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1. Model:
> Full range of traditional strategy games
> Single playable database

2. Reconstruct:
> Missing knowledge about games
> Family tree

3. Map:
» Development of games and human culture
> Spread of games and mathematical ideas




Traditional Games of Strategy
> Traditional: No known inventor or proprietary owner

> Strategy:  — Involve strategic planning
— Mental rather than physical skill

Board games, tile games, card games, dice games, math. games, etc.

Ancient Early Modern
40008c 30008c 20008c 10008c OaD 1000aD 20004p
SO Recorded Human His’[er ................................. >

Range

» ~3500BC — ~1850AD

> About 1,000 games (plus variants)
>» Further back, less we know



Ludeme
> “Game meme”
> Unit of game-related information
e.g. rule, equipment, geometry, control, etc.
> Building blocks of games

\
° (game “Tic-Tac-Toe”
Beneflts g‘(plaers VTWhitZ Black)
. (board (square 3))
> Simple! (play
. (piece Own)
> Relevant to game design | (board Enpey)
) EffiCient )(end (win All (line 3 Own Any)))
. )
» Concise (QR codes) \_ Y,

> Encapsulates concepts
> Allows labelling of concepts



Stanford GDL

Ludemes
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///’;role white) (role black)

(init
(init
(init
(init

(cell 1 1 b)) (init (cell 1 2 b))
(cell 2 1 b)) (init (cell 2 2 b))
(cell 3 1 b)) (init (cell 3 2 b))
(control white))
(legal ?w (mark ?x ?y))
(true (control ?w)))
(legal white noop) (true (control black)))
(legal black noop) (true (control white)))
(next (cell ?m ?n x)) (does white (mark ?m ?n))
(true (cell ?m ?n b)))
(next (cell ?m ?n o))
(true (cell ?m ?n b)))
(next (cell ?m ?n ?w))
(distinct ?w b))

(next (cell ?m ?n b))
(true (cell ?m ?n b))
(distinct ?n ?k)))
(next (control white)) (true (control black)))
(next (control black)) (true (control white)))
(row ?m ?x) (true (cell ?m 1 ?x))

(true (cell ?m 2 ?x)) (true (cell ?m 3 ?x)))
(column ?n ?x) (true (cell 1 ?n ?x))

(true (cell 2 ?n ?x)) (true (cell 3 ?n ?x)))
(diagonal ?x) (true (cell 1 1 ?x))

(true (cell 2 2 ?x)) (true (cell 3 3 ?x)))
(diagonal ?x) (true (cell 1 3 ?x))

(true (cell 2 2 ?x)) (true (cell 3 1 ?x)))
(line ?x) (row ?m ?x))
(line ?x) (column ?m ?x))
(line ?x) (diagonal °?x))
open (true (cell ?m ?n b)))
(goal white 50) (not open) (not (line x))
(goal white 0) open (not (line x)))

(goal black 100) (line 0))

(goal black 50) (not open) (not (line x))
(goal black 0) open (not (line 0)))
terminal (line x))

terminal (line o))

terminal (not open))

(true (cell ?x ?y b))

(does black (mark ?m ?n))
(true (cell ?m ?n ?w))

(does ?w (mark ?j ?k))
(or (distinct ?m ?3j)

(not

(not

(init (cell 1 3 b))
(init (cell 2 3 b))
(init (cell 3 3 b))

(<= (goal white 100)

~

(line x))
(line 0)))

(line 0)))

/

Verbose
Difficult
Inefficient

No encapsulation

Only used by GGP
researchers
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Ludemes
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///’;role white) (role black)

