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[B
ased on lecture by Julian Togelius, IT U

niversity of C
openhagen]] 

W
hat is PC

G
 in gam

es?

•
Procedural G

eneration: w
ith no or lim

ited 
hum

an intervention, algorithm
ically

•
of C

ontent: not N
PC

 behaviour, not the 
gam

e engine, things that affect gam
eplay

•
in G

am
es: com

puter gam
es, board gam

es... 
any kind of gam

es
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G
am

e content, e.g.

•
Levels, tracks, m

aps, terrains, dungeons, 
puzzles, buildings, trees, grass, fire, plots, 
descriptions, scenarios, dialogue, quests, 
characters, rules, boards, param

eters, 
cam

era view
point, dynam

ics, w
eapons, 

clothing, vehicles, personalities...
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H
istory: R

untim
e random

 level 
generation

•
R

ogue-2D

1980

H
istory: R

untim
e random

 level 
generation

•
Tribal Trouble

2005

C
ivilization IV
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2005



H
istory: R

untim
e random

 level 
generation

•
D

w
arf Fortress-3D

2007

D
iablo
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2008

D
ejobaan G

am
es

2010

SpeedTree
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Sudoku
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T
he future...

•
C

an w
e drastically cut gam

e developm
ent 

costs by creating content autom
atically 

from
 designers’ intentions?

•
C

an w
e create gam

es that adapt their gam
e 

w
orlds to the preferences of the player?

•
C

an w
e create endless gam

es?

•
C

an the com
puter circum

vent or augm
ent 

lim
ited hum

an creativity and create new
 

types of gam
es?
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PC
G

 >
 random

ness
In general,
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A
 taxonom

y of PC
G

•
O

nline/O
ffline

•
N

ecessary/O
ptional

•
R

andom
 seeds/Param

eter vectors

•
Stochastic/D

eterm
inistic

•
C

onstructive/G
enerate-and-test
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O
nline/O

ffline

•
O

nline: as the gam
e is being played

•
O

ffline: during developm
ent of the gam

e
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N
ecessary/O

ptional

•
N

ecessary content: content the player 
needs to pass in order to progress

•
O

ptional content: can be discarded, or 
bypassed, or exchanged for som

ething else
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Stochastic/
D

eterm
inistic

•
D

eterm
inistic: given the sam

e starting 
conditions, alw

ays creates the sam
e content

•
Stochastic: the above is not the case
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R
andom

 seeds/
Param

eter vectors

•
a.k.a. dim

ensions of control

•
C

an w
e specify the shape of the content in 

som
e m

eaningful w
ay?
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C
onstructive/

G
enerate-and-test

•
C

onstructive: generate the content once 
and be done w

ith it

•
G

enerate-and-test: generate, test for 
quality, and re-generate until the content is 
good enough
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T
he Search-based 

Paradigm
•

A
 special case of generate-and-test:

•
T

he test function returns a num
eric 

fitness value (not just accept/reject)

•
T

he fitness value guides the generation of 
new

 candidate content item
s

•
U

sually im
plem

ented through evolutionary 
com

putation
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Plants?

•
C

ore feature of the natural w
orld... 

therefore of m
any gam

es

•
N

eed for believability

•
Infinitely detailed

•
Sim

ilar and recognizable, but not identical

•
N

eed for com
pact representation

•
N

eed for autom
atic large-scale generation
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SpeedTree
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Self-sim
ilarity
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Self-sim
ilarity

•
N

ature has obviously thought out som
e 

clever w
ay of representing com

plex 
organism

s using a com
pact description...

•
...perm

itting individual variation...

•
...w

hy is this relevant for us?
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ber 17, 2010



L-system
s

•
Introduced by A

ristid Lindenm
eyer 1968, to 

m
odel plant developm

ent

•
C

reates strings (text) from
 an alphabet 

based on a gram
m
ar and an axiom

•
C

losely related to C
hom

sky gram
m

ars (but 
productions carried out in parallel, not 
sequentially)
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A
n exam

ple L-system

•
A

lphabet: {a, b}

•
Production rules 
(gram

m
ar):

a>
ab

b>
a

•
A

xiom
: b

b|a!  a b
  "

 #
a b  a
"

 # !
a b a a b

             _/  /  "
 !

  \
a b a a b a b a

E
xam

ple of a derivation in a 
D

O
L-S

ystem
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Types of L-system
s

•
C

ontext-free: production rules refer only 
to an individual sym

bol

•
C

ontext-sensitive: productions can depend 
on the sym

bol’s neighbours

•
D

eterm
inistic: there is exactly one 

production for each sym
bol

•
Stochastic: several productions for a sym

bol
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A
 graphical interpretation 

of L-system
s

•
Invented/popularized by Prusinkiew

icz 1986

•
C

ore idea: interpret generated strings as 
instructions for a turtle in turtle graphics

•
R

ead the string from
 left to right, changing 

the state of the turtle (x, y, heading)
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Exam
ple

graphical L-system

•
A

lphabet: {F, f, +
, -}

•
F: m

ove the turtle forw
ard (draw

ing a line)

•
f: m

ove the turtle forw
ard (don’t draw

)

•
+

/-: turn right/left (by som
e angle)
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G
raphical L-system

•
axiom

: F+
F+

F+
F

•
gram

m
ar:

F>
F+

F-F-FF+
F+

F-F

•
Turning angle: 90º

n=
0

n=
1

n=
2
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ber 17, 2010



Bracketed L-system
s

•
A

lphabet: {F, f, +
, -, [, ]}

•
[: push the current state (x, y, heading of the 
turtle) onto a pushdow

n stack

•
]: pop the current state of the turtle and 
m

ove the turtle there w
ithout draw

ing

•
Enables branching structures!
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Bracketed L-system
s

•
A

xiom
: F

•
G

ram
m

ar: F>
F[-F]F[+

F][F]

•
Turning angle: 30º

n=
1..5
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3D
 graphics

•
Turtle graphics L-system

 interpretation can 
be extended to 3D

 space:

•
R

epresent state as x, y, z and pitch, roll, yaw

•
+

, -: turn (yaw
) left/right

•
&

, ^: pitch dow
n/up

•
\, /: roll left/right (counterclockw

ise/
clockw

ise)

Friday, Septem
ber 17, 2010

3D
 interpretation
of L-system

s
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3D
 interpretation

of bracketed L-system
s
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2D
L-system

s

be
found

in
[16].

D
iscrete

dynam
ical

system
s

such
as

cellular
autom

ata
[7]

can
also

be
used

as
indirect

representations
of

this
type.

C
ellular

representations
are

an
indirect

representation
that

use
a

gram
m

ar
as

the
basis

of
their

encoding.
T

he
representation

consists
of

a
specification

of
strings

of
production

rules
in

the
gram

m
ar

that,
w

hen
applied,

yield
the

final
structure.

T
hese

representations
w

ere
first

applied
to

artificial
neural

nets
[8,9]

but
have

also
been

applied
to

finite
state

gam
e-playing

agents
[3].

Lindenm
ayer

system
s

or
(L-system

s)[13]w
hich

w
ere

devised
as

com
putational

m
odels

ofplants
[17]are

an
older

type
ofgram

m
aticalindirect

representation
that

share
m

any
features

w
ith

cellular
representations.

L-system
s

have
been

applied
to

targets
as

diverse
as

m
usic

[6],
error

correcting
codes

[4],
and

the
m

orphology
of

virtual
creatures

[10].
In

this
chapter

L-system
s

w
ill

be
used

to
evolve

a
diverse

collection
of

virtual
landscapes.

T
his

encoding
of

virtual
landscapes

uses
a

few
hundred

bytes
of

data
to

specify
a

collection
of

large,
com

plex
virtualim

ages
of

the
sam

e
landscape

at
di erent

resolutions.

R
ules:

A

A

A
A

B
B

B

A
xiom

:

AB

A
A

B

B
A

B
A

Tw
o Expansions:

A
A B

BB

A
AA

A
BAB

B
B B A

F
ig.

1.1.
T

he
axiom

and
rules

for
a

sim
ple

tw
o-dim

ensionalL-system
,together

w
ith

tw
o

expansion
of

the
axiom

.
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Terrain interpretation 
of 2D

 L-system
s

•
Each group of four letters is interpreted as 
instructions for low

ering or raising the 
corners of a square

•
e.g. A

=
+

0.5, B=
-0.5

A
B

B
A
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Terrain interpretation 
of 2D

 L-system
s

•
In next iteration, the 2D

 L-system
 is 

rew
ritten once, and each square is divided 

into tw
o

•
“D

oubling the resolution”

A
B

B
A

A
B

B
A

A
B

B
A

A
B

B
A
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Terrain interpretation 
of 2D

 L-system
s

F
ig

.
1
.3

.
T

h
e

resu
lt

of
six

ex
p
an

sion
s

of
th

e
m

id
p
oin

t
L
-sy

stem
given

in
F
igu

re
1.1

w
ith

h
1

=
0
.8

h
2

=
0
.2

an
d

ω
=

0
.7.

exp
an

sion
(fi

rst,
secon

d
,
etc.).

T
hu

s,
on

th
e

fi
rst

exp
an

sion
,
th

e
valu

e
ad

d
ed

to
th

e
center

of
th

e
in

itial
squ

are
w

h
en

it
is

p
artition

ed
is

th
e

ap
p
rop

riate
h

i

for
th

e
axiom

.
In

th
e

n
ext

exp
an

sion
,
ω
·
h

i
w

ill
b
e

ad
d
ed

to
th

e
h
eights

of
th

e
centers

of
th

e
fou

r
squ

ares
th

e
in

itial
squ

are
w

as
d
ivid

ed
into.

In
th

e
th

ird
exp

an
sion

,
th

e
valu

es
ad

d
ed

w
ill

h
ave

th
e

form
ω

2
·
h

i
for

th
e

centers
of

all
sixteen

squ
ares

p
resent

in
th

at
exp

an
sion

,
an

d
so

on
.
T

h
e

valu
e

ω
controls

th
e

d
egree

to
w

h
ich

th
e

h
eights

associated
w

ith
sym

b
ols

d
ecay

w
ith

exp
an

sion
.

In
th

e
exp

erim
ents

in
th

is
ch

ap
ter,

valu
es

for
ω

b
etw

een
0

an
d

1
are

u
sed

.
A

ren
d
erin

g
of

th
e

exam
p
le

m
id

p
oint

L
-system

given
in

F
igu

re
1.1

is
sh

ow
n

in
F
igu

re
1.3.

A
n

ap
p
lication

of
evolvin

g
L
-system

gram
m

ars
ap

p
ears

in
[12,

15]
w

h
ere

th
e

L
-system

p
rovid

ed
th

e
con

n
ection

top
ology

of
an

artifi
cial

n
eu

ral
n
et.

T
h
e

p
aram

eters
of

th
e

L
-system

interp
reter

w
ere

fi
xed

in
th

at
stu

d
y,

n
ot

evolved
.

E
volu

tion
ary

algorith
m

s
th

at
set

th
e

p
aram

eters
of

an
L
-system

ap
p
ear

in
[1,

2].
In

[11]
L
-system

s
are

u
sed

to
sp

ecify
a

b
od

y
for

an
artifi

cial
agent

th
at

is
co-evolved

togeth
er

w
ith

a
control

system
.
T

h
e

typ
e

of
L
-system

p
resented

in
th

is
ch

ap
ter

is
u
n
iqu

e
in

co-evolvin
g

th
e

p
aram

eters
u
sed

in
interp

retation
togeth

er
w

ith
th

e
L
-system

gram
m

ar.
T

h
e

cu
rrent

ap
p
lication

is
inten

d
ed

to
gen

erate
ru

gged
version

s
of

id
ealized

sm
ooth

lan
d
scap

es
for

u
se

in
virtu

al
reality

ap
p
lication

s.
Id

eally,
th

e
algorith

m
w

ill
gen

erate
a

selection
of

d
iff

er-

Six rew
ritings of A

>
A

BB
A

, B>
A

A
BB
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Evolving L-system
s

•
H

ow
 can w

e com
bine L-system

s w
ith 

evolutionary com
putation?
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Evolutionary 
com

putation?
•

K
eep a population of candidates

•
M

easure the fitness of each candidate

•
R

em
ove the w

orst candidates

•
R

eplace w
ith copies of the best (least bad) 

candidates

•
M

utate/crossover the copies
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Evolving L-system
s

•
Evolving the axiom

•
Evolving the gram

m
ar:

•
change the shape of one or m

ore 
production rules, or

•
add/rem

ove/replace productions

•
counter lim

its

•
Evolving the interpretation:

•
Evolve production probabilities

•
Evolve other aspects (e.g. turning angles)
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Fitness functions

•
Phototropism

•
Bilateral sym

m
etry

•
Proportion of branching points
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Evolved L-system
s

  

  

   

 

Branching
points

Sym
m

etry

Phototropism
 +

Sym
m

etry

Phototropism

A
ll 3
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M
ultiobjective Exploration 

of the StarC
raft M

ap Space
Julian Togelius, M

ike Preuss,
N

icola Beum
e, Sim

on W
essing,

Johan H
agelbäck and G

eorgios N
. Yannakakis

Friday, Septem
ber 24, 2010

2010 IEEE Sym
posium

 on C
om

putational Intelligence and G
am

es

StarC
raft

•
C

lassic real-tim
e 

strategy gam
e

•
K

orea’s unofficial 
national sport

•
Tw

o or three player 
com

petitive m
atches

•
T

hree distinct races
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W
hy generate m

aps?
•

G
ive players an unlim

ited supply of new
, 

unpredictable m
aps

•
N

egates rote learning advantages

•
D

ynam
ically adapt the gam

e to individual 
players’ strengths...

