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The history of games is obscured by our inability
to recognise indicators of play in the archaeological
record. Lines incised on a piece of rounded lime-
stone found at the Roman site of Coriovallum in
Heerlen, The Netherlands, evoke a board game yet
do not reflect the grid of any game known today.
Here, the results of use-wear analysis are used to
inform artificial  intelligence-driven  simulations
based on permutations of rules from historic
Northern European games. Disproportionate wear
along specific lines favours the rules of blocking
games, potentially extending the time depth and
regional use of this game type.
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Introduction

Some of the board games played in the past are mentioned in ancient texts and depicted
in art, and numerous boards and the playing pieces and dice used to play them
have been found in excavations. Roman games are some of the best documented
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(Schidler 1994, 1998; Pace et al. 2024),
but we cannot assume that the full spec-
trum of games played by the Romans have
been identified (Crist et al. 2024a). While
certain games were popular within particu-
lar cultures, or on a regional or global
scale, ethnographic studies show that
locally specific games oftentimes were not
made into recognisable game objects.
Played on boards drawn on the ground
and with objects such as stones, sticks,
shells or even dried animal droppings
(Crist 2023: 22), such games are invisible
to archacologists. Occasionally boards are
made for these games but recognising
them in the archacological record without
corroborating evidence remains difficult.
Such is the case presented by a stone
object in the collection of Het Romeins
Figure 1. Object 04433 in Het Romeins Museum, Museum in Heerlen, the Netherlands
Heerlen, the Netherlands: A) top surface, before clean- (Figure 1), which has been interpreted as
ing, with pencil marks outlining the incised lines; B)
the bottom and sides of the object show intentional 2 HME board from the Roman settlement
shaping. Each scale is 100mm (photographs courtesy of Coriovallum (Rieche 1984). The object
Restaura). bears an incised geometric pattern on its
top surface that has not previously been
identified on other artefacts. To examine whether the object may have been used as a
game board, we performed use-wear analysis to identify evidence for gameplay and we
simulated play using artificial intelligence (AI) on candidate rulesets to determine
whether we could reproduce the wear patterns. We conclude that the object was most
likely used as a game board, though other interpretations cannot be entirely ruled out.

Coriovallum

Coriovallum was a Roman town in the province of Germania Inferior founded under
the reign of emperor Augustus (27 BC-AD 14) and inhabited until the fall of the
Western Roman Empire in AD 476. The remains of Coriovallum lie beneath present-
day Heerlen (van Giffen 1948). It is one of only a few Roman towns in the
Netherlands mentioned in ancient sources, such as the 7abula Peutingeriana and the
Itinerarium Antonini Roman road maps. Its strategic location, connected to two main
arteries of the Roman road system, ensured economic prosperity, reflected in monumen-
tal architecture and rich burial assemblages, especially in the second century AD. The
town became an important centre for the production of Roman-style pottery from the
mid-first to the third century AD and, at its peak, covered just over 48ha, with burial
grounds along each of the four main roads out of town stretching for nearly 1km.
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The object

Het Romeins Museum object 04433 is a
worked piece of white Jurassic limestone
(212 x 145 x 71mm, 3.38kg) from the
quarries at Norroy in north-eastern
France. The museum archives state that it
was found in Heerlen but little else is
known about its provenance (see online
supplementary material (OSM) for more
information). Norroy limestone was a

Figure 2. Kunrader limestone blocks forming the foun- . )
dation of the porticus of the Roman baths of ~ Popular choice for large architectural ele-
Coriovallum. The rough-hewn blocks are from a local  ments in the Roman northern provinces

quarry. A Norroy limestone pillar base rests arop them

] because of its white colour, smooth sur-
(photograph courtesy of Het Romeins Museum).

face and relative softness, making it an
easily sculpted substitute for marble
(Dreesen et al. 2014; Dreesen 2020). Decorative architectural elements made of Norroy
limestone have been found in abundance at Coriovallum in the form of pillars, inscrip-
tions and funerary monuments, and it was typically used for large architectural elements
in the northern provinces. In light of this, object 04433 stands out due to its small size.

While it resembles a brick, roughly hewn Kunrader limestone from a quarry less than
5km away was the preferred material for bricks, which were used to build foundations
and walls at Coriovallum. Foundation stones were roughhewn, while those in a wall’s
fagade were smooth on the visible side (Figure 2 & S1). Object 04433 shows evidence
of working on all sides, however. Given its shape, size and the type of stone, it is
unlikely to have been a brick. Rather, the careful working of the sides and the incised
lines indicate that it was purposefully made to display the lines on the top surface
(Figure S2).

During the late Roman period (c. AD 250-476), Coriovallum underwent a transfor-
mation as part of the town centre was turned into a fortified settlement (Jeneson ez /.
2020). Reshaped architectural stone (spolia) characterises this period making it likely that
this object is a repurposed piece of ornamental Norroy limestone reshaped and incised
by someone during the late Roman period.