(init
(init
(init
(init

(cell 1 1 b)) (init (cell 1 2 b))
(cell 2 1 b)) (init (cell 2 2 b))
(cell 3 1 b)) (init (cell 3 2 b))
(control white))
(legal ?w (mark ?x ?y))
(true (control ?w)))
(legal white noop) (true (control black)))
(legal black noop) (true (control white)))
(next (cell ?m ?n x)) (does white (mark ?m ?n))
(true (cell ?m ?n b)))
(next (cell ?m ?n o))
(true (cell ?m ?n b)))
(next (cell ?m ?n ?w))
(distinct ?w b))
(next (cell ?m ?n
(true (cell ?m ?n
(distinct ?n ?k)))
(next (control white)) (true (control black)))
(next (control black)) (true (control white)))
(row ?m ?x) (true (cell ?m 1 ?x))

(true (cell ?m 2 ?x)) (true (cell ?m 3 ?x)))
(column ?n ?x) (true (cell 1 ?n ?x))

(true (cell 2 ?n ?x)) (true (cell 3 ?n ?x)))
(diagonal ?x) (true (cell 1 1 ?x))

(true (cell 2 2 ?x)) (true (cell 3 3 ?x)))
(diagonal ?x) (true (cell 1 3 ?x))

(true (cell 2 2 ?x)) (true (cell 3 1 ?x)))
(line ?x) (row ?m ?x))
(line ?x) (column ?m ?x))
(line ?x) (diagonal °?x))
open (true (cell ?m ?n b)))
(goal white 50) (not open) (not (line x))
(goal white 0) open (not (line x)))

(goal black 100) (line 0))

(goal black 50) (not open) (not (line x))
(goal black 0) open (not (line 0)))
terminal (line x))

terminal (line o))

terminal (not open))

(true (cell ?x ?y b))

(does black (mark ?m ?n))
(true (cell ?m ?n ?w))

b))
b))

(does ?w (mark ?j ?k))
(or (distinct ?m ?3j)

(not

(not

(init (cell 1
(init (cell 2
(init (cell 3

(<= (goal white 100)

~

3 b))
3 b))
3 b))

(line x))
(line 0)))

(line 0)))

/

Ludemic

(game “Tic-Tac-Toe”
(players White Black)
(board (square 3))
(play

(add
(piece Own)
(board Empty)
)

)
(end (win All (line 3 Own Any)))

J

)

\_




Stanford GDL

Ludemes

\\\j:

///’:role white) (role black)

(init (cell 1 1 b)) (init (cell 1 2 b)) (init (cell 1 3 b))
(init (cell 2 1 b)) (init (cell 2 2 b)) (init (cell 2 3 b))
(init (cell 3 1 b)) (init (cell 3 2 b)) (init (cell 3 3 b))
(init (control white))
(<= (legal ?w (mark ?x ?y)) (true (cell ?x ?y b))
(true (control ?w)))
(<= (legal white noop) (true (control black)))
(<= (legal black noop) (true (control white)))
(<= (next (cell ?m ?n x)) (does white (mark ?m ?n))
(true (cell ?m ?n b)))
(<= (next (cell ?m ?n o)) (does black (mark ?m ?n))
(true (cell ?m ?n b)))
(<= (next (cell ?m ?n ?w)) (true (cell ?m ?n ?w))
(distinct ?w b))
(<= (next (cell ?m ?n b)) (does ?w (mark ?j °?k))
(true (cell ?m ?n b)) (or (distinct ?m ?j)
(distinct ?n ?k)))
(<= (next (control white)) (true (control black)))
(<= (next (control black)) (true (control white)))
(<= (row ?m ?x) (true (cell ?m 1 ?x))
(true (cell ?m 2 ?x)) (true (cell ?m 3 ?x)))
(<= (column ?n ?x) (true (cell 1 ?n ?x))
(true (cell 2 ?n ?x)) (true (cell 3 ?n ?x)))
(<= (diagonal ?x) (true (cell 1 1 ?x))
(true (cell 2 2 ?x)) (true (cell 3 3 ?x)))
(<= (diagonal ?x) (true (cell 1 3 ?x))
(true (cell 2 2 ?x)) (true (cell 3 1 ?x)))
(<= (line ?x) (row ?m ?x))
(<= (line ?x) (column ?m ?x))
(<= (line ?x) (diagonal ?x))
(<= open (true (cell ?m ?n b))) (<= (goal white 100) (line x))
(<= (goal white 50) (not open) (not (line x)) (not (line 0)))
(<= (goal white 0) open (not (line x)))
(<= (goal black 100) (line o))
(<= (goal black 50) (not open) (not (line x)) (not (line 0)))
(<= (goal black 0) open (not (line 0)))
(<= terminal (line x))
(<= terminal (line 0))

terminal (not open))