•
...or to groups of players!

•
H

elp designers generate m
ore novel and 

balanced m
aps

•
H

elp them
 w

ith the “boring stuff”
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Traditional (constructive) 
m

ap generation
•

Place features on m
aps according to som

e 
heuristic

•
e.g. fractals, grow

ing islands, cellular 
autom

ata

•
H

ard or im
possible to optim

ize for 
gam

eplay properties

•
R

estrictions on possible content necessary 
in order to ensure valid m

aps
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ber 24, 2010



O
ur approach:

•
D

irect/indirect m
ap representations

•
A

n ensem
ble of fitness functions

•
M

ultiobjective evolution

Friday, Septem
ber 24, 2010

O
ur approach

•
D

efine desirable traits of RT
S m

aps

•
O

perationalize these traits as fitness 
functions

•
D

efine a search space for m
aps

•
Search for m

aps that satisfy the fitness 
functions as w

ell as possible, using 
m

ultiobjective evolution

•
(visualize trade-offs as Pareto fronts)
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D
esirable traits

of an RT
S m

ap

•
Playability

•
Fairness

•
Skill differentiation

•
Interestingness

Friday, Septem
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Playability
fitness functions

•
Base space: m

inim
um

 am
ount of space 

around bases

•
Base distance: m

inim
um

 distance betw
een 

bases (via A
*)
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Fairness
fitness functions

•
D

istance from
 base to closest resource

•
R

esource ow
nership

•
R

esource safety

•
R

esource fairness
functionsbase

theirfitnesscalculationsdirectly
on

the
pheno-

type
representation

of
the

content.Such
fitness

functions
are

obviously
m

uch
easier

to
im

plem
ent

and
faster

to
com

pute
than

sim
ulation-based

functions,butitis
hard

to
devise

direct
fitness

functions
thataccurately

predictkey
aspects

ofplayer
experience

(except
w

hen
basing

them
on

data-driven
player

m
odels

builtfrom
extensive

user
studies

[11]).
For

this
paper,

w
e

do
not

have
the

luxury
of

having
hum

an
players

sit
through

countless
hours

to
test

the
tens

of
thousands

of
candidate

m
aps

the
evolutionary

algorithm
generates,nor

any
reliable

and
efficientw

ay
of

testing
m

aps
through

algorithm
ic

playthrough
of

the
fullgam

e.H
ow

ever,
w

e
can

sim
ulate

one
key

aspect
of

RTS
gam

eplay:
m

oving
betw

een
tw

o
points

along
the

fastest
possible

path.
W

e
use

the
classical

A
*

algorithm
for

this
task,

w
hich

returns
the

num
berofcells

along
the

shortestpath
(avoiding

im
passable

areas)–
ifnototherw

ise
specified,“distance”

m
eans

num
ber

of
cells

on
the

shortest
path

found
by

A
*

in
the

rest
of

the
paper.

W
e

defined
eight

different
fitness

m
easures

(m
ainly

based
on

distance)
intended

to
reflect

various
desired

gam
e

characteristics.
It

w
as

at
the

tim
e

of
their

form
ulation

not
clear

to
w

hich
degree

the
various

functions
conflicted

or
induced

searchable
fitness

landscapes.
The

experim
ents

in
thispaperinvestigate

the
interplay

ofpairsofthese
functions.

The
designed

fitness
functions

are
m

otivated
by

a
num

ber
of

desirable
characteristics

of
good

StarC
raftm

aps:
•

Playability:
It

should
be

possible
to

engage
in

norm
al

gam
eplay:building

up
a

base,attacking
enem

ies
etc.

•
Fairness:

A
llplayers

should
have

sim
ilar

possibility
of

w
inning

the
gam

e
given

the
sam

e
skilllevel.N

ote
that

this
does

not
necessarily

m
ean

that
starting

positions
should

be
or

look
sim

ilar.
•

Skill
differentiation:

Superior
tactics

should
w

in
m

ore
often,so

the
m

ap
should

allow
use

of
differenttactics.

•
Interestingness:M

aps
should

notalllook
the

sam
e,and

should
notbe

bland
(e.g.sym

m
etricalor

featureless).
B

efore
calculating

any
of

the
below

fitness
m

easures,the
m

ap
is

“sanity
checked”

by
ensuring

that
every

base
and

allresources
are

accessible
(there

exists
a

path
w

hich
is

not
blocked

by
im

passable
areas)

from
every

other
base.

A
ny

m
ap

not
satisfying

these
criteria

is
assigned

a
fitness

of
0

in
all

objectives,
effectively

discarding
it.

This
test

ensures
basic

playability.
A

ll
fitness

functions
are

to
be

m
axim

ized
and

are
norm

alized
to

values
in

[0,1].
The

first
tw

o
fitness

functions
relate

m
ainly

to
the

prop-
erties

of
the

placem
entof

players’
starting

bases,and
to

the
im

passable
area

around
and

betw
een

bases.
•

f
b0 :

Base
space.

For
playability,

som
e

space
for

other
buildings

is
required

next
to

the
base.

O
ut

of
the

5*5
cells

surrounding
a

base,the
base

space
is

defined
as

the
fraction

of
these

cells
that

are
passable

and
reachable

w
ithin

5
steps

(using
A

*)
from

the
base.

This
fitness

value
is

the
m

ean
of

the
base

space
of

allbases.
•

f
b1 :

Base
distance.

The
m

easure
m

akes
sure

that
the

bases
are

not
too

easy
to

reach
from

each
other

so
that

each
player

have
the

opportunity
to

develop
their

(a)
unsafe

resources
(b)

safe
resources

Fig.
1:

Safe
and

unsafe
resources.

B
ases

are
depicted

by
pentagons,

resources
as

circles.
The

lines
m

ark
shortest

possible
paths

for
attackers/defenders.

base
before

clashing
w

ith
the

others.
It

contributes
to

playability
and

skilldifferentiation
as

the
gam

e
is

m
ore

difficultforallplayers
w

hen
starting

close
to

each
other.

f
b1

is
the

m
inim

um
distance

betw
een

any
tw

o
bases,

dividedby
the

sum
of

the
m

ap’s
w

idth
and

height.
The

next
four

fitness
functions

relate
to

the
placem

ent
of

resources,
relative

to
each

other
and

to
bases;

all
of

these
m

easures
m

ainly
contribute

to
fairness.

•
f
r
1 :

D
istance

from
base

to
closest

resource.
The

dis-
tance

from
each

base
to

itsclosestm
ineraland

itsclosest
gas

w
ells

is
calculated.

f
r
1

is
the

quotientbetw
een

the
m

inim
al

and
m

axim
al

distance
to

the
closest

resource
for

allbases.
•

f
r
2 :

Resource
ow

nership.Each
base

is
associated

w
ith

its
closest

resource
(done

separately
for

m
inerals

and
gas

w
ells)

and
the

base
is

considered
as

the
ow

ner
of

that
resource.

In
case

a
resource

is
the

closest
to

m
ore

than
one

base,the
bases

ow
n

only
a

fraction
of

it
each

(assum
ing

fairsharing).
f
r
2

is
the

average
fraction

players
ow

n
of

their
closestresources,w

here
a

value
of

1
m

eans
thatallresource

are
clearly

assigned.
•

f
r
3 :

Resource
safety.

A
nother

m
easure

of
how

clearly
resources

are
assigned

to
a

single
player,

f
r
3

m
ea-

sures
the

average
deviation

of
path

lengths
betw

een
one

resource
and

all
bases

(see
Fig.

1).
So,

for
bases

b
1 ,...,b

n
and

resources
r
1 ,...,r

m
w

e
calculate

all
path

lengths
betw

een
resources

and
bases

and
group

them
by

resource
type:

⇥
j
=

1,...,m
:
D

j
=

{d
ist(r

j ,b
i )|

i
=

1,...,n}
.

f
r
3
=

m
in{s

G
as ,s

M
inerals },

w
here

s
G

as
and

s
M

inerals
are

sim
ply

the
average

standard
deviations

ofthe
respective

sets
D

j .
•

f
r
4 :

Resource
fairness.

For
each

base,
the

shortest
distance

to
both

types
of

resources
is

calculated.
The

fitness
is

then
calculated

as
1
�

(m
ax

�
m
in
),

w
here

m
ax

and
m
in

are
the

m
axim

um
and

m
inim

um
distances

betw
een

a
base

and
its

nearestresource.
The

rem
aining

tw
o

fitnessfunctionsdealw
ith

the
character

of
the

paths
of

the
m

ap.
These

functions
m

ainly
contribute

to
skilldifferentiation

and
interestingness.

Friday, Septem
ber 24, 2010

Skill differentiation 
fitness functions

(also contribute to interestingness)

•
C

hoke points
(narrow

est w
idth of shortest path)

•
Path overlapping
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ber 24, 2010



D
ual m

ap 
representation

•
Indirect representation: a vector of real 
num

bers in {0..1}

•
D

irect representation: a 64x64 grid 
corresponding to a StarC

raft m
ap, including 

im
passable areas, bases, resource sites

•
G

enotype to phenotype m
apping:

before fitness calculation

Friday, Septem
ber 24, 2010

G
enotype to 

phenotype
•

Tw
o or three bases, five m

ineral sources 
and five gas w

ells: (phi, theta) coordinates

•
R

ock form
ations represented indirectly 

using “turtle graphics”. Each form
ation has:

•
(x, y) starting position

•
probability of turning left/right

•
probability of gaps (“lifting the pen”)

Friday, Septem
ber 24, 2010

(a)
M

ap
1

(b)
M

ap
2

Fig.2:Exam
ple

m
aps

generated
by

optim
ization

w
ith

differentobjective
function

com
binations.

TA
B
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0
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f
r
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0
.4
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0
.4
7
9

0
.0
5
3

f
r
4

0
.8
9
1

0
.1
0
8

f
p
1

0
.0
9
9

barrier;
see

figure
2

for
an

exam
ple.

f
r
2

and
f
r
3

are
both

attem
pts

at
m

easuring
the

sam
e

underlying
quality,

and
predictably

there
is

alm
ost

no
conflict

betw
een

them
;

the
average

Pareto
front

size
is

just
over

1.
A

ll
hypervolum

es
involving

f
p
2

(path
overlapping)

are
very

sm
all,m

aybe
due

to
inadequate

norm
alization.

A
n

im
provem

ent
w

ould
be

to
norm

alize
w

ith
respectto

free
cells

only
ratherthan

allcells.

C
.

M
ap

G
eneration

Figure
2

depicttw
o

resulting
from

the
sim

ultaneous
opti-

m
ization

of
f
r
4

and
f
p
1 .The

m
ap

w
as

generated
using

the

m
ethod

described
in

section
III.The

large
blue

and
red

circles
m

ark
the

tw
o

bases.
M

inerals
are

indicated
by

light
blue

diam
onds,

gas
w

ells
by

a
crater.

The
im

passable
areas

are
draw

n
either

as
m

ountains
(grey)

or
as

w
ater

(dark
blue).A

s
can

be
seen

from
the

figure,the
bases

are
situated

close
to

the
m

ap
borders

(probably
due

to
the

base
placem

entm
ethod

and
the

f
b1

constraints),the
im

passable
areas

are
perforated

w
ith

sm
allgaps

(f
p
1 )and

the
resources

are
very

evenly
distributed

(f
r
4 ).

D
.