Possible interpretations

While a gaming function has been suggested for the object (Rieche 1984), the incised
pattern is thus far unique and other possibilities must be considered. Architectural draw-
ings have been documented on a pavement at Baalbek (Lohmann 2009) and on the
Forma Urbis Romae (a marble map of ancient Rome) (Meneghini & Santangeli
Valengazni 2006), but these are on a much larger scale and the incised lines on the
object are not recognisable as an architectural plan. Norroy limestone was typically used
for large decorative elements, rather than pavements (Cocquelet er al. 2013; Dreesen
et al. 2014; Ruppiené & Schiissler 2018), and the elliptical shape and bevelled edge of
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the object argue against an identification as a part of a pavement with an architectural
drawing—the lines on the surface would not connect to the surface of a neighbouring
stone. Similarly, the “well-mastered, millimeter-precise Euklidian geometrical con-
structions” used as guidelines to cut stone (Capelle 2020: 71) are not evident in the
imprecisely drawn pattern. Furthermore, etched guide-marks used in stonemasonry that
appear on surfaces of architectural features are not meant to be visible (Ottati & Vinci
2019). This stone only has these lines on the surface, which was intentionally smoothed,
and thus seemingly intended to be visible. While Norroy limestone was used occasion-
ally as a decorative opus sectile incrustation (a mosaic technique using shaped tiles;
Ruppiené & Schiissler 2018), the gpus sectile workshop found at Caesarea Maritima and
the depiction of opus sectile production found at the Baths of Diocletian indicate that
these tiles were typically shaped after the quarried stone was cut into thin plaques
(Snyder 2018). The object is thus too thick to have been marked for cutting into gpus
sectile tiles. As function cannot be identified from the shape and incised pattern, we
examined the use wear on the object for further insights.

Materials and methods

Use wear

Use-wear analysis identifies damage to the surface of objects that is produced through
mechanical action when a surface comes into contact with another object, for example
through pounding, grinding or cutting, helping to determine function—for example in
ground and chipped stone tools (Adams ez a/. 2009; Adams 2014; Dubreuil & Savage
2014; Dubreuil ez al. 2023). Depending on materials and type of use, damage can be
seen with the naked eye or microscopically. The presence of use wear created through
gameplay has been posited but not systematically explored (Piccione 1990; Crist 2021).

Roman-era game pieces, several of
which have been found at Coriovallum
(Figure 3), typically take the form of glass
or stone, dome- or disc-shaped counters
(Hall & Forsyth 2011). Given their
shape, the most ergonomic way of mov-
ing them during gameplay is to push
them along the lines of the board, rather
than picking them up and placing them
as one would with taller, pawn-like
pieces. Such movement produces abra-
sion, particularly using hard glass or stone
pieces on soft limestone.

Figure 3. Glass game pieces from Coriovallum. Het The portions of the object surface
Romeins Museum object numbers, clockwise from top

lefi: 00474, 24132, 26016, 26015, 08097, 26014, ~ Xpected  to  have  experienced  piece
00471, 24134 (photograph courtesy of Her Romeins ~ movement are defined as areas less than

Museum,). 20mm—the maximum diameter of the
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Roman-era pieces found at Coriovallum—from any of the incised lines. Portions of the
surface greater than 20mm from the lines are thus not expected to show use wear if
movement of the game pieces was restricted to the lines.

Implementation

Ludii is a general game system developed as part of the Digital Ludeme Project that
allows for the implementation and analysis of rules for board games of many types, and
is particularly well-suited for archaeological research (Piette ez al. 2020; Crist et al.
2024a). This software allows for Al-driven playout simulation, where two Al agents play
a game against one another, which can generate quantitative data on gameplay. In this
instance, we explored whether the rules of a game would produce the wear pattern seen
on the stone. Rules for games played in Europe that use comparable boards were taken
from the Ludii games database (Crist ez al. 2022, 2024), the largest comprehensive data-
base of traditional board game rules currently available. We searched the database for
games that were on boards with twenty or fewer playing sites (i.e. the places where the
pieces are placed during play) using Ludii’s ‘concepts’ (high-level aspects of games com-
puted during the compilation process in Ludii; Piette er al 2021). Searching the
database for games with the concept 2.1.4 Num Playable Sites (2.Equipment—
>1.Board—>4. Num Playable Sites) and the value <20 and filtering these results to
only include games documented from Europe, essentially produced two types of relevant
games: those in which the goal is to block the opponent from moving, and those in
which the goal is to place three pieces in a row. Due to the rarity of the blocking-game
type in European contexts, we also included those played on larger boards.

Blocking games include haretavl and similar games from Scandinavia and the Baltic
region (Michaelsen 2014), gioco dell’orso from Italy (Depaulis & Gavazzi 1999), la liebre
perseguida from Spain (Santos Hernandez 1901-1904) and t0 kinégi tou lagoii from
Greece (Argyriadi 1997). Though the geometries of the boards differ (Figure S3), their
rules are similar: one player has more pieces than the other; the player with more pieces
wins by blocking their opponent. A winning condition for the opponent is not always
specified; but gioco dellorso is played in rounds, where the players switch roles and the
goal is to last the longest before being blocked. In jines soppi from Estonia, players have
an equal number of pieces and attempt to block each other. Alignment games have been
played since at least the Roman era and are found worldwide (Murray 1951; Hanel
1997; Berger 2004). Players each have three pieces, which they place on the board in
alternating turns. Once the pieces are placed, players move their pieces. The first to
place three pieces in a row wins.