~

%

Ludemic

(game “Tic-Tac-Toe”
(players White Black)
(board (square 5))
(play

(add
(piece Own)
(board Empty)
)

)
(end (win All (line 4 Own Any)))

_/




Ludemes

Stanford GDL Ludemic

ﬂrole white) (role black) \ ((game “Tic-Tac-Toe” \
(init (cell 1 1 b)) (init (cell 1 2 b)) (init (cell 1 3 b)) (players White Black)
(init (cell 2 1 b)) (init (cell 2 2 b)) (init (cell 2 3 b)) (board (hexHex 5))
(init (cell 3 1 b)) (init (cell 3 2 b)) (init (cell 3 3 b)) (play
(init (control white))
(<= (legal ?w (mark ?x ?y)) (true (cell ?x ?y b)) (add:
(true (control ?w))) (piece Own)
(<= (legal white noop) (true (control black))) (board Empty)
(<= (legal black noop) (true (control white))) )
(<= (next (cell ?m ?n x)) (does white (mark ?m ?n)) )
limsne (o=l Ba 1)) (end (win All (line 4 Own Any)))
(<= (next (cell ?m ?n o)) (does black (mark ?m ?n)) )
(true (cell ?m ?n b))) \\¥ 4/}
(<= (next (cell ?m ?n ?w)) (true (cell ?m ?n ?w))

(distinct ?w b))

(<= (next (cell ?m ?n b)) (does ?w (mark ?j °?k))
(true (cell ?m ?n b)) (or (distinct ?m ?j)
(distinct ?n ?k)))

(<= (next (control white)) (true (control black)))

(<= (next (control black)) (true (control white)))

(<= (row ?m ?x) (true (cell ?m 1 ?x))

(true (cell ?m 2 ?x)) (true (cell ?m 3 ?x)))
(<= (column ?n ?x) (true (cell 1 ?n ?x))
(true (cell 2 ?n ?x)) (true (cell 3 ?n ?x)))

(<= (diagonal ?x) (true (cell 1 1 ?x))
(true (cell 2 2 ?x)) (true (cell 3 3 ?x)))
(<= (diagonal ?x) (true (cell 1 3 ?x))
(true (cell 2 2 ?x)) (true (cell 3 1 ?x)))
(<= (line ?x) (row ?m ?x))
(<= (line ?x) (column ?m ?x))
(<= (line ?x) (diagonal ?x))
(<= open (true (cell ?m ?n b))) (<= (goal white 100) (line x))
(<= (goal white 50) (not open) (not (line x)) (not (line 0)))
(<= (goal white 0) open (not (line x)))
(<= (goal black 100) (line o))
(<= (goal black 50) (not open) (not (line x)) (not (line 0)))
(<= (goal black 0) open (not (line 0)))
(<= terminal (line x))
(<= terminal (line 0))

\\\‘f = terminal (not open)) 4‘///




Ludemes

Stanford GDL Ludemic

ﬂrole white) (role black) \ ((game “Tic-Tac-Toe” \
(init (cell 1 1 b)) (init (cell 1 2 b)) (init (cell 1 3 b)) (players White Black)
(init (cell 2 1 b)) (init (cell 2 2 b)) (init (cell 2 3 b)) (board (hexHex 5))
(init (cell 3 1 b)) (init (cell 3 2 b)) (init (cell 3 3 b)) (play
(init (control white)) (add
(<= (legal ?w (mark ?x ?y)) (true (cell ?x ?y b)) .
(true (control ?w))) (piece Own)
(<= (legal white noop) (true (control black))) (board Empty)
(<= (legal black noop) (true (control white))) )
(<= (next (cell ?m ?n x)) (does white (mark ?m ?n)) )
(true (cell ?m ?n b))) (end (win All ( )))
(<= (next (cell ?m ?n o)) (does black (mark ?m ?n)) )
(true (cell ?m ?n b))) \\¥ 4/}
(<= (next (cell ?m ?n ?w)) (true (cell ?m ?n ?w))

