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Chapt er 1

Pong Pacman

Occulus Rift

Planescape:
Torment Mirror' s Edge

Left 4 Dead
Endless Space Proteus

Unreal Development Kit Photoshop
Mindjet

SpeedTree

Photoshop
3D Studio Max



proactively

co-creativity

fosters



\ How can the computer become a proactive partner in the game design process?"



designer modeling

in vitro
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intelligent

player

games
design



FIFA

Limbo

Skyrim Pac-
Man Bejeweled

Fallout 3

Ludus

ludic facet



Warcraft I I I

Super
Mario Bros

Call of Duty
Angry Birds

Minecraft

Super Mario Bros
Forza Motorsport

Resident Evil 4

Max
Payne

Amnesia: The Dark
Descent



Computer-aided design

mixed-initiative

proactively

Modding

CounterStrike



Skyrim

Cut-The-Rope



Black & White
Thief

The Sims

Starcraft 1



interactive
storytelling

Heavy Rain Mass
E�ect



World of Warcraft
Steam

Xbox Live

Battle�eld 3 Forza Motorsport 4
Tomb Raider: Underworld

Rogue Elite

procedural content generation



Civilization V

Diablo

Super Mario
Bros

Super Mario Bros



Galactic
Arms Race



Tomb Raider: Underworld

Tomb Raider: Underworld

domain model interaction model



designer modeling

second-order player modeling

preference learning



Super Mario Bros The Legend of
Zelda

goal recognition





mixed-iniatiative co-creativity

lateral thinking



diagrammatic
reasoning

random stimulus

re-framing

re-framing random stimulus

Diagrammatic Lateral Thinking
extended mind

thinks



lateral paths

analogical
visual
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backpropa-
gation

perceptron



F x

8 xi ; xj ; r x i > r xj F xi > F xj

xj r x j

P 8xi ; xj r i > r j ) xi � xj 2 P

C
X

8(xi �xj )2 P

f ; b� F xi F xj g

F xi F xj

b

F
C



Q f w P
P0 gw Q q1; q2; : : : ; qN

P Q
encoder Q f w P

decoder
Q

P0 gw Q

Q

denoising autoencoders



mating death
selection

�tness function

genotype
phenotype

recombination mutation

n

genetic
algorithms



elitism



Ms. Pac-Man

Starcraft

infeasible individuals

death penalty



I

F

(a) Large feasible space.

I

F

(b) Non-convex feasible space.

I

F

FF

(c) Islands of feasible space.

penalty

repair



feasible
population

infeasible
populationin

fe
as

ib
le

 o
ffs

pr
in

g feasible offspring

proximity to feasibility

objectivescore

novelty score
distance

novel archive

� i i



population

novel 
archivenovelty score

closest neighbors

novel archive

� i
k

kX

j = 1
d i ; �j

�j j i
d i ; j

i j

minimal criteria novelty search



feature parameter space

user fatigue

cognitive overload
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single-user mode

multi-user mode

pleiotropy
polygeny



speciation
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o�spring boost



P N
i max generations

Nf Ni P
Nf < Ni

Of N= /* offspring boost */
Oi N=

Of Nf
Oi Ni

feasible individual
E P

Of � E P
infeasible individual

E P

Oi � E P
/* at this point the next generation is stored in a single population P

which is divided into feasible and infeasible in the next iteration */



novel 
archivenovelty score

feasible
population

infeasible
populationin

fe
as

ib
le

 o
ffs

pr
in

g feasible offspring

proximity to feasibility

closest neighbors

(a) FINS.

novel 
archivenovelty score

feasible
population

infeasible
populationin

fe
as

ib
le

 o
ffs

pr
in

g feasible offspring

novelty scorenovel 
archive

closest neighbors

closest neighbors

(b) FI2NS.

� i i d i ; j i
j

Feasible-infeasible
novelty search

� i
f i nf

f i nf
feasible-infeasible dual novelty search

� i



I

F

FF

(a) Feasible and Infeasible Spaces.