The object itself presents challenges to the interpretation of the intended geometric
pattern as the lines present six different possible arrangements or ‘boards’ (Figure 4).
Like many boards from archaeological contexts, the lines on the object are imprecisely
drawn (Sebbane 2019); we explored potential rulesets by combining different rules for
starting positions, legal moves and game-ending conditions. This resulted in 130 possi-
ble game configurations, with 112 based on variations of haretavl resulting from the
many different consequential options. For rulesets where the piece count differs from
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1 2 the standard three-versus-one, the num-

—— . . ber of pieces (dogs and hares) is specified.
1 8 ms b 4 Default starting positions place pieces off
b 5 1 L ) 1 the board, but some rulesets begin with
N\, SIS, | pieces symmetrically placed on the board
i (Figure 5). We tested configurations
using combinations such as three-versus-

S . C . one, three-versus-two, two-versus-one and
. ot N S— four-versus-two, and we varied the num-
i LR | ber of pieces in ways that were sensible
“ b » @ @ for the symmetry and size of the board.
N SN o Additionally, in ‘switch’ rulesets, the
e — . player who plays first (dogs or hares) is
s s . i swapped, accounting for the gameplay
| w 1l - impact of whether the player with fewer
{ | l | ‘ ! pieces moves first or second.
4\13 78 2 ™. 17 3
e 0 ! Al-driven simulations

Figure 4. Possible board geometries based on the lines  Each player can be simulated using differ-

seen_on the .rmﬁzce‘ of the stone. The n‘umbers m‘dzmte ent Al tech niques i mple mented in Ludii.
the index of each line used to track their use during Al

simulations (figure by authors). Standard baseline algorithms for auto-

mated (board) game playing include
Alpha-Beta (AB) (Knuth & Moore 1975) and Upper Confidence Bounds applied to
Trees (UCT) (Kocsis & Szepesvari 2006). We focused on using AB because this type of
algorithm tends to perform better and is less prone to making unrealistic blunders (Baier
& Winands 2015) in the relatively small and simple games that fit the board config-
urations and rulesets considered here.

Once a game is parsed in Ludii, it is compiled into an immutable Java object that
stores static data, including the game’s rules and board topology (Browne ez al. 2020).
This structure ensures consistent and reliable playthroughs for Al players (Browne ez al.
2022). Ludii’s forward model functions to efficiently generate all legal moves, providing
a foundation for optimised Al simulations (Piette ez al. 2020; Soemers ez al. 2022). The
Al agents in this study used these forward models and playouts to conduct Al-driven
simulations, employing AB-based agents, running 1000 rounds for each combination of
board and ruleset, with one second of processing time per move.

Results

Use wear

All surfaces of the object bear obvious traces of processes used in its manufacture, partic-
ularly around the edges where the shaping of the stone into an ellipse with slight bevel-
ling is clear. The upper surface is worked to be smoother than the others.
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Figure 5. Starting positions for haretavl rulesets considered for Al-driven simulations. Not every permutation of
starting position and board is shown, only those where a difference in the board geometry changes the placement of
the pieces. A and B) applied to all six boards; C) applied to boards 5 and 6; D) applied to boards 3 and 4; E)
applied to boards 1 and 2; F) applied to board 5; G and H) applied to board 6; 1) applied to boards 1 and 2; ])
applied to boards 3 and 4; K) applied to board 3; L) applied to boards 3 and 4; M) applied to boards 5 and 6;
N) applied to board 5; O) applied to boards 1 and 2; P) applied to boards 3 and 4; Q) applied to boards 3
and 4; R) applied to board 3 (figure by authors).

A homogeneous zone that is visibly smoother than the surrounding surface is apparent
along one of the diagonal incised lines; the medial edge of the zone runs parallel to the
line and varies between 16mm and 18mm from it, the lateral edge is not apparent.
A depth map of the object, generated through photogrammetry in combination with the
photometric stereo technique (Figure 6) indicates that the topography of the upper sur-
face is generally lowered around the lines, revealing other homogeneous zones that are
not visible with the naked eye.
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Figure 6. Digital model of object 04433, created using
photogrammetry and  photometric  stereo  technique
shown with raking light (A) to emphasise surface
topography and also showing the lines without pencil
marks, and (B) as a visualisation of the depth map,
demonstrating lower surfaces (pink) along the lines on
the object. The surface of the stone can be seen to be
generally rough, but along the bottom right diagonal
the surface is noticeably smooth. C) Depth map super-
imposed on real-colour image of the stone. Reddish
tones indicate higher surface ropography (models by
Luk van Goor; figure by authors).

Microscopic examination shows that,
outside of these homogeneous zones, the
upper surface of the object has a compa-
rable microtopography to the lower sur-
face (Figure 7, Figure 8 & S4, see also
Table S1). The surface is uneven, with
rounded grains. Similar microtopography
is seen on a Roman-era inscription made
from Norroy limestone (Het Romeins
Museum object 03803) (Figures 8E &
S5). This differs from the
topography of a freshly broken piece of
Norroy limestone, where the grains are
more indistinguishable (Figure 8F). The
microtopography of the rock grains is lev-
elled and smooth without micropolish or
striations in the homogeneous zone along
the diagonal and, to a lesser degree, in
the homogeneous zones identified in the
depth map. This wear pattern is consis-
tent with abrasive action applied by an
object of greater hardness.

micro-

Playouts

Simulated play should account for cogni-
tive bias exhibited by humans when play-
ing board games, often preferring familiar
positions or move sequences over Sym-
metrically equivalent alternatives, an effect
linked to learned pattern recognition (de
Groot 1946; Chase & Simon 1973).
Other potential biases could be intro-
duced through the players in the setting
and arrangement of the board during

play. For example, a right-handed player may be biased toward playing on the right-
hand side, thus playing more frequently on the diagonal situated to their right; the ori-
entation of where players sit in relation to the board may also affect this.

