Roman Dodecahedron as dioptron: analysis of freely available data
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Recently I have proposed the Roman Dodecahedra as ancient coincidence rangefinders. Here [
discuss several data and references freely available on the Web. After analysis, the common
features of these artifacts allow to tell that a Roman Dodecahedron was probably a dioptron. The
equation of this optical instrument is given. The paper ends with a discussion on the role of the Web
and free information for further studies of these objects.

Key-words: Rangefinders, Dioptron, Dioptra, Roman dodecahedron, Dodéca¢dre bouleté,
Pentagondodekaeder.

1. Introduction

Recently I discussed a possible use of Roman Dodecahedra as rangefinders [1,2]. My approach to
these gallo-roman artifacts of the second and third century was experimental: after preparing a copy
of one of them found at Jublains, France [3], and looking through it, I supposed it was a dioptron
(instrument to look through, [4]), useful for ballistic to estimate distances. Dioptra were optical
instruments, without lenses, used for measuring angles [5].

I based my works [1] and [2] mainly on Wikipedia and references therein [6]. According to
Wikipedia, the function of roman dodecahedra is a mystery. “Speculated uses include candlestick
holders...; dice; survey instruments; devices for determining the optimal sowing date for winter
grain; that they were used to calibrate water pipes; and army standard bases.” For what concerns
their use as dice, let me remark that a Roman Dodecahedron (see Fig.A1 in Appendix A), which is a
small hollow object made of bronze with circular holes of different sizes in the middle of its faces,
cannot be used for sorting, because it is a biased body (dodecahedral dice were quite different [7]).
In [1] and [2], I was not able to provide any reference (in English) about the use of Roman
dodecahedron for surveying (just a short sentence in a discussion thread [8,9]). Here in the
following, I will discuss some references that I found after I published [1] and [2]. These references
allow me to conclude that the roman dodecahedron is a dioptron. Moreover, I analyse several of
these objects, the data of which are freely available on the Web. The common features of these
dodecahedra are providing the equation of the dioptron. The paper ends with a discussion on the
role of the Web and free information for further studies of these objects, quite important to
understand whether a standard existed or not.

2. Dodecahedra for surveying

In previous papers [1,2] I told that the dodecahedral dioptron works as a rangefinder (see Appendix
and Figure A1 therein). The equation of the rangefinder is:

L = GHxB/(Dy—Dy), (1)

where L is the distance of a target having size GH, seen through the dodecahedron, fitted in the field
of view of the pair (a’,a). B is the distance of the two holes. Since the dodecahedron can be



considered as a coincidence rangefinder, B is its baseline. Dy,Dg: are the diameters of the two
opposite holes of pair (a,o.’).

In [1,2], data of a dodecahedron from Jublains, France, were used: I found these data because the
reference was easily available on the Web, under a Google Search in English. Unfortunately, I was
not able to find further useful information in English. After a Google Search for images of
dodecahedra, 1 shifted to a search in French (dodéca¢dre boulet¢) and in German
(Pentagondodekaeder), finding some interesting references on the use of roman dodecahedra for
surveying. One is Ref.10, a paper in German by Amandus Weiss: it is enough the English abstract
and some figures at Ref.11 to understand that the author proposed the use of dodecahedra for
surveying as given by Fig.Al. Instead of using it as a rangefinder, he proposed the dodecahedron as
a theodolite, with a specific tripod. The equation to evaluate the distance is the same of course.
Another quite interesting reference [12] is freely available on the Web. It is again discussing the
dodecahedron as a theodolite: in fact it seems that this theory was first proposed [13] “by Friedrich
Kurzweil in 1957, of the dodecahedron as a surveying instrument, by which a given distance could
be quickly laid out on the ground without the use of tapes” [14,15].

I have not seen the original papers [10,13,14,15], but [11] and [12], freely available, allowed me to
known that there were researchers considering the roman dodecahedron as a dioptron:
unfortunately, this information was not generally acknowledged by archaeologists. For instance, the
authors of Ref.3, consider the dodecahedron as dice for divination; as previously told, these are
biased dice, therefore providing just one sort.