(distinct ?w b))

(<= (next (cell ?m ?n b)) (does ?w (mark ?j °?k))
(true (cell ?m ?n b)) (or (distinct ?m ?j)
(distinct ?n ?k)))

(<= (next (control white)) (true (control black)))

(<= (next (control black)) (true (control white)))




Stanford GDL

Ludemes

///’:role white) (role black)

(true (control ?w)))

(<= (legal white noop) (true (control black)))

(<= (legal black noop) (true (control white)))

(<= (next (cell ?m ?n x)) (does white (mark ?m ?n))
(true (cell ?m ?n b)))

(<= (next (cell ?m ?n o)) (does black (mark ?m ?n))
(true (cell ?m ?n b)))

(<= (next (cell ?m ?n ?w)) (true (cell ?m ?n ?w))
(distinct ?w b))

(<= (next (cell ?m ?n b)) (does ?w (mark ?j °?k))
(true (cell ?m ?n b)) (or (distinct ?m ?j)
(distinct ?n ?k)))

(<= (next (control white)) (true (control black)))

(<= (next (control black)) (true (control white)))

(init (cell 1 1 b)) (init (cell 1 2 b)) (init (cell 1 3 b))
(init (cell 2 1 b)) (init (cell 2 2 b)) (init (cell 2 3 b))
(init (cell 3 1 b)) (init (cell 3 2 b)) (init (cell 3 3 b))
(init (control white))

(<= (legal ?w (mark ?x ?y)) (true (cell ?x ?y b))

~

Ludemic

(game “Tic-Tac-Toe”
(players White Black)
(board (hexHex 5))
(play

(add
(piece Own)
(board Empty)
)
)
(end (win All (
)

\_

)))

Easy to edit
Highly evolvable
Explore design space

PhD (2009)



Methodology

1. Model 2. Reconstruct 3. Map
4 N N )
LuDII System Phylogenetics GeaCron
» Game database » Family tree » Geo-temporal
» Ancestral states » 3,000BC —

» Cultural location

+ +
Mathematical Historical
Data Data

(Complete) (Representative)

Game Quality Historical Authenticity Cultural Mapping



Phylogenetics

ACR: Odom et al. \\\\%\g

A\ MM /Z/ilj :
Phylogenetic Analysis Nature (2014) \\i\ (l'//%{/fg%//
> Family tree of games

7

2
» Ancestral state reconstruction ‘-
> Missing links?

I

Genetics of Games AN
> de Voogt (1999): ‘there is nothing genetic about board games’
> No genetic material

» Horizontal rather than vertical gene transfer?

Genotype = ludemes (form: equipment+rules)
Phenotype = games (function: from play)

Ludemic Distance
» Edit distance between ludeme trees
> Similarity rather than causality

& Sole, JRSI (2015)



Cultural Mapping

GeaCron
> Geo-temporal database

> Yearly maps from 3000BC
> 2 000+ cultures

Services (GPS+Date) u:;; ?ﬁ |
» Culture

» Civilisation

> Country/town

V(1T Tube

‘H'E‘ m rA
A LJd

Historical Events
» Trade routes
> Explorer routes

> Expeditions Historical profile = Cultural location

Viking route from Norway to Paris (845AD)




Reconstructions

Maximise Game Quality + Historical Authenticity

Game Quality

> Estimated by LuDil

> Preferences change over time, culture, individual
> Hard to measure

Flaws
> Universal
> Easier to identify!