All the tested board configurations have some form of symmetry, allowing us to
apply transformations to our playouts. These transformations have no effect on game
strategy or outcome, but accounting for them can increase the mutual consistency of
edge-usage statistics between playouts. This can be beneficial in accounting for potential
human biases for specific regions or sides of the board that would not otherwise be
reflected in Al-generated play. Playouts for the same board configuration and ruleset
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Figure 7. Approximate locations of microtopography images. Locations 8.A, B, G and H are shown in Figure 8
A-L are shown in Figure S4 (model by Luk van Goor).

were transformed to maximise the similarity between their edge-use statistics, applying a
greedy approximation algorithm for the corresponding optimisation problem. The play-
out results were filtered to include only those configurations where the use value for one
of the diagonals was at least twice the mean edge usage. The distribution of the edge
use for each remaining configuration was then examined on a case-by-case basis to
determine which produced a pattern most reflective of the use wear on the object
(Figure S6). Edge-use patterns needed to meet the following criteria: 1) one diagonal
must be one of the most-used lines; 2) this diagonal must be positioned to correspond
with the diagonal showing use wear on the object; 3) only the diagonal’s adjacent bot-
tom and side edges can be used more than the diagonal itself (as the geometry and size
of the object does not allow for differentiation between wear on these three lines);
4) the centre line must not be used more than the mean (as it shows very little use
wear); 5) a majority of the board should be used during play (up to one-third of the
lines were permitted to be unused); 6) high edge use on the edges adjacent to the corner
laterally opposite the diagonal in question is permitted (to account for the microscopic
evidence for use seen in this sector).

Nine configurations fit these criteria (Figures 9, S7-S15, Tables S$2-S7).
Transforming the results to account for symmetry identifies one of these results
(Figure 9C), while the remaining eight fit the criteria whether transformed or not. All
qualifying results are blocking games, and at least one result is identified on each
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Figure 8. Microtopography of object 04433. Some surfaces are unabraded: A) location 8.A; B) location 8.B;
C) vertical edge of the stone; D) underside of the stone. Other surfaces show levelling consistent with abrasion: G)
location 8.G; H) location 8.H. Microtopographic images of naturally broken, unworked Norroy limestone (F) and

the flattened surface of the inscription of object 03803 (E), also made of Norroy limestone, are provided for com-
parison (photographs by Walter Crist).
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Figure 9. Results of the Al-driven simulation that produced asymmetrical play along the relevant diagonal line.
These are games in which the player with more pieces attemprs to block the player with fewer pieces. Pieces are
illustrated in their starting positions; where no pieces begin on the board they are placed alternately until all are
placed. White indicates player one. Boards are shown after transformation with the most-used diagonal on the bot-
tom right (figure by authors).

candidate board. Seven of these results are games with four pieces versus two, with
pieces starting on the board, the remaining two are three pieces versus two, one of
which starts with the pieces off the board. Notably, board 6 produced three of the nine
candidates and none of the results for this board had to be manually eliminated

(Table S7).

Discussion

The use wear on the stone was plausibly created through gameplay, moving playing
pieces of a size and material composition consistent with examples common at Roman
sites, including Coriovallum. While unequal distribution of use wear on grinding stone
surfaces can be attributed to kinetics (Nixon-Darcus 2025), the fact that the observed
wear pattern is only apparent in parallel with the incised lines suggests that those lines
were meaningful for the action that produced abraded wear along them. Grinding of
foodstuffs, pigments or other materials would not produce this pattern, as these activities
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do not require the use of lines. Other interpretations cannot be entirely ruled out based
on use-wear patterning: masonry guidelines in the process of being erased through
smoothing; a tool for manufacturing objects, with guidelines indicating where to place
and abrade an object (a thus-far undocumented and purely speculative manufacturing
process); or post-depositional factors that could have coincidentally led to wear around
the lines.

The proximity of the incised lines to the edge of the stone itself, particularly at the
corners or the ends of the lines outside the main square, could argue against its use as a
game board; but, when placed on these points, Roman game pieces rest on the surface
(Figure S16). This would be further mitigated if the stone were set into another object,
such as a table.

Simulations involving a blocking game in which one player starts with four pieces on
one vertical side of the main rectangle and attempts to block their opponent’s two
pieces, which start on the opposite side, most frequently matched the wear patterns seen
on the stone and produced a playable game. This is therefore a likely candidate for the
game played on the object (Figures 9A-G, §7-S13), though players could have played
many different rulesets on the board. Variations in the four-versus-two game identified
in this analysis exhibit rules that can be easily manipulated without changing the basic
character of the game: which player moves first, on which playing sites the second player
starts, and on which sides the players start. Such alterations could be employed on dif-
ferent instances of gameplay to produce varied experiences for such simple games, while
still producing the wear seen on the board. There may also be other games or variations
that we have not identified as possibilities that could also produce this result.