I

F

FF

(b) FINS search process.

I

F

FF

(c) FI2NS search process.

de facto

aesthetic score



P N
Af

method is FI2NS Ai

i max generations
Nf Ni P

Nf < Ni
Of N= /* offspring boost */

Oi N=

Of Nf
Oi Ni

feasible individual
Nf � Af

E P

Of � E P
method is FI2NS

infeasible individual
Ni � Ai

method is FINS
infeasible individual

E P

Oi � E P

iterations

choice-based
rank-based



P N
F =D D

/* one iteration */
i generations per iteration /* short evolutionary sprint */

individual F
E P

Of � E P

B P B�P
method is CIE

s u

tries< max tries 9i2u with F s < F i

�tness dimension k of F k
training error increases from previous try

method is RIE
r p r xi 8i 2 p

tr ies< max tries 9i2p with r xi > r xj but F xi < F xj

�tness dimension k of F k
training error increases from previous try

unti l user fatigued

choice-based interactive evolution

wk k t

wt+ 1
k wt

k � f kS � f kU

� f k k f k



F

P
i jwi j

noise

t

wt+ 1
k wt

k � �
@C
@wk

@C
@wk

X

8(xi �xj )2 P :
F (x i )�F (x j )< b

f j
k � f i

k
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k f k t

P
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in vitro
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(a) (b) (c)



ambiguity

Starcraft
Dawn of War

special ti les

symmetry area
control exploration

1



(a) (b) (c) (d)

SM SN
M N

N
A1 A2

N E1! 2

E2! 1

reference ti les SN

t
i i

i

st ;i SN
1�j �N

j 6= i

�
max

�
;
dt;j � dt;i
dt ;j dt ;i

��

Ei SN N �

NX

j = 1
j 6= i

Ei ! j
P

N SN dt;i t i P
Ei ! j

i j



f e

f s SN ; SM M

MX

k= 1
1�i�N

�
sk;i g

f a SN P

NX

i= 1
Ai

f e SN N

NX

i= 1
Ei

M N SM SN sk;i
k SM i SN sk;i SN Ai

i P
Ei i t i

st ;i < Cs Cs :

f s f a f e

balance
bs

ba be

bs SN ; SM �
M N N �

MX

k= 1

NX

i= 1

NX

j = 1
j 6= i

jsk;i � sk;j j

ba SN �
N N �

NX

i= 1

NX

j = 1
j 6= i

jAi � Aj j
maxf Ai ; Aj g

be SN �
N N �

NX

i= 1

NX

j = 1
j 6= i

jEi � Ej j
maxf Ei ; Ej g



Warcraft
I I

Civi lization IV

Warlock 2: the Exiled
Civilization IV

Age of Empires

Heroes I I I Civi lization
IV Dawn of War

Starcraft
Heroes I I I

B R

Starcraft

(a) Map Sketch (b) Final Level (2D) (c) Final Level (3D)



f saf f a SB
bsaf ba SB

f r es f s SB ; SR br es bs SB ; SR
f exp f e SB

bexp be SB
f r es f saf f exp br es bsaf bexp

playabili ty

�tness dimensions

metrics

2

Used
Space

Chokepoints dead ends
open areas



f r es f saf



(a) Default (b) Navmesh (c) Resource
safety

(d) Safe areas (e) Unused
space

(f ) Segments

Default
Navmesh

Resource safety
Safe areas

Unused space
Segments

(a) Default (b) Heightmap (c) Waterways (d) Dungeon

Default Heightmap
Default Waterways

Dungeon

suggestions



0 0 0 0 0
00 0

0 0 0 0
2

2 0
0 0 0 00 0
0 0 0 0
0 0 0 0 0 00 0
0 0 0 0

1
1

1 1

11 0
0

4 4
4 4 4
4 4

4 4 44

4
4 4 4 0 00 0

(a) Genotype (1D integer
array).