Historical Authenticity
> Rules / equipment / concepts appropriate to context:

— Time / Period
— Place / Region

— Culture



Example: Trivial Wins

Mu Torere

> Maori (NZ) 18tC

> Opening rule: First piece moved
must be adjacent to enemy piece

Ascher (1987)
> Two accounts neglected this rule
» Game ends after one move

Low Complexity
> Complete game tree
> 46 states (Straffin 1995)

Function: Game tree expansion
Pathological cases




Example: Endless Games

Small Merels
> Assos (Turkey) ~300BC
» Assume Small Merels

Does Small Merels Work?
» Blinheim rules (1918)
» Became de facto

> Prone to cycles (Heimann 2014)

> |s this a plausible rule set?
> Does it really matter?

Function: Rule set correctness

Uberti’s gobal Merels census (2012)
— Design #88



Example: Biased Rule Sets

Hnefatafl
» Scandiavia, ¢.400BC
» No rules recorded

Linnaeus (1732)
> Saw Tablut played
» Recorded in travel diary (in Latin)

Smith (1811)
> Translated “...likewise the king...” as “...except the king...”
> Biased rule set, unlikely to be accurate

Murray (1913)
> Rules published, became de facto, corrected ever since

Function: Rule set fairness (self-play)



Example: Homoplasy

Tyler (1879)
> Evidence of early contact

Erasmus (1950)
» Coincidence
» “Limitation of Possibilities”

Murray (1952) c.200BC

> Coincidence unlikely

Function: Coincidence estimates
(historical/cultural contexts)

Pachisi
India
6thC? 16thC?



Birrguu Matya
> Australian Aboriginal, 19t"C

Example: Outliers
> Traditional game?
Problems

> No precedent

> Zero-sum at odds with philosophy
> “Invented tradition” (Hobsbawm, 2000)

Meggitt (1958)
» (German missionary
» Afghan camel herders

Function: Outlier detection
(historical/cultural context)




Example: Forensic Reconstruction

Unknown Game
> Poprad, Slovakia (2005)
» Tomb of 4"C Germanic chieftain
> Schadler’s analysis (2018):
— Reconstruction remains elusive

Evidence
> 17x16/15 square grid
» Pieces in two colours + two sizes(?)

Automated Search

> Extrapolate compatible equipment, piece counts and rules

> Constrain to cultural context

» Maximise quality + authenticity = suggested reconstructions

Function: Forensic game reconstruction



Digital Archaaeoludology

Games Research
» Wealth of traditional studies:

— History, anthropology, archaeology, cultural studies...

> Wealth of computational studies:
— Game Al

> Not much overlap Mathematical

Historical \Cultural/ Archaological

Digital Archaoludology
» Modern computational techniques:

— Analysis + reconstruction of games

— Incomplete descriptions

(Digital ArchaeoludologD

Computational



- MODEL RECONSTRUCT j
LUDII g\Lstem w
{m ~ GGP || Quality [| Transfer [ Explain_
RA1, PhD1 MAP
Computational _ [ )
( P ) Ludeme' Library
& { Metadata }
Pl
( Game Database
[ Reader Metadata ]
RA2, PhD2 < | ]
(Cultural) Phylogenetics Mapping
] asn | ][l cutural
Year 1 Year 2 Year 3 Year 4 Year 5
(0) Lubi Sympos. 1 Sympos. 2 Conference Exhibition Other
U » GGP system » Proceedings » Proceedings » Proceedings » Catalogue » Mobile app:
T » Ludemes » Interactive Maps Playable encyclopedia
5 » Games + Reconstructions FN = Family Tree/Network » Public lectures » 45+ papers
T > Manugls ASR = Ancestral State Reconstruction > Allftefacts > 3 books
s :X\ieb s;tlrt]ed ML = Missing Links » Displays » 2 PhD theses
methods




Conclusion

Probabilistic Estimates
» No absolute certainties
» No definite answers

Providing Software Tools
> Facilitate reconstructions
> Map development of games

Feedback welcome!

http:/www.ludeme.eu

Thank you! &b
China, 5488BC
(Japanese players)


http://www.ludeme.eu