Board 6 (Figures 9D-F & S$10-S12) could be interpreted as the most likely board,
considering the Al results alongside the functional and material reality of the stone. The
lines outside the main rectangle may have been mistakes, as seen on other game boards
from archaeological contexts (Amitai-Preiss 1997). Similarly, considering the size of the
playing pieces required to produce the observed use wear, it seems likely that the game
would have one playing site at the intersection of the central and diagonal lines instead
of three. A piece overlapping three sites would lead to confusion and dispute over which
site the piece was occupying. Nevertheless, the results cannot eliminate the other boards
from consideration.

Uncertainty also stems from the use of Al-simulated play to model human behaviour.
Game-playing agents have been developed to approximate optimal play. Humans, how-
ever, also play for fun, and are driven by social and physiological pressures outside of
the game itself. Despite this, humans are more capable of playing optimally in a game
with low complexity and shorter length, such as the small blocking games modelled
here, meaning there is likely to be less distance between Al-simulated and human play
than would be apparent in larger games.

Blocking games are not described in texts from the Roman era, but other evidence
may point to an early history of this type of game that extends to the Roman period.
The rulesets used for the simulations were taken from games documented during the
nineteenth or twentieth century AD, principally in Scandinavia (Michaelsen 2014).
References in dictionaries can take the history of this game-type back to the eighteenth
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century in Denmark. Objects bearing the distinct board for haretavl have been found in
fourteenth-century Latvia (Caune 1993) and early medieval (tenth—eleventh century AD)
Dublin (Sperr 2005), in both cases on the same artefact as a board for the game known
in English as Nine Men’s Morris (Murray 1951). The blocking games jeu des gendarmes
et du voleur, giocho dell'orso and to kinégi tou lagodi from France, Italy and Greece, respec-
tively, have geometries that are found in Roman-era graffiti boards in Rome and at
Didyma and Aphrodisias in Turkey (Roueché 2007; Mosca & Puppo 2012). This sug-
gests a longer history of this type of game than is evident in textual sources. Since the
rules for traditional games are rarely written down and simple games are often drawn on
the ground and played with stones or seeds, rendering them archaeologically undetect-
able (Crist 2023; Crist & Soemers 2023), these blocking games may have existed for
centuries without generating much material or literary evidence. Object 04433 may
therefore reasonably be proposed to bear the evidence for such a game on its surface.

Conclusion

Research on ancient games depends on the identification of repeating patterns of board
geometry and on the ability to connect objects found in the archacological record to
games named or depicted in art. The potential to misidentify singular examples is there-
fore great. Yet the materiality of play is often ephemeral and isolated examples of partic-
ular games that people were inspired, on occasion, to make into lasting objects are
perhaps more common than they appear to be. By combining Al simulation with use-
wear analysis to identify and model traces of game play, it is possible to not only identify
potential game boards, but also to rebuild playable rulesets that may provide indications
regarding the ways that people played games in the past. The ability to identify play and
games in archaeology strengthens the understanding of our ludic heritage, and makes
ancient life more accessible to people in the present, as the act of playing a board game is
fundamentally the same today as it was in past millennia.

Acknowledgements

We thank Niels Stoffels at Restaura for conservation work on the stone, as well as
Ulrich Schidler, Eddie Duggan and Thierry Depaulis for conversations related to poten-

tial alternative interpretations of the object.

Funding statement

This research was funded by the European Research Council as part of Consolidator
Grant #771292 ‘Digital Ludeme Project’. Computing resources were provided by the
Dutch national e-infrastructure with the support of the SURF co-operative (EINF-3845
‘Analysing Traditional Game Properties and Concepts’; EINF-4028 ‘Evaluation of
Trained Als for General Game Playing’), of the research programme Computing Time
on National Computer Facilities (partly financed by the Nederlandse Organisatie voor
Wetenschappelijk Onderzoek). Further discussion of results and applications were made
possible through European Cooperation in Science and Technology (COST) Action

© The Author(s), 2026. Published by Cambridge University Press on behalf of Antiquity Publications Ltd
123



Walter Crist et al.

#CA22145 ‘Computational Techniques for Tabletop Games Heritage (GameTable)’.
Open access funding provided by Leiden University.

Online supplementary material (OSM)

To view supplementary material for this article, please visit https://doi.org/10.15184/
aqy.2025.10264 and select the supplementary materials tab.

All data, code and the 3D model are accessible at DataverseNL with a CCO 1.0
licence (Crist et al. 2024b).

Author contributions: CRediT Taxonomy

Walter Crist: Conceptualization-Lead, Data curation-Lead, Formal analysis-Lead,
Investigation-Lead, Methodology-Lead, Visualization-Lead, Writing - original draft-Lead,
Writing - review & editing-Lead. Eric Piette: Formal analysis-Supporting, Funding
acquisition-Supporting, Investigation-Supporting, Methodology-Supporting, Software-
Supporting, Writing - original draft-Supporting, Writing - review & editing-Supporting.
Karen Jeneson: Investigation-Supporting,  Resources-Supporting,  Supervision-
Supporting, Writing - original draft-Supporting, Writing - review & editing-Supporting.
Dennis Soemers: Formal analysis-Supporting, Funding acquisition-Supporting,
Methodology-Supporting, Validation-Supporting, Writing - original draft-Supporting,
Writing - review & editing-Supporting. Matthew Stephenson: Methodology-Supporting,
Validation-Supporting, Writing - review & editing-Supporting. Luk van Goor:
Investigation-Supporting, Methodology-Supporting, Resources-Supporting, Visualization-
Supporting, Writing - original draft-Supporting. Cameron Browne: Funding acquisition-
Lead, Project administration-Lead, Resources-Lead, Supervision-Lead, Writing - original
draft-Supporting, Writing - review & editing-Supporting.