(b) Phenotype (map
sketch).



(a) Example of 2-point crossover. (b) Example of mutat ion.



dinf
SI

di nf SI
uc

I I �

I SI uc
SI

dinf



(a) Modeling Style (b) Modeling Process

visual diversity dvi s

dvi s dvi s

dvi s i ; j
WH

WX

x= 1

HX

y= 1
Dx;y i ; j

W H Dx;y i ; j
x; y i j Dx;y i ; j



f n n
n

wn wn

wt+ 1
n wt

n � f nS � f nU

� f nS

n f nU n

� 5

currently



(a) Map (b) Vt (c) Vb (d) H l (e) H r (f ) Pt (g) Pb (h) Pl (i) Pr

Vt
Vb Hl Hr

o Pt Pb Pl Pr

n f nU

� 4

tabula rasa



sym

sym > :

sym
NT

NTX

n= 1

n[ � n\
n[

n[ n
n\ n

NT

sym 1
2

�
B [ �B \
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R[ �R\
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�
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(a) (b) (c) (d) (e) (f )



f saf br es

p < �6

f saf



(a) (b) (c) (d) (e)

f r es f saf f ex p br es bsaf bex p



f exp





milestones
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p < :

f r es br es f saf bsaf
f exp bexp

6 � 4



(a) Evolving towards f r es . (b) Evolving towards f saf . (c) Evolving towards f ex p .

(d) Evolving towards br es . (e) Evolving towards bsaf . (f ) Evolving towards bex p .

6

6



br es bsaf bexp

bsaf
f r es f saf

f exp

f r es
st;i

dt ;j � dt;i j 6 i
dt;j j

st;i f r es f saf

br es
bsaf bexp

br es

bsaf bexp
st;i Ei

i

f r es f saf f exp

f r es
st i Ei st i



(a) f r es . (b) f saf . (c) f ex p . (d) br es . (e) bsaf . (f ) bex p .

(g) f r es . (h) f sa f . (i) f ex p .

(j) br es . (k) bsaf . (l) bex p .

(m) f r es . (n) f sa f . (o) f ex p .

(p) br es . (q) bsaf . (r) bex p .



f saf

f exp
f exp

Fr es
1
2f r es

1
2br es

Fsaf
1
2f saf

1
2bsaf

Fexp
1
2f exp

1
2bexp

Fbal
1
2f saf

1
2bsaf

Fqual
1
3f r es

1
3f saf

1
3f exp

Fbal
1
3f r es

1
3f saf

1
3f exp

Fal l
1
6f r es

1
6f saf

1
6f exp

1
6br es

1
6bsaf

1
6bexp

Fr es
f r es Fsaf

bsaf

Fqual Fbal
f r es f saf f exp

b b b



(a) Evolving towards Fr es . (b) Evolving towards Fsaf . (c) Evolving towards Fex p .

(d) Evolving towards Fqu a l . (e) Evolving towards Fbal . (f ) Evolving towards Fal l .

Fbal

Fr es

Fsaf

Fexp
bexp

Fal l



(a) Fr es . (b) Fsaf . (c) Fex p . (d) Fqu a l . (e) Fbal . (f ) Fal l .

(g) Fr es . (h) Fsaf . (i) Fex p .

(j) Fqu al . (k) Fbal . (l) Fal l .

(m) Fr es . (n) Fsaf . (o) Fex p .

(p) Fqu al . (q) Fbal . (r) Fal l .



f r es f saf f ex p br es bsaf bex p

Fr es
Fsaf
Fex p
Fqual
Fbal
Fal l

Fr es
Fsaf
Fex p
Fqual
Fbal
Fal l

Fr es
Fsaf
Fex p
Fqual
Fbal
Fal l

f r es f saf f exp
Fal l

f r es f saf f exp
b b b



f r es
f saf
f ex p
br es
bsaf
bex p
Fal l

f r es
f saf
f ex p
br es
bsaf
bex p
Fal l

f r es
f saf
f ex p
br es
bsaf
bex p
Fal l

f saf f exp



Fal l

Fal l



f r es
f saf
f ex p
br es
bsaf
bexp
Fal l

f r es
f saf
f ex p
br es
bsaf
bexp
Fal l

f r es
f saf
f ex p
br es
bsaf
bexp
Fal l

bsaf Fal l

bsaf
Fal l



(a) Avg. Fitness for bsaf . (b) Max. Fitness for bsaf . (c) Feasible individuals for bsaf .