3. Analysis of some dodecahedra

In this section, let us see in details the data concerning some dodecahedra. To compare the data I
use a unit of length u to have diameters D,,D,’ and baseline B as integer multiples of it. In this way,
I have the dimensionless ratio B/(D,—Dy-) as a ratio of integers (hopefully within the uncertainties
of measures, that I do not know, because not reported in literature).

3.1 Jublains, France [3]

A dodecahedron having distance B between faces (baselines) ranging from form 48 to 52 mm. The
holes are labelled according to Fig.Al. In this dodecahedron, faces 1 and 1’ are elliptic, 26x21.5
mm and 25.5x21.5 mm, respectively. In the right column of the table, the baseline is approximated
to B=Nu, and [D4—Dy’| =n u, with u = 0.5 mm. B is ranging from 48 to 52 mm, then the value of
N is slightly varying according to the corresponding pair. Since I have not the precise value for each

pair, [ suppose N as a constant in this table and in all the following tables.
For the Jublains dodecahedron, B = (100 £4) u.

Pair; (Dy , Dy) in mm B/(Dy—Dg:)=N/n; u=0.5 mm
(1,1°) elliptic B/(26-25.5)=B/u=N
(26x21.5 mm), (25.5x21.5 mm)

(6°,2); (22-21.5) B/(22-21.5)=B/u=N

(5°,3); (17-16.5) B/(17-16.5)=B/u=N

(4°,4); (22-21) B/(22-21)=B/2u=N/2
(3°,5); (15.5,11.5) B/(15.5-11.5)=B/8u=N/8
(2°,6); (10.5,17) B/(17-10.5)=B/13u=N/13

Table 1



3.2 Avenches, Suisse [16]
It is a dodecahedron having a diameter of 58.5 cm, and then distance B of 46.5 mm. The holes are
labelled according to Fig.Al. B = (42 +£?) u.

Pair; (D , Dy) in mm B/(Dy—Dy’) =N/n; u=(1.1£0.1) mm

(6,2); (14.2,15.4) B/(15.4-14.2)=B/u=N

(4°,4); (14.5,13.4) B/(14.5-13.4)=B/u=N

(3°,5); (8.7,10.4) B/(10.4-8.7)=B/(1+1/2)u=N/(1+1/2)

(5°,3); (20.6,18.3) B/(20.6—18.3)=B/2u=N/2

(1,17); (24.2,26.5) B/(26.5-24.2)=B/2u=N/2

(2°,6); (20.2,17.6) B/(20.2—-17.6)=B/(2+1/2)u=N/(2+1/2)
Table I1

Comment. The hole sizes had been measured by Sandrine Bosse Buchanan, Musée romain
d'Avenches. The reader can find them in Appendix B, where it is possible to estimate the tolerance
of diameters and uncertainties. It seems that the artificer used a tolerance 0.1 mm and a non-
decimal system of measures.

3.3 Carnuntum and Tongre [12]

Diameters of pair (mm) B/(Dy—Dg:) =N/n; B=40 mm, u=0.5 mm
(20.1,20.3) B/(20.3-20.1)~2xB/u=2xN
(13.2,13.7) B/(13.7-13.2)=B/u=N
(21.4,22.4) B/(22.4-21.4)=B/2u=N/2
(25,26.5) B/(26.5-25)=B/3u=N/3
(15.3,17.3) B/(17.3-15.3)=B/4u=N/4
(13,10.5) B/(13-10.5)=B/5u=N/5
Table III (Carnuntum)

Comment: A unit of u=0.2 mm seems too small. Moreover, no tolerance is given in the reference.
Therefore, I prefer to use a unit of 0.5 mm.

Diameters of pair (mm) B/(Dy—Dy’)) =N/n; B=63 mm, u=0.5 mm
(16,16.2) B/(16.2—16)~2xB/u=2xN

(7.5,8.5) B/(8.5-7.5)=B/2u=N/2

(10.5,12.5) B/(12.5-10.5)=B/4u=N/4

(20,22.5) B/(22.5-20)=B/5u=N/5

(12.5,15.5) B/(15.5-12.5)=B/6u=N/6

(16.5,12.5) B/(16.5-12.5)=B/8u=N/8

Table IV (Tongres)

Comment: Unit u=0.2 mm seems too small. No tolerance available. I prefer using unit of 0.5 mm.



