days between these day and 22 February. Of
course, the pair of dates for each candidate year will be one anomalistic month apart.
Now, of the four pairs of candidates, the only one that has any reasonable historical
plausibility is that of the year 193 BcE. It is hard to imagine a scenario in which some user
would choose to turn the crank 1718 times and reset the Saros and Metonic pointers 41
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Table I. Examination of the candidates for the final date of the Antikythera mechanism.

Year Date Exeligmos Mean Days from Metonic plus Crank
month'8 Anomaly  Feb22 Saros re-sets  turns

573 Bce I3 February 129.9 220° -9 —41 -1718
Il March 130.8 213° I8

193 Bce 6 February 146.7 213° -16 0 55
5 March 147.6 213° 12

131 ce 16 February 128 208° -6 35 1562
I5 March 128.9 213° 22

501 ce 2 February 144.8 208° -12 76 3335
8 March 145.7 213° 16

times in order to arrive at a date 500 years before the shipwreck, and something similar
could be said for the candidates of 131 and 511 ck. Therefore, 193 BcE is the only reason-
able candidate. Between both 193 Bck candidates, that of 5 March should be slightly
preferred for being closer to 22 February.

I can conclude, therefore, that the last date that the mechanism showed was 5 March
193 BCE (* 5 days) or, less probably, 6 February of the same year (£ 5 days).

Concluding remarks

The fact that the only remotely reasonable candidate is less than one Metonic cycle from
the starting configuration is intriguing, but it is not obvious what conclusion should be
drawn from this fact. There seem to be two main possibilities. (1) It could be the case that
the mechanism was simply not used very much and that it was never advanced very far
beyond its epoch (starting date). Presumably, the mechanism was set to its epoch date at
the time it was made, but during the subsequent time between manufacture and destruc-
tion no one cranked it very much. This view of things might be supported by the fact that
the Egyptian calendar ring is several months out of position for the date of the wreck,
which might imply that, at the time of the wreck, the mechanism was not in the hands of
a capable user.!® Or, (2) in a completely different view of things, perhaps the mechanism
was originally set to its epoch date, and during the subsequent time it was sometimes
cranked to dates more remote from the epoch, but afterwards was always carefully
wound back to near epoch. This would have been a wise procedure because there is no
dial that helps to keep track of time on a scale longer than one Callippic period. To keep
close to the epoch would have prevented the user from becoming lost in time.

Does the final date displayed by the mechanism have any bearing on the possible date
of construction? Not decisively, since possibilities (1) and (2) remain open. But we will
observe that a construction date later than one Callippic cycle (76 years) after the 205 BcE
epoch favored by Carman and Evans, by Freeth, and by Iversen seems unlikely. This is
because, as far as we know, there was no display on the mechanism to disambiguate two
dates that were more than 76 years apart (except perhaps the Egyptian calendar ring,
which was loose and movable and so, as we have seen, was subject to misplacement).
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Thus, if the user cranked past 129 BcE, he risked becoming lost in time. Moreover, as
mentioned above, the eclipse calculator ceased to function satisfactorily after the end of
solar Saros series 44 (which ended in 168 BCE), though perhaps this was not noticed until
the Babylonian recalibration of the Saros that occurred sometime between 132 and 110
BCE. These considerations, together with the fact that the final date displayed by the
mechanism is close to the epoch seem to weigh heavily against a construction date close
to the date of the shipwreck. The machine was probably old when the ship went down.

However, it is important to highlight that the result that the final date is about 11 1/2
years after the starting date does not depend on the attribution to the dials of absolute
dates. That is, if Iversen’s starting date for the Metonic dial is not correct, the final date
is still only about 11 1/2 years after the starting date. The analysis only requires the perio-
dicities of the exeligmos and Metonic cycles as displayed on the Mechanism. The only
exception is the part involving the lunar anomaly, but this has been used to determine
with greater precision the candidate dates, not to eliminate any of them. Even here, it is
only required to assume that the Metonic cycle started 4 months after the Saros cycle,
without assuming any particular pair of dates.
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16.

17.

18.

19.

6 of month 143, the Exeligmos pointer indicated day 6 of month 147. Moving forward in
time by 37 Metonic cycles (37 x 19=703 years) brings us to 511 ce (= —192 + 703). In 37
Metonic cycles, both dials moved through 8695 synodic months (37 x235). The Metonic
pointer would obviously again be pointing in the same direction. But the exeligmos pointer
turned though 8695/669=12.99701 complete turns, that is, 12 complete turns plus 667 syn-
odic months, which is exactly 2 synodic months less than 13 complete turns. Therefore, the
exeligmos pointer will be pointing to a position two months earlier than before, that is, to day
6 of month 145. Thus, the pointer will be 5 days and 144 months beyond the beginning of
the “0 hours zone.” Because the exeligmos dial turns one revolution every 669 months, each
month implies a rotation of the pointer by (360°/669=) 0.538°. Therefore, 144 months and
five days correspond to a rotation of 77.58° from the beginning of the 0 hours zone. This is
the position plotted on the circle corresponding to 511 ck in Figure 3.

SeeT. Freeth, Y. Bitsakis, X. Moussas, J.H. Seiradakis, A. Tselikas, H. Mangou, M. Zafeiropolou,
R. Hadland, D. Bate, A. Ramsey, M. Allen, A. Crawley, P. Hockley, T. Malzbender, D. Gelb, W.
Ambrisco and M.G. Edmunds, “Decoding the Ancient Greek Astronomical Calculator Known
as the Antikythera Mechanism,” Nature, 444, 2006, pp. 587-91.

M. Anastasiou, Y. Bitsakis, A. Jones, X. Moussas, A. Tselikas and M. Zafeiropoulou, “The
Front Cover Inscription,” Amagest, 7(1), 2016, pp. 250-97 (especially pp. 185-91); Carman
and Evans, “On the Epoch” (see Note 2), pp. 722-9.

The fraction of the month is expressed in advance, no matter if for arriving at that particular
date the knob had to be rotated backward. Therefore, 129.9 means 129 months and 9/10 of the
way through month 130.

Alexander Jones (personal communication) has suggested that perhaps the Egyptian calendar
ring was moved by someone as an aid in measuring the time interval required for the sun to
move between two points in the zodiac, and so it should not be considered as necessarily out
of place. Of course, one cannot exclude something like this — but moving the calendar ring
would not have been necessary for measuring a time interval, since one could simply count
months and days on the calendar ring.