(d) Avg. Fitness for Fal l . (e) Max. Fitness for Fal l . (f ) Feasible individuals for Fal l .

bsaf Fal l

Fal l

bsaf

bsaf
Fal l bsaf



(a) Sketch (b) Final Dungeon

E T
X

Rogue

X E T

Diablo



X
f e SX

f s SE ; ST
f a SX [ SE

bs ba be

bs SE ; ST
ba SX [ SE

be SX
SX

Ftr eas
1
2f s SE ; ST

1
2bs SE ; ST

Fmonst
1
2f a SX [ SE

1
2ba SX [ SE

Fexi t
1
2f e SX

1
2be SX

Fal l
1
3Ftr eas

1
3Fmonst

1
3Fexi t



f s SE ; ST f a SX [ SE f e SX bs SE ; ST ba SX [ SE be SX

Ft r eas
Fm on st
Fex i t
Fal l

Ft r eas
Fm on st
Fex i t
Fal l

Ft r eas
Fm on st
Fex i t
Fal l

bs SE ; ST bs SE ; ST ba SX [ SE
ba bs

Ftr eas Fmonst
Fexi t

Ftr eas

Ftr eas
Fmonst

Fexi t

Fal l

f s SE ; ST f a SX [ SE



(a) Ft r eas . (b) Fm on st . (c) Fex i t . (d) Fal l .

(e) Ft r eas . (f ) Fm on st . (g) Fex i t . (h) Fal l .

(i) Ft r eas . (j) Fm on st .

(k) Fex i t . (l) Fal l .



(a) Sketch (b) Final FPS Map

W
H P

Team Fortress 2

Left 4 Dead

W H P
Quake I I I Arena

Unreal Tournament 2004

f e SP



ba SH [ SP

be SP be SP [ SW

Fhp
1
2f a SH [ SP

1
2ba SH [ SP

Fspawn
1
2f e SP

1
2be SP

Fweap
1
2f e SW [ SP

1
2be SW [ SP

Fal l
1
3Fhp

1
3Fspawn

1
3Fweap

f e SP
f a SH [ SP f e SW [ SP

f a SH [ SP ba SH [ SP
be SP be SW [ SP

f e SW [ SP
f e SP f e



f a SH [ SP f e SP f e SW [ SP ba SH [ SP be SP be SW [ SP

Fhp
Fspawn
Fweap
Fal l

Fhp
Fspawn
Fweap
Fal l

Fhp
Fspawn
Fweap
Fal l

f e SP
be SP

Fspawn

Fweap

Fal l



(a) Fh p . (b) Fspaw n . (c) Fw eap . (d) Fal l .

(e) Fh p . (f ) Fspaw n . (g) Fw eap . (h) Fal l .



(a) Fh p . (b) Fspaw n .

(c) Fw eap . (d) Fal l .
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dvis

H1 H2 H3
H4

H1



H3

H4

H1
H2 H3 H1

n H1
g H2

p H3 dvi s H4 p dvis

dvi s
p dvi s

n

p < :

dvi s



n g p dvi s

n
g p

dvi s n

g p dvi s

recombination mutation

H4



n g p dvi s

n
g p dvi s

n

g p dvi s

g



dvis

H4

H4
nb nb



p dvi s p dvi s

n b

n b

n b

n b

n b

n b

n b

n g
p dvi s

H4

H4

H4





(a) Legend.

(b) Met ric n for small maps. (c) Met ric n for medium maps. (d) Met ric n for large maps.