D
iscussion

O
urvariousfitnessfunctionsturned

to
differgreatly

in
how

easily
they

w
ere

to
optim

ize
and

theirpotentialforinteresting
conflicts

w
ith

otherobjectives.The
base

placem
entfunctions

f
b1

and
f
b2 ,

w
ere

so
easy

to
optim

ize
that

they
could

be
converted

to
constraints.

The
resultof

optim
izing

for
the

resource
placem

entfunc-
tions

looked
very

differentupon
visualinspection.W

e
w

ere
less

than
satisfied

w
ith

functions
f
r
1

and
f
r
2 ;

the
latter

because
it

is
too

easy
to

optim
ize,

and
the

form
er

because
it

results
in

m
aps

that
don’t

look
very

StarC
raft-like.

f
r
4 ,

w
hich

considersallresourcesratherthan
justthe

closestones,
renders

m
uch

m
ore

palatable
results.This

suggestthata
m

ap
generatorcould

use
som

ething
like

f
r
4

to
generate

the
global

resource
placem

ent,
and

then
sim

ple
place

one
resource

of
each

type
w

ithin
a

single-screen
line

ofsightfrom
each

base.
A

sim
ilar

m
easure

thatallow
s

the
difficulty

of
the

resources
to

be
scaled

w
ould

be
interesting

as
w

ell.
O

ptim
izing

the
choke

pointfunction
f
p
1

tends
to

generate
scattered

and
disconnected

im
passable

areas,suggesting
that

optim
izing

forlow
values

ofthe
sam

e
functions

could
gener-

ate
areas

ofcom
pactim

passable
areas

and
open

spaces.This

Evolved m
ap

R
esource fairness vs. choke points
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Figure
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depicttw
o

resulting
from

the
sim

ultaneous
opti-

m
ization

of
f
r
4

and
f
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1 .The

m
ap

w
as

generated
using

the
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ethod

described
in

section
III.The
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and
red

circles
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ark
the

tw
o

bases.
M

inerals
are

indicated
by

light
blue
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by
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The
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are
draw
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either
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or
as

w
ater

(dark
blue).A

s
can

be
seen

from
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figure,the
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are
situated
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to

the
m
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borders

(probably
due

to
the

base
placem

entm
ethod

and
the

f
b1

constraints),the
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passable
areas

are
perforated

w
ith

sm
allgaps

(f
p
1 )and

the
resources

are
very

evenly
distributed

(f
r
4 ).

D
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urvariousfitnessfunctionsturned

to
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in
how

easily
they

w
ere

to
optim

ize
and

theirpotentialforinteresting
conflicts

w
ith

otherobjectives.The
base

placem
entfunctions

f
b1

and
f
b2 ,

w
ere

so
easy

to
optim

ize
that

they
could

be
converted

to
constraints.

The
resultof

optim
izing

for
the

resource
placem

entfunc-
tions

looked
very

differentupon
visualinspection.W

e
w

ere
less

than
satisfied

w
ith

functions
f
r
1

and
f
r
2 ;

the
latter

because
it

is
too

easy
to

optim
ize,

and
the

form
er

because
it

results
in

m
aps

that
don’t

look
very

StarC
raft-like.

f
r
4 ,

w
hich

considersallresourcesratherthan
justthe

closestones,
renders

m
uch

m
ore

palatable
results.This

suggestthata
m

ap
generatorcould

use
som

ething
like

f
r
4

to
generate

the
global

resource
placem

ent,
and

then
sim

ple
place

one
resource

of
each

type
w

ithin
a

single-screen
line

ofsightfrom
each

base.
A

sim
ilar

m
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thatallow
s

the
difficulty

of
the

resources
to

be
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w
ould
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w

ell.
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izing
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pointfunction
f
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1
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ofcom
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open
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A
nother evolved m

ap
R

esource fairness vs. choke points
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ber 24, 2010

T
hree-player m

ap
Friday, Septem

ber 24, 2010

A
nother three-player m

ap
Friday, Septem

ber 24, 2010



A
gent-based m

ethods

•
U

se a num
ber of “artificial agents” that 

construct the landscape by acting on it

•
A

gents of different types do different jobs

•
C

ould be m
ore controllable than diam

ond-
square

•
C

ould give rise to different types of 
landscapes

Friday, Septem
ber 24, 2010

C
ontrolled Procedural 
Terrain G

eneration 
U

sing Softw
are A

gents
Jonathon D

oran and Ian Parberry

Published in IEEE T
C

IA
IG

, 2010
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D
&

P’s five agent types

•
C

oastline agents

•
Sm

oothing agents

•
Beach agents

•
M

ountain agents

•
R

iver agents

Friday, Septem
ber 24, 2010

R
ules for agents

•
Each agent has a set num

ber of “tokens” to 
spend on actions

•
Each agent is allow

ed to see the current 
elevation around it, and allow

ed to m
odify 

it

•
A

gents don’t interact directly

Friday, Septem
ber 24, 2010

In the beginning...

...there w
as a vast ocean.

T
hen cam

e the first coastline agent.

Friday, Septem
ber 24, 2010

C
oastline agents

•
M

ultiply until they cover the w
hole coast - 

about 1000 necessary for this size m
aps

•
M

ove out to position them
selves right at 

the border of land and sea

•
G

enerate a repulsor and an attractor point

•
Score all neighbouring points according to 
distance to repulsor and attractor points

•
M

ove to the best-scoring points, adding 
land as they go along

Friday, Septem
ber 24, 2010



F
igure

1:
C

oastlines
produced

by
coastline

agents
w

ith
(left

to
right)

sm
all,

m
edium

and
large

action
sizes

C
o
a
st

lin
e
-G

e
n
e
r
a
t
e(agen

t)
1

if
tok

en
s(agen

t)�
lim

it
2

th
en

3
create

2
child

agents
4

for
each

ch
ild

5
d
o

6
child

⇥
a

random
seed

point
on

parent’s
border

7
child

⇥
1/2

ofthe
parent’s

tokens
8

child
⇥

a
random

direction
9

C
o
a
st

lin
e
-G

e
n
e
r
a
t
e(child)

10
else

11
for

each
tok

en
12

d
o

13
point

⇥
random

border
point

14
for

each
point

p
adjacent

to
point

15
d
o

16
score

p
17

fillin
the

point
w

ith
the

highest
score

3
.2

S
m

o
o
th

in
g

A
g
en

ts

Sm
oothing

agents
m

ake
random

w
alks

around
the

m
ap

adjusting
the

height
of

an
arbitrary

point
p

to
be

the
average

of
points

in
an

extended
von

N
eum

ann
neighborhood

of
p

consisting
of

the
four

orthogonalm
ap

points
surrounding

p
on

the
elevation

grid
and

the
four

points
beyond

these
(see

W
olfram

[29]).
A

w
eighted

average
height

is
calculated,

w
ith

the
center

point
given

3
tim

es
the

w
eight

of
the

other
points.

T
herefore

nine
points

w
ith

a
totalw

eight
of

eleven
are

used.
T

his
provides

som
e

inertia
to

prevent
elevations

from
rapidly

changing.
W

e
believe

that
the

extended
neighborhood

is
responsible

for
the

em
ergence

of“interesting”
curved

features
on

the
m

ap.
U

se
of

an
8-cellM

oore
neighborhood

resulted
in

less
“interesting”

results.
E

ach
sm

oothing
agent

returns
to

its
point

of
origin

periodically.
T

his
encourages

sm
oothing

6
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C
oastline agents
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calculated,

w
ith

the
center

point
given

3
tim

es
the

w
eight

of
the

other
points.
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believe

that
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is
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for
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E
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point
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T

his
encourages

sm
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Varying action sizes
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Sm
oothing agents

•
Take random

 w
alks on 

the m
ap

•
C

hange the elevation of 
each visited point to 
(alm

ost) the m
ean of its 

extended von N
eum

ann 
neighbourhood
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ber 24, 2010

Sm
oothing agents

agents
to

operate
in

a
local

area,
w

hich
is

useful
w

hen
certain

features
of

the
m

ap
need

m
ore

sm
oothing

than
others.

T
he

only
configurable

param
eter

for
sm

oothing
agents

is
the

num
ber

of
tim

es
that

the
agent

w
illreturn

to
its

start
point.

Setting
this

num
ber

to
a

large
value

causes
the

agent
to

spend
m

ost
ofits

tim
e

near
the

start
point.

T
his

provides
a

great
dealofsm

oothing
for

that
area,rather

than
less

sm
oothing

spread
over

a
larger

area
in

the
case

w
here

the
agent

is
allow

ed
to

w
ander

further
aw

ay.

S
m
o
o
t
h(starting-point)

1
location

�
starting-point

2
for

each
tok

en
3

d
o

4
h
eigh

tloca
tion
�

w
eighted

average
ofneighborhood

5
location

�
random

neighboring
point

3
.3

B
ea

ch
A

g
en

ts

B
each

agents
create

flat
sandy

areas
next

to
the

m
ain

coastline
after

the
coastline

agents
have

finished.
B

efore
they

begin,points
on

the
m

ain
coastline

are
identified

using
breadth-first

search.
B

each
agents

then
use

these
points

to
place

them
selves

on
the

coastline.
T

hey
then

perform
random

w
alks

flattening
areas

ofbeach,follow
ing

the
shoreline.

B
each

agents
adjust

the
height

ofthe
beach

to
allow

random
fluctuations

in
elevation

so
the

beach
is

not
a

uniform
flat

space.
A

fter
m

oving
to

a
spot

on
the

coastline,
the

agent
w

ill
low

er
the

nearby
points

and
jum

p
inland

to
perform

a
random

w
alk.

T
his

creates
variable

sized
sandy

areas
that

can
extend

a
short

distance
from

the
w

ater.
A

fter
the

random
w

alk
is

com
plete,the

agent
returns

to
the

coastline
and

continues
to

w
alk

along
the

shore.
If

an
agent

becom
es

stuck
(for

exam
ple

running
into

a
m

ountain
range)

and
is

unable
to

continue
its

w
alk,it

m
oves

to
another

random
ly

chosen
point

on
the

m
ain

coastline
and

continues.
B

each
agents

avoid
high

areas,
so

any
m

ountains
that

are
next

to
the

ocean
are

left
alone.

O
ne

of
the

m
ore

im
portant

param
eters

for
the

beach
agent

is
the

altitude
lim

it,
above

w
hich

the
agent

abandons
an

area
and

m
oves

elsew
here.

W
hen

the
altitude

lim
it

is
low

,the
raised

area
near

the
m

iddle
of

the
beach

is
allow

ed
to

rem
ain.

W
hen

the
altitude

lim
it

is
high,

the
agent

is
able

to
continue

its
w

ork
in

this
area

and
flattens

the
m

ound.
B

each
agents

set
the

height
ofthe

beach
to

random
values

w
ithin

a
specified

range
specified

by
the

designer.
W

hen
this

range
is

narrow
,
flat

beaches
are

created.
W

hen
it

is
raised

a
bit

w
e

see
m

ore
bum

ps.
T

he
designer

can
also

controlthe
w

idth
of

a
beach

by
indicating

how
far

inland
the

beach
agents

should
begin

flattening,and
how

long
their

random
w

alk
should

be.
F
igure

2
show

s
the

e�ects
ofvarying

the
w

idth
ofa

beach.

7
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Beach agents

•
Select random

 position along the coast, 
w

here coast is not too steep

•
Flatten an area around this point (leaving 
sm

all variations)

•
M

ove random
ly a short direction aw

ay 
from

 the coast, flattening the area
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Beach agents
F
igure

2:
B

eaches
produced

by
beach

agents
w

ith
(left

to
right)

sm
all,

m
edium

,
and

large
beach

w
idth.

B
e
a
c
h
-G

e
n
e
r
a
t
e(starting-point)

1
location

⇥
starting-point

2
for

each
tok

en
3

d
o

4
if

h
eigh

tloca
tion
�

lim
it

5
th

en
6

location
⇥

random
shoreline

point
7

flatten
area

around
location

8
sm

ooth
area

around
location

9
in

lan
d
⇥

random
point

a
short

distance
inland

from
location

10
for

i⇥
0

to
size(w

alk)
11

d
o

12
flatten

area
around

in
lan

d
13

sm
ooth

area
around

in
lan

d
14

in
lan

d
⇥

random
neighboring

point
15

location
⇥

random
neighboring

point
of

location

3
.4

M
o
u
n
ta

in
A

g
en

ts

M
ountain

agents
raise

m
ountain

ranges.
E

ach
starts

at
a

random
point

on
land

and
selects

a
preferred

direction
of

travel.
A

s
a

m
ountain

agent
m

oves
in

this
direction

it
raises

an
inverted

V
shaped

w
edge

of
points

w
ith

the
center

line
becom

ing
the

ridge
line.