References

ADAMS, J. 2014. Ground stone use-wear analysis:

a review of terminology and experimental
methods. Journal of Archaeological Science 48:

129-38. htps://doi.org/10.1016/}.jas.2013.01.

030
ADAMS, J., S. DELGADO, L. DUBREUIL,
C. HAMON, H. PLissON & R. RisCH. 2009.
Functional analysis of macro-lithic artifacts: a
focus on working surfaces, in L. Eigeland &
L.-J. Costa (ed.) Non-flint raw material use in
prebistory: 43—66. Oxford: Archaeopress.
AMITAI-PREISS, N. 1997. Arabic inscriptions,
graffiti, and games, in Y. Hirschfeld (ed.) 7he
Roman Baths of Hammat Gader: 267-78.
Jerusalem: Israel Exploration Society.
ARGYRIADI, M. 1997. To paidi mésa ston kiiklo
tou chrénou. Athens: Red Thread
(in Greek).

BAIER, H. & M. WINANDS. 2015. MCTS-
Minimax hybrids. JEEE Transactions on
Computational Intelligence and Al in Games 7:
167-79. https://doi.org/10.1109/TCIAIG.
2014.2366555

BERGER, F. 2004. From circle and square to the
image of the world: a possible interpretation
for some petroglyphs of merels boards. Rock
Art Research 21: 11-25.

BROWNE, C., D.J.N.J. SOEMERS, E. PIETTE,
M. STEPHENSON & W. CRIST. 2020. Ludii
language reference. Available at: https://ludii.
games/downloads/LudiiLanguage Reference.pdf
(accessed 25 October 2024).

BROWNE, C., E. PIETTE, M. STEPHENSON &
D.J.N.J. SOEMERS. 2022. General board
geometry, in C. Browne, A. Kishimoto &

J. Schaeffer (ed.) Advances in computer games

© The Author(s), 2026. Published by Cambridge University Press on behalf of Antiquity Publications Ltd


https://doi.org/10.15184/aqy.2025.10264
https://doi.org/10.15184/aqy.2025.10264
https://doi.org/10.1016/j.jas.2013.01.030
https://doi.org/10.1016/j.jas.2013.01.030
https://doi.org/10.1109/TCIAIG.2014.2366555
https://doi.org/10.1109/TCIAIG.2014.2366555
https://ludii.games/downloads/LudiiLanguage
https://ludii.games/downloads/LudiiLanguage

Al and board games

(ACG 2021): 235-46. Cham: Springer. https://
doi.org/10.1007/978-3-031-11488-5_21

CAPELLE, J. 2020. Ancient blueprints: new
prospects and interpretations in light of recent
discoveries, in P. Sapirstein & D. Scahill (ed.)
New directions and paradigms for the study of
Greek architecture: 56-73. Leiden: Brill. hreps://
doi.org/10.1163/9789004416659_005

CAUNE, A. 1993. Funde hochmittelalterlicher
Miihlespielbretter aus der Rigaer Altstadt, in
M. Gliser (ed.) Archiologie des Mittelalters und
Bauforschung im Hanseraum: 455—60. Rostock:
Konrad Reich.

CHASE, W. & H. SIMON. 1973. Perception in
chess. Cognitive Psychology 4: 55-81. https://
doi.org/10.1016/0010-0285(73)90004-2

COCQUELET, C., C. CREEMERS, R. DREESEN &
E. GOEMAERE. 2013. Les « pierres blanches »
dans les monuments publics et funéraires de la
cité des Tongres. Signa 2: 29-34.

CRrisT, W. 2021. Making and breaking Bronze Age
gaming stones from Cyprus, in Z. Chovanec &
W. Crist (ed.) All things Gypriot, studies on
ancient environment, technology, and society in
honor of Stuart Swiny: 75-89. Alexandria (VA):
American Society of Overseas Research.

—2023. Fun in ruins: archaeology’s serious rut.
Archaeological Dialogues 30: 22-24. https://
doi.org/l().1017/51380203823000090

CrisT, W. & D.J.N.]J. SOEMERS. 2023. The
Digital Ludeme Project: combining
archacological and computational methods for
the study of ancient games. Journal of
Archaeological Science: Reports 49. https://doi.
0rg/10.1016/j.jasrep.2023.104005

CrisT, W., M. STEPHENSON & C. BROWNE.
2022. Ludii games database, version 1.3.6.
DataverseNL. https://doi.org/10.34894/
BP8G8U

CrisT, W., E. PIETTE, D.J.N.]. SOEMERS,
M. STEPHENSON & C. BROWNE. 2024a.
Computational approaches for recognising and
reconstructing ancient games: the case of ludus
latrunculorum, in A. Pace, T. Penn &
U. Schidler (ed.) Games in the ancient world:
places, spaces, accessories: 63—79. Drémil-Lafage:
Mergoil.