(e) Met ric g for small maps. (f ) Met ric g for medium maps. (g) Met ric g for large maps.

(h) Rat io of p for small maps. (i) Rat io of p for medium maps. (j) Rat io of p for large maps.

(k) Met ric �dv i s for small maps. (l) Met ric �dv i s for medium maps. (m) Metric �dv i s for large maps.

p :



(a) Small
seedon e

(b) Medium
seedon e

(c) Large seedon e (d) Small
sample
seedal l

(e) Medium
sample seedal l

(f ) Large sample
seedal l

seedon e
seedal l

seedone
seedal l

seedone

seedal l

seedall
seedone

seedal l

seedal l
seedone



seedal l seedon e

p dvi s p dvi s

n g

seedal l seedone

seedone

seedal l

seedal l
seedone



seedal l seedon e

p dvi s p dvi s

n g

H1

H1

g

g
g n
H1

H2
H2

H2

H3



H3
H3

H4
H4

H4
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pos

1
6

zer o



(a) Art i�cial agent choosing the
highest f r es . The Y axis is the
score of f r es .

(b) Art i�cial agent choosing the
highest f saf . The Y axis is the
score of f saf .

(c) Art i�cial agent choosing the
highest f ex p . The Y axis is the
score of f ex p .

f r es
f saf f exp br es bsaf bexp

pos

zer o

zer o pos

pos

zer o

zer o



(a) Art i�cial agent choosing the
highest Fqu a l , which is displayed
on the Y axis.

(b) Art i�cial agent choosing the
highest Fbal , which is displayed
on the Y axis.

(c) Art i�cial agent choosing the
highest Fal l , which is displayed
on the Y axis.

(d) Art i�cial agent choosing the
highest f saf for steps 1-5 and the
highest f r es for steps 6-10. The
Y axis is f sa f before step 6 and
f r es after it .

Fqual Fbal Fal l

Fqual f r es f saf f exp Fbal
br es bsaf bexp Fal l



pos
Fal l pos
1
6 Fal l zer o

zer o
Fal l

f saf f r es

f r es
f saf

pos f saf
f r es

f r es zer o

f r es f r es

f saf f r es

f r es



(a) Art i�cial agent choosing the
lowest f r es . The Y axis is the
score of f r es .

(b) Art i�cial agent choosing the
lowest f sa f . The Y axis is the
score of f saf .

(c) Art i�cial agent choosing the
lowest f ex p . The Y axis is the
score of f ex p .

pos pos

zer o

pos



(a) Session 1

(b) Session 4

(c) Session 7

(a) Session 1 (b) Session 4 (c) Session 7



(a) Session 1 (b) Session 4 (c) Session 7

sym

f exp bexp f saf bsaf

f exp bexp
f saf bsaf

bsaf
f r es br es

f r es br es

f exp bexp

f saf
br es

f r es
f r es br es f saf bsaf

f r es br es

br es



sym
sym

Pt Pb Pr Pl
sym Pl

sym

zer o
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Sentient World

iterative re�ning



START

Neuroevolution via novelty search

Fittest ANNs selected from population

ANNs trained via back-propagation 
to user-defined dataset

Higher-LOD maps created from 
trained ANNs, duplicates ignored

Any map
selected?

NO

YES

Population initialized with 
permutations of selected ANN

Selected high-LOD map stored
as the user-defined dataset

Complete map generated
from selected ANN

FINISH

Finish Continue

Refine

User manually edits selected high-LOD map

User draws low-LOD map, used as dataset

User action 
choice

height zone resolution
level of detail



3

3 9 27

9 27

(a) Resolut ion LODs

0.00

1.00

0.50

0.00

1.00

0.50

0.83

0.67

1.00

0.50

0.83

0.67
0.58

0.92

0.75

0.00

0.25

(b) Height zone LODs

li ; ui

x y

h

Training

(c)(a) (b)

Refining

(d) (e)

x y
d d li + ui

2 i
l i ui e

a d e 1
2 d � a 2



x y

h

x y

h

x y

h

x y

h

x y

h

x y

h

x y

h

x y

h

x y

h

x y

h

novelty search

backpropagation

(b)

(c)

(d)

(e)

initial sketch

(a)

h

� dist i ; j



T
hi t h t i

�



(a) Sketching interface while the user draws a new
map sketch (with LOD of 2).