T
he

agent
w

ill
m

ove
along

this
ridge

and
w

illperiodically
decide

to
change

direction
w

ithin
a

90
degree

cone
from

its
original

direction.
T

he
e�ect

is
that

the
agent

zig-zags
but

heads
generally

in
the

sam
e

direction.
If

an
agent

runs
into

the
ocean

or
the

m
ap

edge,it
changes

direction
to

avoid
this

obstacle.
T

he
w

idth
ofthe

V
-shaped

w
edge

determ
ines

the
generalw

idth
ofthe

m
ountains,and

to
a

large
degree

the
slope

ofthe
m

ountain
sides.

T
he

rate
at

w
hich

the
slope

drops
in

elevation
is

random
ly

determ
ined

for
each

w
edge

(w
ithin

a
designer-specified

range),
w

hich
produces

som
e

interesting
features

on
the

sides
of

the
m

ountains.
M

ountain
agents

also
periodically

create
foothills

running
perpendicular

to
the

m
ountain

range
axis.

Sm
oothing

is
perform

ed
on

the
m

ountain
after

the
w

edge
is

raised,blending
the

heights
and

leaving
gentler

transitions
betw

een
nearby

points.
P

rior
terrain

generators
have

used
other

techniques
for

creating
m

ountains,
such

as
fault

gen-
eration

[10,
23],

fractal
m

idpoint
displacem

ent
[24],

and
point

deposition
[2,

15,
25].

W
hile

w
e

8
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Beach agents

Varying beach w
idth

F
igure

2:
B

eaches
produced

by
beach

agents
w

ith
(left

to
right)

sm
all,

m
edium

,
and

large
beach

w
idth.

B
e
a
c
h
-G

e
n
e
r
a
t
e(starting-point)

1
location

⇥
starting-point

2
for

each
tok

en
3

d
o

4
if

h
eigh

tloca
tion
�

lim
it

5
th

en
6

location
⇥

random
shoreline

point
7

flatten
area

around
location

8
sm

ooth
area

around
location

9
in

lan
d
⇥

random
point

a
short

distance
inland

from
location

10
for

i⇥
0

to
size(w

alk)
11

d
o

12
flatten

area
around

in
lan

d
13

sm
ooth

area
around

in
lan

d
14

in
lan

d
⇥

random
neighboring

point
15

location
⇥

random
neighboring

point
of

location

3
.4

M
o
u
n
ta

in
A

g
en

ts

M
ountain

agents
raise

m
ountain

ranges.
E

ach
starts

at
a

random
point

on
land

and
selects

a
preferred

direction
of

travel.
A

s
a

m
ountain

agent
m

oves
in

this
direction

it
raises

an
inverted

V
shaped

w
edge

of
points

w
ith

the
center

line
becom

ing
the

ridge
line.

T
he

agent
w

ill
m

ove
along

this
ridge

and
w

illperiodically
decide

to
change

direction
w

ithin
a

90
degree

cone
from

its
original

direction.
T

he
e�ect

is
that

the
agent

zig-zags
but

heads
generally

in
the

sam
e

direction.
If

an
agent

runs
into

the
ocean

or
the

m
ap

edge,it
changes

direction
to

avoid
this

obstacle.
T

he
w

idth
ofthe

V
-shaped

w
edge

determ
ines

the
generalw

idth
ofthe

m
ountains,and

to
a

large
degree

the
slope

ofthe
m

ountain
sides.

T
he

rate
at

w
hich

the
slope

drops
in

elevation
is

random
ly

determ
ined

for
each

w
edge

(w
ithin

a
designer-specified

range),
w

hich
produces

som
e

interesting
features

on
the

sides
of

the
m

ountains.
M

ountain
agents

also
periodically

create
foothills

running
perpendicular

to
the

m
ountain

range
axis.

Sm
oothing

is
perform

ed
on

the
m

ountain
after

the
w

edge
is

raised,blending
the

heights
and

leaving
gentler

transitions
betw

een
nearby

points.
P

rior
terrain

generators
have

used
other

techniques
for

creating
m

ountains,
such

as
fault

gen-
eration

[10,
23],

fractal
m

idpoint
displacem

ent
[24],

and
point

deposition
[2,

15,
25].

W
hile

w
e

8
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M
ountain agents

•
Start at random

 positions and directions

•
M

ove forw
ard, continuously elevating a 

w
edge, creating a ridge

•
Turn random

ly w
ithout 45 degrees from

 
the initial course

•
Periodically offshoot “foothills” 
perpendicular to m

ovem
ent direction

Friday, Septem
ber 24, 2010

M
ountain agents

F
igure

4:
H

illagents
produce

hills,sim
ilar

to
the

w
ay

m
ountain

agents
produce

m
ountains.

M
o
u
n
ta

in
-G

e
n
e
r
a
t
e(startin

g
p oin

t)
1

location
�

starting-point
2

direction
�

random
direction

3
for

each
token

4
d
o

5
elevate

w
edge

perpendicular
to

direction
6

sm
ooth

area
around

location
7

location
�

next
point

in
direction

8
every

n-th
tok

en
9

d
o

10
direction

�
original-direction

±
45-degrees

3
.5

H
ill

A
g
en

ts

H
ill

agents
are

a
special

case
of

the
m

ountain
agent.

A
s

w
ith

a
m

ountain
agent,

the
designer

specifies
the

num
ber

of
tokens

assigned
to

each
hill

agent,
indirectly

determ
ining

the
size

of
each

hill.
H

illagents
generally

create
very

short
m

ountain
ranges

w
ith

a
low

er
altitude,and

no
foothills,

as
seen

in
F
igure

4.
H

illagents
m

ay
have

their
altitude

range
determ

ined
by

specifying
a

m
axim

um
altitude

and
a

variance.
Since

hillagents
are

a
specialcase

of
m

ountain
agents,

these
param

eters
w

ork
exactly

as
they

do
for

m
ountain

agents.

H
ill-G

e
n
e
r
a
t
e(m

ou
n
tain)

1
location

�
random

point
at

the
base

of
m

ou
n
tain

2
direction

�
direction

aw
ay

from
m

ou
n
tain

centerline
3

for
each

tok
en

4
d
o

5
h
eigh

tloca
tion
�

w
eighted

average
ofneighborhood

6
raise

a
w

edge
perpendicular

to
direction

7
location

�
next

point
in

direction

10
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M
ountain agents

N
arrow

 versus w
ide features

F
igure

3:
M

ountains
w

ith
narrow

er
features

(left),and
w

ith
w

ider
features

(right).

m
ake

no
explicit

attem
pt

to
sim

ulate
faults,our

m
ountain

agent’s
terrain

elevation
is

sim
ilar,w

ith
the

m
ajor

di�erence
being

that
the

m
ountain

agent
determ

ines
its

path
as

it
operates,

avoiding
obstacles

in
its

w
ay,w

hereas
fault

sim
ulators

determ
ine

the
fault’s

position
prior

to
m

odifying
the

landscape.
T

he
M

ountain
agent’s

sim
plistic

w
edge

raising
produces

acceptable
results,

m
ainly

due
to

the
interaction

ofthe
sm

oothing
agents

that
are

m
aking

random
w

alks
over

the
terrain.

F
igure

3
show

s
the

e�ects
ofw

idening
a

m
ountain

and
increasing

its
foothilllength.

M
ountain

agents
are

the
m

ost
configurable

of
all

agents,
as

they
introduce

m
ost

of
the

inter-
esting

features
on

a
landscape.

W
ithout

them
the

heightm
ap

w
ould

be
m

ostly
flat.

T
he

designer
determ

ines
the

num
ber

of
m

ountain
agents

that
w

ill
run,

and
specifies

how
m

any
tokens

each
m

ountain
agent

w
ill

receive.
A

single
m

ountain
agent

w
ill

random
ly

position
itself

on
the

m
ap,

decide
on

direction,and
begin

elevating
terrain.

It
stops

w
hen

it
runs

out
oftokens

or
is

unable
to

proceed
due

to
som

e
obstacle.

M
ountain

agents
attem

pt
to

turn
to

avoid
obstacles,but

this
ability

is
lim

ited
to

ensure
that

agents
do

not
random

ly
w

ander
the

m
ap.

M
ountain

agents
are

given
a

m
axim

um
altitude,and

vary
the

generated
heightw

ithin
a

specified
range

below
thisheight.

M
ountain

agentsm
ay

also
be

assigned
a

w
idth

and
slope,w

hich
allow

sthem
to

either
spread

out,
or

to
create

tall
narrow

ranges.
W

hile
m

ountain
agents

perform
sm

oothing,
they

also
follow

this
up

by
adding

noise
to

restore
som

e
of

the
character

lost
during

sm
oothing.

T
his

noise
is

specified
by

a
probability

ofaltering
a

point’s
altitude,and

a
variance.

W
hen

a
point’s

altitude
is

m
odified

during
this

roughening
phase,a

random
value

up
to

the
variance

param
eter

is
either

added
or

subtracted
from

the
point’s

current
altitude.

M
ountain

agents
periodically

generate
foothills

perpendicular
to

the
range

axis.
T

he
lengths

of
these

are
random

ly
determ

ined
from

a
configurable

range,
as

is
the

frequency
at

w
hich

these
foothills

are
created.
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R
iver agents

•
M

ove from
 a random

 point on the coast 
tow

ards a random
 point on a m

ountain 
ridge

•
“W

iggle” along the path

•
Stop w

hen reaching too high altitudes

•
R

etrace the path dow
n to the ocean, 

deepening a w
edge along the path
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R
iver agents

F
igure

5:
R

iver
agents

generated
a

dry
river

bed
(left),

and
three

rivers
that

m
eet

at
the

ocean
(right).

R
iv

e
r
-G

e
n
e
r
a
t
e()

1
coast�

random
point

on
coastline

2
m

ou
n
tain

�
random

point
at

base
ofa

m
ountain

3
poin

t�
coast

4
w

h
ile

poin
t
n
ot

at
m

ou
n
tain

5
d
o

6
add

poin
t

to
path

7
poin

t�
next

point
closer

to
m

ou
n
tain

8
w

h
ile

poin
t
n
ot

at
coast

9
d
o

10
flatten

w
edge

perpendicular
to

dow
nhilldirection

11
sm

ooth
area

around
poin

t
12

poin
t�

next
point

in
path

4
Im

p
lem

en
ta

tio
n

a
n
d

E
va

lu
a
tio

n

W
e

have
im

plem
ented

a
fram

ew
ork

that
executes

runnable
agents

in
a

random
order,

and
for

a
random

slice
oftim

e
(w

ithin
a

w
indow

).
W

e
assum

e
atom

ic
locking

exists
at

the
vertex

level.
T

he
first

phase
of

agents,
those

that
produce

the
coastline,

do
not

share
this

scheduling
system

,
but

there
is

nothing
in

these
agents

w
hich

depend
on

other
agents.

T
he

purpose
ofthis

fram
ew

ork
is

to
dem

onstrate
the

independence
ofagents.

T
he

sim
plistic

behavior
ofthese

agents
results

in
com

plex
interactions

am
ong

agents,and
that

the
terrain

is
an

em
ergent

result.
O

ur
agent-based

terrain
generator

lends
itself

to
im

plem
entation

in
either

a
purely

procedural
environm

ent,
or

in
a

designer-centric
environm

ent.
In

the
form

er
a

gam
e

could
use

our
technique

to
generate

terrain
on-the-fly,guided

by
agent

settings
provided

by
the

publisher
in

advance
or

in
realtim

e.
In

the
latter

environm
ent

in
w

hich
the

publisher
requires

m
ore

controlover
the

content,
a

designer
could

use
our

technique
to

generate
terrains

that
are

first
screened

and/or
m

odified
by

a
hum

an
being

before
being

distributed.
N

ote
that

unm
odified

terrains
lend

them
selves

to
easy
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R
iver agents

A
 dry river, and the outflow

 of three rivers

F
igure

5:
R

iver
agents

generated
a

dry
river

bed
(left),

and
three

rivers
that

m
eet

at
the

ocean
(right).
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iv
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flatten

w
edge

perpendicular
to

dow
nhilldirection

11
sm

ooth
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around
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point
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path

4
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tio
n

a
n
d

E
va
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tio

n

W
e

have
im

plem
ented

a
fram

ew
ork

that
executes

runnable
agents

in
a

random
order,

and
for

a
random

slice
oftim

e
(w

ithin
a

w
indow

).
W

e
assum

e
atom

ic
locking

exists
at

the
vertex

level.
T

he
first

phase
of

agents,
those

that
produce

the
coastline,

do
not

share
this

scheduling
system

,
but

there
is

nothing
in

these
agents

w
hich

depend
on

other
agents.