CRIST, W., E. PIETTE, K. JENESON,
D.J.N.J. SOEMERS, L. VAN GOOR &
C. BROWNE. 2024b. Ludus Coriovalli

Al-simulated play. DazaverseNL. https://doi.
org/10.34894/BWSJXL

CRIST, W., M. STEPHENSON, E. PIETTE &

C. BROWNE. 2024c. The Ludii Games
Database: documenting the intangible cultural
heritage of board games. Digital Humanities
Quarterly 18. Available at: http://www.
digitalhumanities.org/dhq/vol/18/4/000756/
000756.html (accessed 11 November 2025).

DE GROOT, A.D. 1946. Het denken van den
schaker: een experimenteel-psychologische studie.
Amsterdam: N.V. Noord-Hollandsche uitgevers
maatschappij.

DEerauLs, T. & C. Gavazzi. 1999. L’orso e i
suoi fratelli. Revista Biellese 3—4: 46-50.

DREESEN, R. 2014. Unraveling geological and
geographical provenances of lithic materials
during Roman times in Belgium: a fruitful
collaboration between geologists and
archaeologists. European Geologist 38: 14-20.

— 2020. Natural stone, in K. Jeneson &

W.K. Vos (ed.) Roman bathing in Coriovallum.
The Thermae of Heerlen revisited: 153-56.
Amersfoort: Rijksdienst voor het Cultureel
Erfgoed.

DUBREUIL, L. & D. SAVAGE. 2014. Ground
stones: a synthesis of the use-wear approach.
Journal of Archaeological Science 48: 139-53.
https://doi.org/10.1016/j.jas.2013.06.023

DuBREUIL, L., B. HAYDEN, M. BOFILL &

J. ROBITAILLE. 2023. Pounding, grinding,
transitioning. A use-wear perspective. Journal of
Archaeological Science: Reports 47. https://doi.
org/10.1016/j.jasrep.2022.103743

HALL, M. & K. FORSYTH. 2011. Roman rules?
The introduction of board games to Britain
and Ireland. Antiguity 85: 1325-38. https://
doi.org/10.1017/50003598X00062086

HANEL, N. 1997. Sonderkeramik der Ziegelei?
Eine tabula lusoria mit Miihlespiel und
Legionsstempel. Kilner Jahrbuch 30: 317-20.

JENESON, K., W.K. Vos & G. WHITE. 2020.
Reconstructing the history of the public baths
of Coriovallum, in K. Jeneson & W.K. Vos
(ed.) Roman bathing in Coriovallum. The
Thermae of Heerlen revisited: 161-88.
Amersfoort: Rijksdienst voor het Cultureel
Erfgoed.

KnuTH, D.E. & R.W. MOORE. 1975. An
analysis of Alpha-Beta pruning. Arsficial

© The Author(s), 2026. Published by Cambridge University Press on behalf of Antiquity Publications Ltd


https://doi.org/10.1007/978-3-031-11488-5_21
https://doi.org/10.1007/978-3-031-11488-5_21
https://doi.org/10.1163/9789004416659_005
https://doi.org/10.1163/9789004416659_005
https://doi.org/10.1016/0010-0285(73)90004-2
https://doi.org/10.1016/0010-0285(73)90004-2
https://doi.org/10.1017/S1380203823000090
https://doi.org/10.1017/S1380203823000090
https://doi.org/10.1016/j.jasrep.2023.104005
https://doi.org/10.1016/j.jasrep.2023.104005
https://doi.org/10.34894/BP8G8U
https://doi.org/10.34894/BP8G8U
https://doi.org/10.34894/BWSJXL
https://doi.org/10.34894/BWSJXL
http://www.digitalhumanities.org/dhq/vol/18/4/000756/000756.html
http://www.digitalhumanities.org/dhq/vol/18/4/000756/000756.html
http://www.digitalhumanities.org/dhq/vol/18/4/000756/000756.html
https://doi.org/10.1016/j.jas.2013.06.023
https://doi.org/10.1016/j.jasrep.2022.103743
https://doi.org/10.1016/j.jasrep.2022.103743
https://doi.org/10.1017/S0003598X00062086
https://doi.org/10.1017/S0003598X00062086

Walter Crist et al.

Intelligence 6: 293-326. https://doi.org/10.
1016/0004-3702(75)90019-3

Kocsis, L. & C. SZEPESVARI. 2006. Bandit based
Monte-Carlo planning, in J. Fiirnkranz,

T. Scheffer & M. Spiliopoulou (ed.) Machine
Learning: ECML 2006: 282-93. Berlin:
Springer.

LOHMANN, D. 2009. Drafting and designing.
Roman architectural drawings and their
meaning for the construction of Heliopolis/
Baalbek, Lebanon, in K.-E. Kurrer, W. Lorenz
& V. Wetzk (ed.) Proceedings of the Third
International Congress on Construction History:
959—66. Cottbus: Brandenburg University of
Technology.

MENEGHINI, R. & R. SANTANGELI VALENZANI.
2006. Forma Urbis Romae. Rome: L’Erma di
Bretschneider.

MICHAELSEN, P. 2014. Haretavl—hare and
hounds as a board game, in M. Tweichert (ed.)
Sport und Spiel bei den Germanen: 197-216.
Berlin: De Gruyter.