(b) Select ion interface while the user selects a
higher resolut ion map sketch (with LOD of 3) to
re�ne the sketch from Fig. 10.6a.

(c) Sketching interface while the user manually re-
�nes the selected map from Fig. 10.6b.

(d) The full resolut ion of selected map from
Fig. 10.6b, displayed as a heightmap.



(a) L1 (b) L2 (c) I1 (d) I2 (e) S1 (f ) S2

average distance

d

d
P P �

PX

i= 1

PX

j = 1
j 6= i

di st i ; j

P dist i ; j







Starcraft

;
x y

t t < :
t



Age of Mythology

base distance f B D
base space f B S

choke point f CP



f B D min
�

;
dB

wM hM

�

f B S
a

C2
1

f CP

8
>><

>>:

1
2

�
� wC

C1
hA

�
wC < C2

C3

�
� wC

dM

�
wC �C2

wC

dB wM hM
a C1 C1

C1 wC
dM wM hM =

C2 C3
C2 C3 : hA

hA minf ; dB � d0
B =dM g d0

B

nearby resources f N R
nearby resource balance f RB

king of
the hil l f K H

f N R
rN ;1 rN ;2

r

f RB
jrN ;1 � rN ;2j

r
f K H

rM
r

r rN ;i
i rM wm =

hm =

balance division
unconnected segments f US

Symmetry (X and Y) f Sx f Sy

Quadrant Symmetry f QS



f US
I U
I

f Sx �
I

jI T � I B j

f Sy �
I

jI L � I R j

f QS �
I

3X

i = 2
jI Qi � I Q1 j jI Qi � I Q4 j

I I U
I T I B I L I R

I Qi i

F

� :
F

� 5
P

i jwi j



Upper Bound

8
8

1
8

i
f i f i di ;pq p p

di ;j j q p
p q p k

8 k p

di ;j

i terations

di ;j



(a) Legend. (b) Progress of f B D for Ar-
t i�cial User AB D .

(c) Progress of f N R for Ar-
t i�cial User AN R .

(d) Progressof f K H for Ar-
t i�cial User AK H .

(e) Progress of f C 1 for Ar-
t i�cial User AC 1.

(f ) Progress of f C 2 for Ar-
t i�cial User AC 2.

(g) Progress of f B D for Ar-
t i�cial User Aal t .

(h) Progress of f N R for Ar-
t i�cial User Aal t .

AB D f B D
AB D AN R AK H

AC1 AC2
f C1 f C2

f C1 : f B D : f N R : f K H

f C2 : f B D : f N R : f K H

f C1 f C2

f B D
f f



AC 1

f C 1

f B D
f N R
f K H
AC 2

f C 2

f B D
f N R
f K H

AC 1 AC 2

f K H
f C1 f C2

Aalt
f B D f N R

f N R

f B D
f N R
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(a) Sketch (b) MiniDungeon level

(a) Speedrunner (b) Treasure Collector (c) Monster K iller (d) Clone of a Human
Player



(a) Sketch (b) Civilizat ion-style
level

�

FreeCiv



(a) 3D visualizat ion of FPS level. (b) Gameplay in the FPS.

(c) Heatmaps of FPS games with large voxels. (d) Heatmaps of FPS games with small voxels.





(a) Abst ract map sketch (b) Re�ned map sketch

(c) Safe Areas display of re�ned map (d) Resource Safety display of re�ned map
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SketchUp ZBrush

2
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(a) Low-resolut ion user drawing (b) Full resolut ion image
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