T
he

purpose
ofthis

fram
ew

ork
is

to
dem

onstrate
the

independence
ofagents.

T
he

sim
plistic

behavior
ofthese

agents
results

in
com

plex
interactions

am
ong

agents,and
that

the
terrain

is
an

em
ergent

result.
O

ur
agent-based

terrain
generator

lends
itself

to
im

plem
entation

in
either

a
purely

procedural
environm

ent,
or

in
a

designer-centric
environm

ent.
In

the
form

er
a

gam
e

could
use

our
technique

to
generate

terrain
on-the-fly,guided

by
agent

settings
provided

by
the

publisher
in

advance
or

in
realtim

e.
In

the
latter

environm
ent

in
w

hich
the

publisher
requires

m
ore

controlover
the

content,
a

designer
could

use
our

technique
to

generate
terrains

that
are

first
screened

and/or
m

odified
by

a
hum

an
being

before
being

distributed.
N

ote
that

unm
odified

terrains
lend

them
selves

to
easy

12
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In w
hat order?

•
D

oran and Parberry suggest

•
C

oastline

•
Landform

•
Erosion

•
But the “Im

plem
entation” suggests random

 
order

Friday, Septem
ber 24, 2010

Further questions

•
Param

eters... w
hat param

eters?

•
W

hat features of landscapes do w
e w

ant to 
be able to specify?

•
H

ow
 can the hum

an and the algorithm
 

interact productively?
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Salen and Z
im

m
erm

ann 
define gam

es:

“A gam
e is a system

 in 
w

hich players engage 
in an artificial conflict, 
defined by rules, that 
results in a 
quantifiable outcom

e”

Friday, O
ctober 8, 2010

C
an w

e create gam
e 

rules autom
atically?

•
If so, w

hich types of rules?

•
For w

hich types of gam
es?

•
H

ow
 w

ould w
e represent them

?

•
H

ow
 w

ould w
e judge how

 good a set of 
rules is?

•
A

nd w
hy w

ould w
e do this?
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C
hallenges

•
H

ow
 to represent gam

e m
echanics

•
R

epresentation should be com
plete

•
M

ost gam
es should m

ake sense (?)

•
H

igh locality (?)

•
H

um
an-readable/editable (?)

•
H

ow
 to search the space

•
H

ow
 to evaluate the gam

es

Friday, O
ctober 8, 2010



A
utom

atic generation 
of recom

bination gam
es

C
am

eron Brow
ne

PhD
 T

hesis, 2008
IEEE T

C
IA

IG
, 2010
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“C
om

binatorial gam
es”

•
Finite: produce a w

ell-defined outcom
e.

•
D

iscrete: turn-based.

•
D

eterm
inistic: chance plays no part.

•
Perfect inform

ation: no hidden inform
ation.

•
Tw

o-player.
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T
he Ludi G

am
e 

D
escription Language

•
In practice lim

ited to board gam
es

•
Ludem

e: Fundam
ental units of independently 

transferable gam
e inform

ation (“gam
e 

m
em

e”)

•
(tiling square)

•
(size 3 3)
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T
ic-Tac-Toe
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Equipm
ent

Rules

D
efine

Play
Produce

Players

D
irect

O
utcom

es

 
 Fig. 3.  The basic gam

e m
odel. 

 

III. 
T

H
E L

U
D

I SY
STEM

 
Ludi is a system

 for playing, m
easuring and synthesising 

gam
es w

ithin the scope of its G
D

L (Fig. 2). The m
ain 

com
ponents of the system

 are: 
• 

G
D

L:  defines the scope of gam
es. 

• 
G

G
P:  interprets gam

es and coordinates play.  
• 

Strategy m
odule:   inform

s m
ove planning. 

• 
C

riticism
 m

odule:  m
easures gam

e quality. 
• 

Synthesis m
odule:  generates new

 gam
es. 

 A.   Ludi G
D

L 
The Ludi G

D
L is a high level gam

e description language 
based on the ludem

ic understanding of gam
es outlined in 

Section II. It is structured to follow
 the basic m

eans-play-ends 
m

odel of gam
es, extended to include the relationship betw

een 
the gam

e and its players (Fig. 3).  
The Ludi G

D
L w

as devised w
ith K

ernighan and Pike’s 
principles of good softw

are design [14] in m
ind: 

• 
sim

plicity, 
• 

clarity, 
• 

generality, and 
• 

autom
ation. 

 It is a higher level language than the Stanford G
D

L and 
Zillions ZRF, and although concise and conducive to hum

an 
authoring and m

achine m
anipulation it lacks the universal 

generality of the Stanford G
D

L in particular. H
ow

ever, its 
hierarchical and w

ell-defined nature m
akes it ideal for the 

intended 
experim

ents, 
as 

it 
is 

m
uch 

m
ore 

likely 
that 

a 
structured tree-based language w

ill evolve sensible rule sets 
than an unstructured logic-based one. The Ludi G

D
L proved 

sufficiently rich for this intended purpose that its som
ew

hat 
lim

ited scope w
as not an issue. 

The follow
ing exam

ple conveys the essence of the language: 
 

(
g
a
m
e
 
T
i
c
-
T
a
c
-
T
o
e
 

 
 
 
(
p
l
a
y
e
r
s
 
W
h
i
t
e
 
B
l
a
c
k
)
 

 
 
 
(
b
o
a
r
d
 
 

(
t
i
l
i
n
g
 
s
q
u
a
r
e
 
i
-
n
b
o
r
s
)
 

(
s
i
z
e
 
3
 
3
)
 

)
 

 
 
 
(
e
n
d
 
(
A
l
l
 
w
i
n
 
(
i
n
-
a
-
r
o
w
 
3
)
)
)
 

)
 

 
Fig. 4.  The Ludi user interface. 

  
This gam

e (Tic-Tac-Toe) is played betw
een W

hite and 
B

lack on a 3x3 square grid w
ith orthogonal and diagonal 

adjacency, and is w
on by the player to m

ake a line of three 
pieces of their colour (if any). U

nless otherw
ise stated, it is 

assum
ed that players take turns placing a piece of their colour 

on an em
pty board cell each m

ove. 
Ludi 

G
D

L 
definitions 

closely 
correspond to a 

gam
e’s 

ludem
ic description, w

hich is how
 a hum

an designer w
ould 

typically conceptualise the gam
e. A

 m
ore detailed description 

of the language is given in A
ppendix I and further exam

ples of 
gam

es defined in the G
D

L can be found in A
ppendix II.  

 B.   Ludi G
G

P 
The core of the Ludi system

 is its general gam
e player, as 

show
n in Fig. 2. The Ludi G

G
P is im

plem
ented in C++ and 

provides the follow
ing functionality: 

• 
rules parser, 

• 
gam

e object, 
• 

user interface, and 
• 

play m
anager. 

 
The rules parser loads and parses gam

es defined in the Ludi 
G

D
L. If a definition is valid according to the gram

m
ar, then 

the corresponding ludem
e tree is constructed and the single 

gam
e object initialised. The gam

e object m
aintains a record of 

the current board state and handles tasks such as the generation 
of legal m

oves and testing for term
inal conditions. 

The user interface (Fig. 4) presents gam
es uniform

ly and 
anonym

ously so that quality judgm
ents are m

ade on the m
erits 

of the gam
es them

selves rather than their visual attractiveness. 
The interface provides a plain English translation of the 
current rule set and a tutorial m

ode to help players understand 
new

 gam
es.  In tutorial m

ode, legal placem
ents are m

arked ‘+’ 
and legal destination cells for m

ovable pieces are sim
ilarly 

m
arked ‘+’ w

hen those pieces are clicked on. 
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(size 3 3) vs (size 3 3 3)
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The term
 

gam
e shall henceforth refer to a tw

o-player 
com

binatorial gam
e throughout this paper. Such gam

es are an 
ideal test bed for the experim

ents as they are typically deep but 
described by sim

ple, w
ell defined rule sets. 

N
ote that this is not a w

ork in com
binatorial gam

e theory 
(CG

T), w
hich is concerned w

ith the analysis of gam
es w

ith a 
view

 to solving them
 or at least finding optim

al strategies [3] 
and developing artificial players able to challenge hum

an 
experts. W

ithin the context of this study, the artificial player is 
of little interest except as a m

eans for providing self-play 
sim

ulations. W
hile it m

ust be of sufficient strength to provide 
m

eaningful playouts, w
e are concerned prim

arily w
ith the 

quality of the gam
e itself rather than the quality of the player. 

 

B.   Ludem
es 

Just as a m
em

e is a unit of inform
ation that replicates from

 
one person to another [4], a ludem

e is a gam
e m

em
e or unit of 

gam
e 

inform
ation. 

First 
coined 

by 
B

orvo 
[5], 

this 
term

 
describes a fundam

ental unit of play often equivalent to a rule; 
ludem

es are the conceptual equivalent of a gam
e’s com

ponents 
– both m

aterial and non-m
aterial – and are notable for their 

ability to pass from
 one gam

e or gam
e class to another [6]. 

Ludem
es m

ay be single units of inform
ation, such as the 

follow
ing item

s that describe aspects of the gam
e board show

n 
in Fig. 1(a): 

 
(
t
i
l
i
n
g
 
s
q
u
a
r
e
)
 

 (
s
i
z
e
 
3
 
3
)
 

 Conceptually related item
s m

ay be encapsulated to form
 

higher level com
pound ludem

es as follow
s: 

 
(
b
o
a
r
d
 

 
 
(
t
i
l
i
n
g
 
s
q
u
a
r
e
)
 

 
 
(
s
i
z
e
 
3
 
3
)
 

)
 

 Collecting 
rules 

into 
such 

com
pound 

ludem
es 

is 
a 

convenient w
ay to describe gam

es. For exam
ple, the essence 

of 
Tic-Tac-Toe 

m
ay 

be 
succinctly 

described 
as 

follow
s 

(assum
ing a tw

o-player com
binatorial m

odel): 
 
(
g
a
m
e
 
T
i
c
-
T
a
c
-
T
o
e
 

 
 
(
b
o
a
r
d
 

 
 
 
(
t
i
l
i
n
g
 
s
q
u
a
r
e
)
 

 
 
 
(
s
i
z
e
 
3
 
3
)
 

)
 

(
w
i
n
 
(
i
n
-
a
-
r
o
w
 
3
)
)
 

)
 

 

 
The concept of an entire gam

e as an item
 of inform

ation 
m

ay seem
 odd but it is valid; there exist m

any exam
ples of 

identical gam
es being discovered, fully form

ed, at sim
ilar 

tim
es. The m

ost fam
ous case is the independent discovery of 

H
ex by m

athem
aticians Piet H

ein and John N
ash in the 1940s 

(a)
(b)

 
 Fig. 1.  G

am
es of: (a) Tic-Tac-Toe and (b) Tic-Tac-Toe (3D

) w
on by W

hite. 

 [7]. A
 m

ore recent exam
ple is Cham

eleon, discovered by N
ew

 
Zealand and U

SA
 designers w

ithin a w
eek of each other in 

2003. Such cases m
ay be exam

ples of “m
em

etic convergence” 
in action tow

ards optim
al designs. 

 C
.  Recom

bination G
am

es 
G

iven a gam
e in its ludem

ic form
, it is a sim

ple m
atter to 

m
anipulate its rules to create variants and new

 gam
es. For Tic- 

 
Tac-Toe, such m

odifications m
ight include the board size: 

 
(
s
i
z
e
 
2
 
2
)
 

 or the target line length: 
 (
w
i
n
 
(
i
n
-
a
-
r
o
w
 
2
)
)
 

 
 

H
ow

ever, a m
om

ent’s reflection w
ill reveal that each of 

these changes break the gam
e, by m

aking it unw
innable in the 

first case and trivially w
innable in the second. 