Mosca, F. & P. Purro. 2012. Riflessioni su dadi
e giochi da tavolo nel mondo romano. Histria
Antiqua 21: 271-79.

MURrAY, H.J.R. 1951. A history of board-games
other than chess. Oxford: Clarendon.

NIXON-DARcCUS, L. 2025. Planning for analyses
of use-wear on large grinding surfaces. Journal
of Archaeological Science: Reports 62. https://
doi.org/10.1016/j.jasrep.2025.104989

OTTATI, A. & M.S. VINCI. 2019. Signa
lapicidinarum e tracciati di cantiere per la
comprensione dell’edilizia archeologica: il caso
del Foro Provinciale di Tarraco (Hispania
Citerior). Arqueologia de la Arquitectura 16.
https://doi.org/10.3989/arq.arqt.2019.003

PICCIONE, P. 1990. Mehen, mysteries, and
resurrection from the coiled serpent. Journal of
the American Research Center in Egypt 27:
43-52. https://doi.org/10.2307/40000072

PACE, A., T. PENN & U. SCHADLER (ed.). 2024.
Games in the ancient world: places, spaces,
accessories. Drémil-Lafage: Mergoil.

PIETTE, E., D.J.N.J. SOEMERS, M. STEPHENSON,
C.F. SiroNi, M.H.M. WINANDS &

C. BROWNE. 2020. Ludii—The ludemic
general game system, in G.D. Giacomo ez al.
(ed.) ECAI 2020: 24th European Conference on
Artificial Intelligence: 411-18. Amsterdam: 1OS.

PIETTE, E., M. STEPHENSON, D.J.N.J. SOEMERS
& C. BROWNE. 2021. General board game
concepts, in 2021 IEEE Conference on Games
(CoG): 932-39. Piscataway (NJ): Institute of
Electrical and Electronics Engineers. https://
doi.org/10.1109/C0G52621.2021.9618990

RIECHE, A. 1984. Rimische Kinder- und
Gesellschafisspiele. Stuttgart: Gesellschaft fiir
Vor- und Frithgeschichte.

ROUECHE, C. 2007. Late Roman and Byzantine
game boards at Aphrodisias, in I. Finkel (ed.)
Ancient board games in perspective: 100—105.
London: The British Museum.

RUPPIENE, V. & U. SCHUSSLER. 2018.
Incrustations from Colonia Ulpia Traiana (near
modern Xanten, Germany), in D.M. Poljak &
K. Marasovi¢ (ed.) ASMOSIA XI:
interdisciplinary studies on ancient stone:
351-61. Split: University of Split.

SANTOS HERNANDEZ, P. 1901-1904. Juegos de los
nifios en las escuelas y colegios. Madrid:
Saturnino Calleja.

SCHADLER, U. 1994. Latrunculi—ein verlorenes
strategisches Brettspiel der Rémer. Homo
Ludens 4: 47-67.

— 1998. Mancala in Roman Asia Minor? Board
Game Studies 1: 10-25.

SEBBANE, M. 2019. Board games from the
Eastern Cardo, in S. Weksler-Bdolah &

A. Onn (ed.) Jerusalem: western wall plaza
excavations 1: 147—64. Jerusalem: Israel
Antiquities Authority.

SNYDER, F. 2018. A matrix of potsherds: an
indicator of prefabricated opus sectile panels
from the Byzantine period. Near East
Archaeological Society Bulletin 63: 13—18.

SOEMERS, D.J.N.J., E. PIETTE, M. STEPHENSON
& C. BROWNE. 2022. Optimised playout
implementations for the Ludii general game
system, in C. Browne, A. Kishimoto &

J. Schaeffer (ed.) Advances in Computer Games
(ACG 2021): 223-34. Cham: Springer. https://
doi.org/10.1007/978-3-031-11488-5_20

SPERR, A. 2005. Gaming artefacts of the Viking
homelands and northwest expansion: a study of
tafl games. Unpublished MPhil dissertation,
University of Glasgow.

VAN GIFEEN, A.E. 1948. Thermen en Castella te
Heerlen (L.). Een rapport en een werkhypothese.
LAntiquité Classique 17: 199-236.

© The Author(s), 2026. Published by Cambridge University Press on behalf of Antiquity Publications Ltd


https://doi.org/10.1016/0004-3702(75)90019-3
https://doi.org/10.1016/0004-3702(75)90019-3
https://doi.org/10.1016/j.jasrep.2025.104989
https://doi.org/10.1016/j.jasrep.2025.104989
https://doi.org/10.3989/arq.arqt.2019.003
https://doi.org/10.2307/40000072
https://doi.org/10.1109/CoG52621.2021.9618990
https://doi.org/10.1109/CoG52621.2021.9618990
https://doi.org/10.1007/978-3-031-11488-5_20
https://doi.org/10.1007/978-3-031-11488-5_20

	Ludus Coriovalli: using artificial intelligence-driven simulations to identify rules for an ancient board game
	Introduction
	Coriovallum
	The object
	Possible interpretations

	Materials and methods
	Use wear
	Implementation
	AI-driven simulations

	Results
	Use wear
	Playouts

	Discussion
	Conclusion
	Funding statement
	Online supplementary material (OSM)
	Author contributions: CRediT Taxonomy



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