3.4 Vienne (Isére) [18]
Dodecahedron having a diameter of 55 mm, then the baseline is 44 mm.

Diameters of pair (mm) B/(Dy—Dg’) =N/n; B=44 mm, u= 1 mm
(24,23) B/(24-23)=B/u=N
(22,19) B/(22—-19)=B/3u=N/3
(20,14) B/(20-14)=B/6u=N/6
(20,14) B/(20-14)=B/6u=N/6
(22,15) B/(22—-15)=B/7u=N/7
(13.5,22) B/(22-13.5)=B/17u=N/(8+1/2)
Table V

3.5 Dodecahedron Coulon [19]

Pair; Diameters of pair B/(Dy—Dy:) =N/n; B=?, u=0.25 grid unit
(1,17); (6.5u,6.25u) B/(6.5u—6.25u)=N
(5°,3); (4.5u,3.5u) B/(4.5u-3.5u)=N/4
(3°,5) (3.5u,2u) B/(3.5u-2u)=N/6
(4’,4); 3u,5u) B/(5u—2u)=N/8
(2°,6); (2.25u,5.5u) B/(5.5u-2.25u)=N/12
(6,2), (5u,5u) No angle
Table VI

The table was obtained using an image from Ref.19 and a grid, to evaluate the diameters of holes.
The unit u was assumed equal to ¥ of the grid unit. See Fig.C1 of Appendix C. The labels are the
same as in Fig.A1l

3.6 Dodecahedron Coulon [19]

Pair; Diameters of pair B/(Dy—Dg’) =N/n; B=?, u=0.25 grid unit
(3°,5) (4u,4.5u) B/(4.5u—4u)=N/2

(1,17); (6.5u,5.5u) B/(6.5u—5.5u)=N/4

(6°,2), (4.25u,3u) B/(4.25u-3u)=N/5

(4°,4); (6.5u,5u) B/(6.5u—-5u)=N/6

(2°,6); (4u,2.5u) B/(4u—-2.5u)=N/6

(5°,3); Bu,4.75u) B/(4.75u-3u)=N/7

Table VII

The table was obtained using an image from Ref.19 and a grid, to evaluate the diameters of holes.
The unit u was assumed equal to %4 of the grid unit. See Fig.C2 of Appendix C.

Unfortunately, in preparing the Tables (besides Table II), I was not able to give all information, in
particular about the uncertainties of measures. For this reason, in the case of Tables III and 1V, I



decided to use u = 0.5 mm, larger that the value 0.2 mm, the minimum difference in diameters I see
published in the corresponding reference..

4. How to figure out

According to Ref.19, the roman dodecahedra were made by means of a lost-wax casting. This is a
quite old technique. As I have discussed in Ref.20, artists of the Bronze Age were able to create
quite complex and precise decorations. Therefore, let us assume that the artificer of a dodecahedron
was able to have a tolerance of diameters of about 0.2 millimetres. After this assumption, let us
discuss how an end-user could figure out a distance from it.

First, we can write the equation of the rangefinder (1) in the rational approximation:

L = GHxB/(Do—Dy) = GH x N/n )

where n are the integers appearing in the right-columns of Tables I-VII. Integer N depends on the
used dodecahedron. The baseline is B = N u, and the difference between diameters: |Dy—Dy’| =n u.
Assuming N and n as fixed values, the measurement uncertainty (in percentage) is given as AL/L =
A(GH)/GH, where A(GH) is the uncertainty of GH. Let us assume the estimate of target dimensions
to be about 10%. Therefore, the uncertainty after a single measure of distance was about 10%.

From the Tables, it seems that there was a constant unit u of about one or one-half of millimetres.
However, we must remember that Romans had a non-metric and non-decimal system of
measurement [21], and then, this unit of one or one-half mm that we find in the analysed of some
dodecahedra is amazing. Since there are more than a hundred of dodecahedra in museums and
collections, it would be quite important to have a statistics of this unit to decide whether a standard
measure existed or not. In particular, it is necessary to provide for each dodecahedron a table as that
given in Appendix B (dodecahedron of Avenches).