O
ther m

anipulations m
ight involve extending the board to 

three dim
ensions, as show

n in Fig. 1(b): 
 
(
s
i
z
e
 
3
 
3
 
3
)
 

 

or inverting the end condition to give a m
isere version: 

 (
l
o
s
e
 
(
i
n
-
a
-
r
o
w
 
3
)
)
 

 These variants are both m
ore interesting but still trivially 

solvable, and are m
ore notable for their novelty value than any 

inherent value as gam
es. There is m

uch room
 for im

provem
ent 

in this branch of the N-in-a-row
 fam

ily. 
The difficulty of deriving an interesting gam

e from
 Tic-Tac-

Toe does not just stem
 from

 the fact that it is itself flaw
ed (it is 

draw
ish if played correctly). There is the serious problem

 that 
rule sets for com

binatorial gam
es tend to be highly optim

ised 
and fragile; authors strive for the sim

plest rule sets that give 
the deepest playing experience, and the slightest change w

ill 
generally break a gam

e. A
s in m

ost creative fields, it is easy to 
generate artificial content but m

uch m
ore difficult to generate 

artificial content of hum
an expert quality.  
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Ludi System

Player
1

Player
2

Player
8

G
eneral G

am
e Player

U
ser Interface

Rules
Parser

G
am

e
O

bject
Play

M
anager

Strategy

Criticism

Synthesis

G
am

e
D

escription
Language

G
am

e (*.gdl)

N
ew

 gam
es

(*.gdl)

A
esthetic score

Policy

 
 Fig. 2.  Fram

ew
ork of the Ludi system

. 
   

G
iven that the rule sets of m

ost existing gam
es are highly 

optim
ised – certainly the w

ell know
n ones – it is unlikely that 

such sim
ple m

anipulations of a gam
e’s degrees of freedom

 w
ill 

produce a better gam
e in isolation. The designer w

ould usually 
have tested such obvious variants and discarded them

 as 
inferior. Instead, a m

ore prom
ising approach is to recom

bine 
the gam

e’s rules w
ith rules from

 other gam
es and look for the 

em
ergence [8] of interesting, new

 rule com
binations not 

previously 
considered. 

The 
idea 

that 
there 

pre-exist 
a 

m
ultitude of gam

es in the form
 of optim

al rule com
binations 

w
aiting to be discovered resonates strongly w

ith the Platonist 
view

 of m
athem

atics [9]. The question then becom
es how

 to 
search this potentially huge design space effectively. 

 

D
.  G

am
e D

istance 
It can be useful to m

easure the distance betw
een existing 

gam
es and a new

ly derived rule set, in order to determ
ine 

w
hether it constitutes a duplicate, variant, or com

pletely new
 

gam
e. 

The distinction betw
een a variant and a new

 gam
e is subtle, 

but m
ay be achieved by representing both gam

es as rule trees 
(based on their ludem

ic descriptions introduced above) and 
accum

ulating the total w
eighted difference betw

een these tw
o 

trees. D
ifferences betw

een rule param
eters are w

eighted lightly 
w

hereas structural differences betw
een the rules them

selves 
are w

eighted m
ore heavily, in inverse proportion to their depth 

of nesting; higher level rules generally have w
ider applicability 

and 
are 

therefore 
generally 

m
ore 

im
portant. 

If 
the 

total 
difference 

betw
een 

the 
tw

o 
rule 

sets 
exceeds 

a 
certain 

threshold value then the tw
o gam

es are considered to be 
distinct. 

 

E.   G
eneral G

am
e Players 

G
iven the possibility of creating a large num

ber of rule sets, 
it w

ould be desirable to test them
 autom

atically through self-
play. G

eneral gam
e players (G

G
Ps) – softw

are system
s for 

playing a range of gam
es w

ell rather than any one particular 
gam

e expertly – are ideal for this purpose.  
G

G
Ps w

ere first proposed several decades ago [10] but have 
recently enjoyed a resurgence of interest as researchers com

e 
to realise their potential value to the gam

ing and broader A
I 

com
m

unities. This includes G
G

P com
petitions run over recent 

years in conjunction w
ith international A

I conferences [11].  
 

F.  G
am

e D
escription Languages 

 
Central to any G

G
P is the gam

e description language (G
D

L) 
that defines the scope of gam

es understood by the system
. 

There is a delicate balance betw
een defining a G

D
L that is 

pow
erful and extensible enough to encom

pass a w
ide range of 

know
n and not-yet-know

n gam
es, yet also efficient, elegant 

and com
prehensible to hum

an authors. 
 

The m
ost w

idely used G
D

L is probably the com
m

ercially 
available Zillions of G

am
es ZRF rule language [12]. ZRF 

authors define gam
es in a Lisp-like syntax using predefined 

keyw
ords, and m

ay program
m

atically create com
plex rule 

structures through m
acros. M

ore recently, the Stanford G
D

L 
used for the A

A
A

I G
G

P com
petitions [13] is a low

er level 
language that defines gam

es using first order logic.  
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Evaluating a gam
e

•
Play the gam

e (both player use sam
e 

algorithm
, w

ith optim
ized board evaluation)

•
M

easure various aesthetic criteria: aspects of 
how

 the gam
e is played, of the ruleset, and 

of the outcom
es

•
C

om
bine the scores into a fitness value 

som
ehow
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A
esthetic criteria

•
16 Intrinsic: based on rules and equipm

ent

•
11 V

iability: based on gam
e outcom

es

•
e.g. com

pletion, duration

•
30 Q

uality: based on trends in play

•
e.g. dram

a, uncertainty
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Support Ludem
e 

Specifies additional m
etadata for the gam

e (optional). 
 

 
s
u
p
p
o
r
t
 
!
 {
 

 
 
 
 
 
 
 
 
 
[
a
d
v
i
s
o
r
s
]
 

 
 
 
 
 
 
 
 
 
[
d
e
s
c
r
i
p
t
i
o
n
]
 

 
 
 
 
 
 
 
 
 
[
a
i
m
]
 

 
 
 
 
 
 
 
 
 
[
a
n
c
e
s
t
r
y
]
 

 
 
 
 
 
 
 
 
 
[
r
a
n
k
i
n
g
]
 

 
 
 
 
 
 
 
 
 
[
v
i
a
b
l
e
]
 

 
 
 
 
 
 
 
 
 
[
s
c
o
r
e
]
 

 
 
 
 
 
 
 
 
}
 

 These item
s fulfill the follow

ing roles: 
 • 
a
d
v
i
s
o
r
s:  

D
efines the policy for the gam

e as a 
list 

of 
relevant 

advisors 
and 

their 
relative w

eightings.  
• 
d
e
s
c
r
i
p
t
i
o
n:  Includes a text description of the gam

e 
for help m

anual purposes.  
• 
a
i
m:  

Includes a text description of the aim
 

of the gam
e, w

hich, together w
ith the 

G
G

P’s tutorial m
ode, should help new

 
players learn the gam

e quickly.  
• 
a
n
c
e
s
t
r
y:  

Contains inform
ation on the gam

e’s 
evolutionary 

history 
including 

its 
im

m
ediate parents, generation num

ber, 
and average distances from

 its parents, 
m

em
bers of the initial population and 

m
em

bers of the final population.  
• 
r
a
n
k
i
n
g:  

Contains an estim
ated ranking of the 

gam
e w

ithin its population.  
• 
v
i
a
b
l
e:  

Contains the estim
ated viability of the 

gam
e according to the viability test 

described in Section V
. 

• 
s
c
o
r
e:  

Specifies 
the 

gam
e’s 

estim
ated 

aesthetic score as m
easured by the 

process described in Section IV
. 

 

A
PPEN

D
IX

 II 
G

D
L

 D
ESCRIPTIO

N
S O

F S
Y

N
TH

ESISED
 G

A
M

ES 

N
D

EN
G

RO
D

 (#1) 
(
g
a
m
e
 
N
d
e
n
g
r
o
d
 

(
p
l
a
y
e
r
s
 
W
h
i
t
e
 
B
l
a
c
k
)
 

(
b
o
a
r
d
 
(
t
i
l
i
n
g
 
h
e
x
)
 
(
s
h
a
p
e
 
t
r
a
p
e
z
i
u
m
)
 
(
s
i
z
e
 
7
 
7
)
)
 

(
p
i
e
c
e
s
 

(
P
i
e
c
e
 
A
l
l
 

(
m
o
v
e
s
 

(
m
o
v
e
 

(
p
r
e
 
(
e
m
p
t
y
 
t
o
)
)
 

(
a
c
t
i
o
n
 
(
p
u
s
h
)
)
 

(
p
o
s
t
 
(
c
a
p
t
u
r
e
 
s
u
r
r
o
u
n
d
)
)
 

)
 
 

)
 

)
 

)
 
(
e
n
d
 
(
A
l
l
 
w
i
n
 
(
i
n
-
a
-
r
o
w
 
5
)
)
)
 

)
 

Y
A

V
A

LA
TH

 (#2) 
(
g
a
m
e
 
Y
a
v
a
l
a
t
h
 

(
p
l
a
y
e
r
s
 
W
h
i
t
e
 
B
l
a
c
k
)
 

(
b
o
a
r
d
 
(
t
i
l
i
n
g
 
h
e
x
)
 
(
s
h
a
p
e
 
h
e
x
)
 
(
s
i
z
e
 
5
)
)
 

(
e
n
d
 

 
 
(
A
l
l
 
w
i
n
 
(
i
n
-
a
-
r
o
w
 
4
)
)
 

(
A
l
l
 
l
o
s
e
 
(
a
n
d
 
(
i
n
-
a
-
r
o
w
 
3
)
 
(
n
o
t
 
(
i
n
-
a
-
r
o
w
 
4
)
)
)
)
 

)
 

)
 

T
EIG

LITH
 (#4) 

(
g
a
m
e
 
T
e
i
g
l
i
t
h
 

(
p
l
a
y
e
r
s
 
W
h
i
t
e
 
B
l
a
c
k
)
 

(
b
o
a
r
d
 
(
t
i
l
i
n
g
 
s
q
u
a
r
e
)
 
 (
s
i
z
e
 
7
 
7
)
)
 

(
p
i
e
c
e
s
 

(
S
t
o
n
e
 
A
l
l
 

(
m
o
v
e
s
 

(
m
o
v
e
 

(
p
r
e
 

(
a
n
d
 

(
>
 
(
g
r
o
u
p
-
s
i
z
e
 
t
o
)
 
(
p
h
a
s
e
 
t
o
)
)
 

(
c
o
n
n
e
c
t
e
d
)
 

)
 

)
 
(
a
c
t
i
o
n
 
(
p
o
p
)
 
(
p
u
s
h
)
)
 

)
 
 

)
 

)
 

)
 
(
s
t
a
r
t
 
(
p
l
a
c
e
 
(
S
t
o
n
e
 
W
h
i
t
e
)
 
h
o
m
e
)
)
 

(
e
n
d
 
(
A
l
l
 
w
i
n
 
(
n
o
-
m
o
v
e
)
)
)
 

)
 

E
LRO

STIR (#5) 
(
g
a
m
e
 
E
l
r
o
s
t
i
r
 

(
p
l
a
y
e
r
s
 
W
h
i
t
e
 
B
l
a
c
k
)
 

(
b
o
a
r
d
 
(
t
i
l
i
n
g
 
s
q
u
a
r
e
 
i
-
n
b
o
r
s
)
 
(
s
i
z
e
 
5
 
5
)
)
 

(
e
n
d
 
(
A
l
l
 
l
o
s
e
 
(
o
r
 
(
n
o
-
m
o
v
e
)
 
(
i
n
-
a
-
r
o
w
 
3
)
)
)
)
 

 
)
 

G
O

RO
D

RU
I (#7) 

(
g
a
m
e
 
G
o
r
o
d
r
u
i
 

(
p
l
a
y
e
r
s
 
W
h
i
t
e
 
B
l
a
c
k
)
 

(
b
o
a
r
d
 
(
t
i
l
i
n
g
 
h
e
x
)
 
(
s
h
a
p
e
 
h
e
x
)
 
(
s
i
z
e
 
3
)
)
 

(
p
i
e
c
e
s
 

(
S
t
o
n
e
 
A
l
l
 
(
s
t
a
t
e
 
1
)
 

(
m
o
v
e
s
 

(
m
o
v
e
 
(
p
r
e
 
(
e
m
p
t
y
 
t
o
)
)
 
(
a
c
t
i
o
n
 
(
p
u
s
h
)
)
)
 

(
m
o
v
e
 

(
p
r
e
 

(
a
n
d
 

(
e
n
e
m
y
 
f
r
o
m
)
 
(
e
m
p
t
y
 
t
o
)
 

(
=
 
(
+
 
(
p
i
e
c
e
-
s
t
a
t
e
)
 
1
)
 
(
d
i
s
t
a
n
c
e
)
)
 

)
 

)
 
(
a
c
t
i
o
n
 
(
p
o
p
)
 
(
p
u
s
h
)
)
 
 

(
p
o
s
t
 
(
i
n
c
-
s
t
a
t
e
)
)
 

)
 

)
 

)
 

)
 
(
s
t
a
r
t
 
(
i
n
-
h
a
n
d
 
(
S
t
o
n
e
 
A
l
l
)
 
5
)
)
 

(
e
n
d
 
(
A
l
l
 
l
o
s
e
 
(
n
o
-
m
o
v
e
)
)
)
 

)
 

V
A

LIO
N

 (#16) 
(
g
a
m
e
 
V
a
l
i
o
n
 

(
p
l
a
y
e
r
s
 
W
h
i
t
e
 
B
l
a
c
k
)
 

(
b
o
a
r
d
 
(
t
i
l
i
n
g
 
s
q
u
a
r
e
 
i
-
n
b
o
r
s
)
 
(
s
i
z
e
 
4
 
4
)
)
 

(
p
i
e
c
e
s
 

 
 
 

(
S
t
o
n
e
 
A
l
l
 

(
m
o
v
e
s
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Fig. 11.  Predicted score versus player ranking of synthesised gam
es. 

  These 
results 

support 
hypothesis 

I: 
That 

there 
exist 

fundam
ental (and m

easurable) indicators of gam
e quality, at 

least for this group of subjects and this set of com
binatorial 

gam
es. 

 C
.  Experim

ent III:  G
am

e Synthesis 
Experim

ent III w
as designed to test w

hether new
, viable 

gam
es m

ay be evolved from
 existing gam

es, and w
hether 

aesthetic m
easurem

ents m
ay be used to reliably rank them

. 
 M

ethod 
U

sing the database of 79 sam
ple gam

es from
 Experim

ent I 
as the initial population, a num

ber of evolutionary runs w
ere 

conducted on three W
indow

s desktop m
achines over one 

w
eek. The coefficients of the best 16 predictors w

ere used to 
predict aesthetic scores for new

 gam
es, w

hich w
ere then 

ranked and a follow
-up survey, sim

ilar in form
at to that of 

Experim
ent I, conducted to evaluate these predicted rankings. 

 
Subjects 

27 subjects participated in the follow
-up survey, recruited 

m
ostly from

 the 57 participants of Experim
ent I. 

 
Results 

A
 total of 1,389 new

 gam
es w

ere evolved from
 the initial 

population of 79 sam
ple gam

es and 19 deem
ed viable. A

 
selection is listed in A

ppendix II; see [15] for com
plete 

descriptions and analyses of the evolved gam
es. 

127 paired com
parisons w

ere received for the 19 viable 
gam

es, and hum
an player rankings w

ere induced as per 
Experim

ent I w
ith a classification rate of 0.8283. 

Figure 11 show
s a plot of the predicted aesthetic scores 

versus actual player rankings of the new
 gam

es, w
ith a 

correlation of -0.6491 and 95%
 confidence interval of 0.577 [-

0.851 to -0.274]. The relationship is negative as higher scores 
generally 

correspond 
to 

low
er 

(i.e. 
better) 

rankings, 
as 

expected. This indicates a significant linear trend betw
een the 

aesthetic 
m

easurem
ents 

m
ade 

by 
the 

system
 

and 
player 

rankings for the 19 new
 gam

es.  

x

x

 
 Fig. 12.  Y

avalath puzzle: W
hite to play and force a w

in. 
  These results support hypothesis II: That these fundam

ental 
indicators m

ay be harnessed for the directed search for new
 

high 
quality 

gam
es, 

at 
least 

in 
the 

search 
for 

new
 

com
binatorial 

gam
es 

that 
this 

group 
of 

subjects 
find 

interesting. 

V
II. 

D
ISCU

SSIO
N 

The first thing to note is the general success of the approach; 
the system

 w
as able to correlate aesthetic m

easurem
ents of 

gam
es w

ith hum
an player rankings and hence identify those 

evolved gam
es of m

ost interest. Several of the final 19 gam
es 

exhibit novel and interesting rule com
binations, and those 

ranked #1 and #2 by hum
an players – N

dengrod and Y
avalath 

– have proven to be of exceptional quality and are now
 

com
m

ercially published [41]. 
N

dengrod com
bines G

o-like surround capture w
ith a 5-in-a-

row
 goal. This com

bination w
orks w

ell, but is a rediscovery of 
an existing gam

e (Irensei) translated to the hexagonal grid. 
Y

avalath, how
ever, features an innovative rule that has not 

previously been published: w
in by m

aking 4-in-a-row
 but lose 

by m
aking 3-in-a-row

 before doing so. B
earing in m

ind the 
assertion that good gam

es should yield interesting puzzles 
[20], Fig. 12 show

s a Y
avalath puzzle that dem

onstrates its 
depth. H

int: B
lack can force a w

in w
ith either m

ove ‘x’, so 
W

hite m
ust m

ake a counter forcing m
ove to avoid this. 

A
nalysis of Y

avalath’s ancestry reveals that this innovative 
w

inning condition cam
e about from

 the serendipitous m
ating 

of rules that w
ere im

possible in isolation. If such flaw
ed rules 

had been optim
ised out during the evolutionary process then 

Y
avalath w

ould probably never have em
erged. 

Teiglith (#4), Elrostir (#5), G
orodrui (#7) and V

alion (#16) 
dem

onstrate the approach’s usefulness even w
ith gam

es of 
average or below

 average appeal. W
hile not overly successful 

as gam
es, each involve interesting rule m

echanism
s that gam

e 
authors m

ight 
use as inspiration for future designs. 

See 
A

ppendix II for G
D

L descriptions of the gam
es m

entioned in 
this section. 

Friday, O
ctober 8, 2010

PC
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 and authorship

•
H

ow
 can w

e com
bine a hum

an designer’s 
authorial control and expressive ability w

ith 
PC

G
 capabilities?

•
D

im
ensions of control

•
Ease of use

•
M

ulti-level editing / tw
o-w

ay flow
 of 

control
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Integrating procedural 
generation and m

anual 
editing of virtual w

orlds
R

uben Sm
elik, T

im
 Tutenel,

K
laas Jan de K

raker and R
afael Bidarra

FD
G

 W
orkshop on PC

G
, 2010
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Sketchaw
orld fram

ew
ork

G
oals:

•
Increase designers’ productivity w

hile 
retaining creative control

•
Provide intuitive w

ay of w
orking w

ith PC
G

 
algorithm

s for non-experts

•
Provide fram

ew
ork in w

hich to integrate 
new

 PC
G

 research
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D
eclarative m

odelling

•
D

esigners state their intent (w
hat they 

w
ant) instead of m

ethod (how
 to get it)

•
Procedural sketching: “paint” w

ith PC
G

 
tools

•
C

onsistency m
aintenance through a G

IS-
inspired system

 of layers
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D
eclarative m

odelling

layered virtual w
orld

U
rban layer

Road layer

Vegetation layer

W
ater layer

Earth layer

procedural
generation

consistency
m

aintenance

generated terrain feature(s)

m
odifications to features

affected features

relevant nearby features

generated
terrain

feature(s)

sketched
features

update
user control

m
anual refining

procedural sketching

landscape mode

feature mode

m
anual

edits

3D
 virtual w

orld
update

F
ig
u
re

1
:
A
n

o
v
e
rv

ie
w

o
f
th

e
w
o
rk

fl
o
w

o
f
th

e
d
e
cla

ra
tiv

e
m
o
d
e
lin

g
fra

m
e
w
o
rk

S
k
e
tch

a
W

o
rld

.

2.1
Proceduralsketching

P
ro
ced

u
ral

sketch
in
g
p
rov

id
es

an
in
tu
itive

an
d
fast

w
ay

of
sp

ecify
in
g
com

p
lete

v
irtu

al
w
orld

s
(F

igu
re

1
left

h
an

d
).

U
sin

g
sim

p
le

an
d
clear

ed
itin

g
to
ols,

d
esign

ers
create

a
2D

d
igitalsketch

:
a
rou

gh
layou

t
of

th
e
virtu

alw
orld

.
P
ro
ced

u
ral

sketch
in
g
p
rov

id
es

tw
o
in
teraction

m
o
d
es:

L
a
n
d
sca

p
e
m
o
d
e

D
esign

ers
p
ain

t
a
top

v
iew

of
th
e
lan

d
-

scap
e
b
y

colorin
g
a
grid

w
ith

ecotop
es

(an
area

of
h
om

ogen
eou

s
terrain

an
d
featu

res).
T
h
ese

ecotop
es

en
-

com
p
ass

b
oth

elevation
in
form

ation
(elevation

ran
ges,

terrain
rou

gh
n
ess)

an
d
soil

m
aterial

in
form

ation
(san

d
,

grass,
ro
ck
,
etc.).

T
h
e
grid

size
is

ad
ju
stab

le
an

d
th
e

b
ru
sh
es

u
sed

are
very

sim
ilar

to
ty
p
ical

b
ru
sh
es

fou
n
d

in
im

age
ed

itin
g
softw

are,
in
clu

d
in
g
d
raw

,
fi
ll,

lasso,
m
agic

w
an

d
an

d
tran

sition
p
attern

b
ru
sh
es

(e.g.
from

o
cean

to
sh
ore).

F
e
a
tu

re
m
o
d
e

D
esign

ers
p
lace

elem
en
ts

like
rivers,

road
s,

an
d
cities

on
th
e
lan

d
scap

e
u
sin

g
vector

lin
es

an
d
p
oly-

gon
to
ols.

T
h
is

resem
b
les

th
e
b
asic

to
ols

fou
n
d

in
vector

d
raw

in
g
softw

are:
p
lacin

g
an

d
m
o
d
ify

in
g
lin

es
an

d
p
oly

gon
s
is

d
on

e
b
y
m
an

ip
u
latin

g
con

trol
p
oin

ts.

A
s
sh
ow

n
in

F
igu

re
1,

each
sketch

ed
elem

en
t
is

au
tom

ati-
cally

ex
p
an

d
ed

to
a
corresp

on
d
in
g
realistic

terrain
featu

re
u
sin

g
a
cu

stom
ized

p
ro
ced

u
re,

an
d
tak

in
g
in
to

accou
n
t
an

y
relevan

t
su
rrou

n
d
in
g
featu

res.
A
s
th
e
d
esign

of
a
v
irtu

al
w
orld

is
very

m
u
ch

a
creative

p
ro
cess,

th
e
fram

ew
ork

p
ro-

v
id
es

an
iterative

w
ork

fl
ow

,
w
ith

su
p
p
ort

for
u
n
lim

ited
u
n
d
o

an
d
red

o,
an

d
a
sh
ort

feed
b
ack

lo
op

b
etw

een
ed

it
action

an
d

resu
lt.

Its
im

p
lem

en
tation

d
etails

are
ex
p
lain

ed
in

[19].

2.2
C

onsistency
m

aintenance
ofthe

virtualw
orld

m
odel

A
ll
gen

erated
terrain

featu
res

are
grou

p
ed

in
fi
ve

logical
layers,

in
sp
ired

from
G
eograp

h
ic

In
form

ation
S
y
stem

s
(g

is)
(see

F
igu

re
1
m
id
d
le).

U
sin

g
d
i�
eren

t
layers

im
p
roves

th
e

ad
ap

tab
ility

of
th
e
v
irtu

al
w
orld

m
o
d
el,

b
ecau

se
ch
an

ges
to

on
e
layer

d
o
n
ot

n
ecessarily

h
ave

to
a�

ect
oth

er
layers.

T
errain

featu
res

n
eed

to
b
len

d
in

w
ith

th
eir

su
rrou

n
d
in
gs

to
form

a
lifelike

v
irtu

al
w
orld

.
If

th
ese

featu
res

w
ere

to
b
e

gen
erated

sep
arately

from
th
eir

con
tex

t
in

th
e
v
irtu

al
w
orld

,
d
esign

ers
w
ou

ld
h
ave

to
p
erform

th
eir

in
tegration

m
an

u
ally,

w
h
ich

w
ou

ld
h
arm

th
eir

p
ro
d
u
ctiv

ity
an

d
lim

it
th
eir

ab
ility

to
ex
p
erim

en
t.