For what concerns a non-decimal system, this seems used in Tables I, Il and V.

Probably, the artificer provided a table reporting the values of integers N and n, accompanying the
dodecahedron. In the case that these data were unknown, anybody could measure them using
compass or caliper (the roman “circinus”, [22]): an outside caliper for the baseline B and a divider
caliper for the holes. The outside caliper is used to mark the two ends of the baseline B on a wax
tablet. The divider caliper measures and marks the diameter D of the larger hole on the tablet, fitting
a tip in one end of B and the other drawing an arc (red in Figure 1). Then the caliper is used to
measure D’ of the smaller hole. Fitting a tip where the red arc crosses the baseline, the second
(violet) arc is outlined. The difference is |[D-D’| =nu.

o B
D’
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N\n.

D

Divider caliper

Fig.1 We can use the “circinus” to measure the baseline B and a divider caliper for the holes. The
circinus is used to mark the two ends of the baseline B on a wax tablet. The divider caliper marks the
diameter D of the larger hole, fitting a tip in one end of B and the other drawing an arc (red). Then the
caliper is used to measure D’ of the smaller hole. Fitting a tip where the red arc crosses the baseline,
the second (violet) arc is outlined. The difference is [D-D’|=n u.



It is easy to obtain the ratio N/n, turning the caliper enough times on B. Let us call the number of
turns T. In this case, instead of (2), we have:

L= GHxT 3)

The uncertainty (percentage) is AL/L = A(GH)/GH + AT/T.. Of course, T and AT/T, can be deduced
after a calibration of the instrument. In this case, too, an approximate uncertainty for a single
measure of about 10% can be used, according to the uncertainty of the target estimation.

Let us note that for writing, and then for calculation too, Romans used wax tablets, which were
tablets covered of wax. Then, the fact that wax was found inside a dodecahedron does not mean that
it was a candlestick holder [6], but simply that wax was used too by the owner of dodecahedron.

We have also to remark that the faces of the dodecahedra are often decorated with concentric
engraved circles. These grooves are quite good for measures using calipers, because the tips fit in
them.

The dodecahedron of Jublians has a decoration composed of three circles. Each pair of opposite
holes of the artifact of Jublains has the same decoration, as shown in the following image (Fig.2)
arranged from an image of Ref.3. This could be also a mnemonic code for calculations.
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Fig.2. Engraved circles on the faces of Jublains (from an image of Ref.3).

It could be interesting to use caliper and measure the diameters of these grooves. May be, they are
related to diameters of holes or to the equation of rangefinder (2) and (3). Without further
information, any conclusion about these grooves is impossible.

In some of the Tables of Section 3, we see that there are pairs of holes having the same ratio N/n.
This does not mean that the precision of the measure that they are giving it the same. Let us
remember that the measurement of distance is based on the length GH of the target seen through the
holes. Changing the pair of holes can improve the precision of the measure, because the target can
have a better visibility. For what concerns the knobs on the dodecahedra, they were quite useful for
a good grip of them.

5. Discussion and conclusions

In this paper I have analyses some dodecahedra, the data of which I found freely available on the
Web (except 3.2, the data were kindly sent by e-mail). The common features of these artifacts allow
concluding that a Roman Dodecahedron was probably a dioptron. This optical instrument has an
equation that can be written in a form (2), which is including a ratio of integers. As proposed by
[10-14], the dodecahedron was used as an ancient theodolite, placed on a tripod and with a range-
pole as a target - may be painted as the modern ones - for precise measurements.

It does not seem that a standard or rule for these instruments existed. We see from the tables a
certain recurrence of u equal to 1 or one-half of millimetres, approximately, but it is better to collect
more data before reaching any conclusion that has a statistical significance. For this analysis, the
role of the Web is fundamental, in particular if free information about these objects is given.