B
ecau

se
th
e
layered

v
irtu

al
w
orld

m
o
d
el

is
sem

an
tically

rich
,
it

can
b
e
au

tom
atically

kep
t
in

a
valid

state
u
sin

g
a
form

of
con

sisten
cy

m
ain

ten
an

ce.
T
h
e
in
tro

d
u
ction

of
a
n
ew

terrain
featu

re
in
to

th
e
layered

v
irtu

al
w
orld

m
o
d
el

d
iscern

s
tw

o
p
h
ases,

on
e
p
h
ase

in
w
h
ich

th
e
featu

re
is

gen
erated

an
d

an
oth

er
p
h
ase

in
w
h
ich

th
e

featu
re

is
fi
t
in

th
e
v
irtu

al
w
orld

(sh
ow

n
in

F
igu

re
1).

In
th
e

fi
rst

p
h
ase,

th
e
featu

re’s
p
ath

,
sh
ap

e
or

oth
er

p
rop

erties
are

d
eterm

in
ed

b
ased

on
th
e
p
rov

id
ed

u
ser

p
aram

eters
an

d
on

relevant
n
earby

ex
istin

g
terrain

featu
res.

In
th
e
secon

d
p
h
ase,

som
e
of

th
e
su
rrou

n
d
in
g
featu

res
are

a�
ected

b
y
th
e
n
ew

ly
in
tro

d
u
ced

featu
re

an
d
are

th
erefore

con
n
ected

to
it,

m
od

ifi
ed

in
som

e
w
ay

or
even

rem
oved

.
T
h
e
con

sisten
cy

m
ain

ten
an

ce
in

th
ese

tw
o
p
h
ases

is
b
ased

on
ru
les

d
escrib

in
g
th
e
m
u
tu
al

in
fl
u
en

ce
of

terrain
featu

res.
T
h
ey

in
clu

d
e
p
rio

rities
to

d
eterm

in
e,

for
in
stan

ce,
w
h
ich

typ
e
of

featu
res

h
as

p
reced

en
ce

w
h
en

featu
res

overlap
.

A
lth

ou
gh

th
ese

m
ainten

an
ce

p
h
ases

som
ew

h
at

in
crease

th
e

ex
ecu

tion
tim

e
of

in
d
iv
id
u
al

op
eration

s,
th
is

con
tin

u
ou

sly
keep

s
th
e
v
irtu

al
w
orld

m
o
d
el

in
a
con

sistent
an

d
u
sab

le
state

an
d
it

allow
s
th
e
d
esign

er
to

q
u
ick

ly
see

p
ossib

le
lo
cal

sid
e-

e�
ects

of
ed

it
action

s.
E
ach

tim
e
a
terrain

featu
re

is
m
od

ifi
ed

,
ch
an

ges
to

related
featu

res
are

p
erform

ed
au

tom
atically

as
logical

sid
e-e�

ects
of

th
is

ch
an

ge.
In

trad
ition

al
m
o
d
elin

g
sy
stem

s,
an

y
large

scale
ch
an

ge
to

a
v
irtu

al
w
orld

ty
p
ically

in
volves

so
m
u
ch

m
an

u
al

e�
ort

an
d

ed
itin

g
step

s,
th
at

a
d
esign

er
w
ill

d
o
an

y
th
in
g
to

avoid
it.

W
ith

ou
r
ap

p
roach

,
d
esign

ers
are

free
to

ex
p
erim

en
t
w
ith

d
i�
eren

t
altern

atives,
as

th
e
con

sisten
cy

an
d
th
e
integration

is
au

tom
atically

taken
care

of.
D
etails

of
th
e
im

p
lem

en
tation

of
con

sisten
cy

m
ain

te-
n
an

ce
are

p
resen

ted
in

[20].

2.3
R

esults
A
s
an

im
p
ression

of
h
ow

on
e
can

u
se

p
ro
ced

u
ral

sketch
in
g

to
d
esign

a
v
irtu

al
w
orld

,
w
e
p
resent

th
e
interm

ed
iate

resu
lts

of
a
sh
ort

ex
am

p
le

sketch
session

(see
F
igu

re
2),

in
w
h
ich

a
d
esign

er
creates,

in
a
cou

p
le

of
m
in
u
tes,

a
n
atu

ral
lan

d
scap

e
w
ith

a
river

fl
ow

in
g
th
rou

gh
a
valley

an
d
a
city

on
a
h
ill

alon
g

th
is

river.
F
igu

re
2.a

sh
ow

s
th
e
b
asic

lan
d
scap

e,
sketch

ed
in

lan
dscape

m
ode

b
ru
sh
in
g
th
e
ecotop

e
grid

:
a
green

valley
en

com
p
assed

by
m
ou

ntain
s,

w
ith

som
e
forests

d
efi

n
ed

in
th
e

valley
an

d
a
river

fl
ow

in
g
th
rou

gh
it

(see
also

F
igu

re
2.d

).
O
n
top

of
th
is

n
atu

ral
en
v
iron

m
en
t,

in
fea

tu
re

m
od
e,

som
e
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(a)
(b)

(c)

(d)
(e)

(f)

F
ig
u
re

2
:

R
e
su

lts
o
f
a
n

e
x
a
m
p
le

p
ro

ce
d
u
ra

l
sk

e
tch

in
g

se
ssio

n
:

a
)
sk

e
tch

o
f
a

n
a
tu

ra
l
e
n
v
iro

n
m
e
n
t
b
)
ro

a
d

sk
e
tch

e
d
th

ro
u
g
h
th

e
v
a
lle

y
fro

m
e
a
st

to
so

u
th

,
cro

ssin
g
th

e
riv

e
r
c)

city
o
u
tlin

e
d
o
n
a
h
ill

d
)
re

su
ltin

g
n
a
tu

ra
l

la
n
d
sca

p
e
e
)
riv

e
r
cro

ssin
g
w
ith

b
rid

g
e
f)

re
su

ltin
g
city

o
n

th
e
h
ills.

m
an

-m
ad

e
featu

res
are

ad
d
ed

.
F
irstly,

th
e
d
esign

er
coarsely

ou
tlin

es
th
e
d
esired

p
ath

of
a
m
a
jor

road
F
igu

re
2.b

.
T
h
is

road
crosses

th
e
river

at
on

e
p
oin

t,
F
igu

re
2.e

sh
ow

s
th
e

b
rid

ge
th
at

w
as

au
tom

atically
created

.
L
astly,

th
e
d
esign

ers
ou

tlin
es

a
sm

all
v
illage

alon
g
th
is

road
(F

igu
re

2.c),
at

th
e

h
illsid

e
(F

igu
re

2.e).

3.
M

A
N

UA
L

ED
ITIN

G
O

PER
ATIO

N
S

T
o
ex
am

in
e
h
ow

on
e
cou

ld
in
tegrate

p
ro
ced

u
ral

m
eth

o
d
s

w
ith

m
an

u
al

ed
it

op
eration

s,
w
e
start

b
y
id
en
tify

in
g
w
h
at

k
in
d
of

m
an

u
al

op
eration

s
on

e
cou

ld
d
esire

an
d
w
h
at

are
th
e

ch
aracteristics

of
th
ese

d
i�
eren

t
ty
p
es

of
op

eration
s.

F
or

th
is,

w
e
d
iscern

fou
r
levels

of
gran

u
larity

in
m
o
d
elin

g
op

eration
s

for
creatin

g
v
irtu

al
w
orld

s:

C
o
a
rse

le
v
e
l
A
t
th
is
level,

d
esign

ers
are

con
cern

ed
w
ith

th
e

rou
gh

layou
t
of

th
e
virtu

al
w
orld

an
d
sp

ecify
large

scale
terrain

featu
res

su
ch

as
m
ou

n
tain

ran
ges,

rivers
an

d
cities.

F
or

m
od

elin
g
at

th
is
level,

p
roced

u
ral

tech
n
iq
u
es

are
m
ost

h
elp

fu
l,
as

th
ey

p
rov

id
e
a
qu

ick
w
ay

to
fi
ll
th
e

w
orld

w
ith

terrain
featu

res.
M

e
d
iu
m

le
v
e
l
T
h
is

level
con

cern
s
relatively

large
refi

n
e-

m
en
ts

to
featu

res
sp

ecifi
ed

at
a
coarse

level,
for

in
stan

ce
creatin

g
a
p
ark

w
ith

in
a
city

featu
re

or
ch
an

gin
g
on

e
of

its
d
istricts

from
a
resid

en
tial

to
a
com

m
ercial

ty
p
e

of
d
istrict.

A
lth

ou
gh

ed
itin

g
en

tails
refi

n
in
g
coarse

featu
res,

th
ese

ch
an

ges
ty
p
ically

in
volve

a
su
b
stan

tial
am

ou
n
t
of

w
ork

,
an

d
are

th
erefore

very
su
itab

le
for

p
ro
ced

u
ral

gen
eration

.

F
in
e
le
v
e
l
T
h
e
fi
n
e
level

d
eals

w
ith

m
o
d
ify

in
g
in
d
iv
id
u
al

ob
jects

(e.g.
a
sin

gle
b
u
ild

in
g
or

tree).
T
h
ese

ob
jects

ty
p
ically

resu
lt

from
a
p
ro
ced

u
rally

gen
erated

terrain
featu

re,
b
u
t
a
d
esign

er
cou

ld
m
an

u
ally

p
lace

n
ew

ob
-

jects
as

w
ell.

E
d
it

action
s
on

th
is

level
in
volve

little
p
ro
ced

u
ral

gen
eration

.
M

icro
le
v
e
l
O
n
th
e
low

est
level,

d
esign

ers
m
an

ip
u
late

geo-
m
etric

m
esh

es,
assign

tex
tu
res

to
3D

m
o
d
els,

etc.

T
y
p
ically,

p
roced

u
ral

sy
stem

s
on

ly
su
p
p
ort

th
e
coarse

level,
an

d
som

etim
es

gen
erate

on
ly

on
e
sp

ecifi
c
terrain

featu
re.

M
an

u
al

m
o
d
elin

g
system

s
often

op
erate

m
ain

ly
on

th
e
m
icro

level.
B
oth

ex
trem

es
h
ave

clear
lim

itation
s
an

d
th
ey

can
n
ot

b
e
easily

in
tegrated

b
ecau

se
of

th
e
lack

of
ed

itin
g
facilities

th
at

op
erate

on
th
e
m
ed

iu
m

or
fi
n
e
level:

gen
eratin

g
a
coarse

layou
t
w
ith

a
p
ro
ced

u
ral

system
an

d
th
en

refi
n
in
g
th
is
m
o
d
el

u
sin

g
a
m
an

u
al

sy
stem

,
op

eratin
g
on

th
e
m
icro

level,
w
ill

ty
p
ically

in
volve

m
u
ch

m
o
d
elin

g
e�

ort.
T
h
erefore,

th
ere

is
a
n
eed

for
a
m
o
d
elin

g
ap

p
roach

th
at

p
rop

erly
integrates

p
ro
ced

u
ral

gen
eration

w
ith

m
ed

iu
m
-
an

d
fi
n
e-level

m
anu

al
ed

it
op

eration
s.

T
h
e
kin

d
of

m
an

u
al

op
era-

tion
s
w
e
con

sid
er

can
b
e
p
laced

in
several

categories:

1.
ch
an

gin
g
th
e
lo
cation

of
a
gen

erated
ob

ject;
2.

lo
cally

tran
sform

in
g

a
gen

erated
featu

re’s
sh
ap

e
or

ch
an

gin
g
its

in
tern

al
stru

ctu
re;

3.
m
o
d
ify

in
g
p
aram

eters
for

a
sp

ecifi
c
region

in
a
featu

re;
4.

in
tro

d
u
cin

g
n
ew

ob
jects

an
d
featu

res
as

p
art

of
gen

er-
ated

featu
res;

5.
ap

p
ly
in
g
u
ser-d

efi
n
ed

con
strain

ts
on

a
featu

re;
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M
anual editing

•
C

oarse level: m
ountain ranges, rivers, cities. 

H
eavily dependent on procedural 

generation.

•
M

edium
 level: city districts, parks, roads. 

Procedural generation useful.

•
Fine level: individual objects (houses, trees). 
Little or no procedural generation.

•
M

icro level: m
eshes, textures

Friday, O
ctober 29, 2010



O
pen issues

•
Preserving m

anual changes

•
Balance control and consistency

•
Iterative m

odeling w
orkflow

 and edit 
history (recreate previous actions?)

Friday, O
ctober 29, 2010

the death of level designer

seriously ?

W
here P

C
G

 w
ill m

ove?

•
Traditional level design w

ill adopt m
ore 

P
C

G
 functions

•
G

am
es that do P

C
G

 w
ill do m

uch better in 
the m

arketplace
•

P
C

G
 w

ill continue to eat aw
ay at the 

bottom
 end

•
M

iddlew
are developers w

ill get on board 
w

ith P
C

G