Unfortunately, as [ have directly experienced, there are some biases. For instance, the studies on the
use of dodecahedra as surveying instruments are quite old, but it seems that archaeologists still do
not acknowledge them. For this reasons, several hypotheses on their use are prospering on the Web,
concealing the relevant ones (Rari nantes in gurgite vasto). Here again, the role of the Web is
crucial in increasing the knowledge and further interactions between scientific disciplines.
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Appendix A

The use of a dodecahedron as a rangefinder is shown in Fig.Al On the left we see a bronze
dodecahedron. The diameter was usually ranging from 4 to 11 centimetres. On the right, we see the
faces of a dodecahedron found at Jublains [3]. In the lower part of the image, an angle of view for
the distance measurement is shown. The angle of view is the cone that describes the angular extent
of a given scene. Knowing the size of the scene we can determine its distance [1,2].

Dodecahedron H

Opposite
Pl o

Near
a'

Coincidence
for measure

Fig.A1 On the left a dodecahedron (source: Wikipedia). On the right, we see the faces of the roman
dodecahedron of Ref. 3. In the lower part of the image, we can see how the dodecahedron is used. Let
us consider a pair of opposite hole (a’, ), for instance (2°, 6), and look at a Roman vexillum through
the dodecahedron, holding it with o’ and o parallel, and o’ near an eye and a opposite. If the
dodecahedron is close the eye, we see the two holes. If it is too far, we can see just hole o’. There is a
distance where we can see the circumferences of the two holes (black and grey in the image) as
perfectly superimposed. This coincidence is giving a specific cone of view that we can use for
measurements. For this reason, we could tell that the dodecahedron is a coincidence rangefinder [2].



Points O,0”’,G and H are given in Fig.Al. OO’ is the eye-line. Let us imagine a Roman soldier
looking through the dodecahedron at a target of which he knows approximately its size (GH). If the
soldier sees the target fitted in the field of view of the pair (a’,a), that is, with GH as diameter of o’
and o in coincidence, he can evaluate the distance OO’’ from the following relation: Let us call B
the distance of the two holes. From similar triangles we have: OO’’=Bx0O0’/(Dy,—Dy:), where
(Dog—Dy;), are the diameters of the two holes (a,a’). Of course, it is not necessary that the target is
perfectly fitting the hole. It is necessary that the soldier, looking through this dioptron, is able to
estimate the size of the scene seen through it. If we consider the decahedron a rangefinder, B is its
baseline.

Appendix B

The hole sizes had been measured by Sandrine Bosse Buchanan, Musée romain d'Avenches.

The data I received are given in the following table (left column). Where two values are given,
these are the smaller and the larger diameter measured for the hole.

Diameters (smaller and larger) Approximation and uncertainties
in mm
1: 26.46,26.62 26.5+0.1
2: 1544 15.4
3: 18.31 18.3
4: 134 13.4
5: 1043 10.4
6: 17.38,17.85 17.6+0.2
1’: 24.16,25.08 Probably elliptic: 24.2, 25,1
2’: 19.9,20.43 20.15+0.2
37 8.68 8.7
4. 14.27,14.68 14.5+0.2
5’ 20.4, 20.83 20.6+0.2
6’: 14.18 14.2
Table B1

In Table II, the values from the right column of Table B1 had been used.

It seems that the artificer that created the dodecahedron found at Avenches used a tolerance lower

than 0.2 mm in a non-decimal system of measure.




Appendix C
Reference 19 is giving some images from a book written by R. Coulon, dated 1910. Ref.19 is

telling that “C'est précisément ce qui pousse R.Coulon a conclure que ces objets doivent étre
envisagés comme des exercices de maitres, des sortes de chefs-d’ceuvre. La plupart des auteurs
s'accordent a reconnaitre que les dodécaedres ont été coulés selon la technique de la cire perdue.”
An image of the site [19] allowed me to evaluate the data from two dodecahedra, as shown in
Fig.C1 and C2. A grid was superimposed to the image from the book. The grid helps in evaluating
the diameters of holes. The unit u was assumed equal to Y4 of the grid unit. In the following figures,
the diameters are shown in red and the labels of faces in black.
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