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Genetic Algorithms
(GA)

John H. Holland
(1975)
David Goldberg
(1989)
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Evolutionary Optimization
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Knowledge Reservoir
Set of possible solutions

—  Gleaning a reservoir of knowledge from
interactions with the environment.

Selection
Fitness-dependent number of offspring

—  The sieve of selection culls out incorrect /
unuseful “knowledge”.

Variation
Variations of individual solutions

—  The learning system invents new variants of its
old ideas that are tested against environmental
demands.
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How Genetic Algorithms Work
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{1,0,1,1,0,1,0,0,1,0,1,1}
_ {0,1,1,1,1,0,0,1,0,0,0,1}
Interpretation 11,1,0.0,0,10.10,1.0.03
{1,0,1,0,0,1,1,1,0,1,1,1}
{0,0,1,1,0,1,1,1,0,1,0,0}
{1,0,0,1,0,1,1,1,0,0,0,1}
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How Genetic Algorithms Work

Ind. 2
Ind. 5
Evaluation
—-—
Ind. 37%
Ind. 40 :
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{1,0,1,1,0,1,0,0,1,0,1,1}
_ {0,1,1,1,1,0,0,1,0,0,0,1}
Interpretation 11,1,0.0,0,10.10,1.0.03
{1,0,1,0,0,1,1,1,0,1,1,1}
{0,0,1,1,0,1,1,1,0,1,0,0}
{1,0,0,1,0,1,1,1,0,0,0,1}
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How Genetic Algorithms Work

{1,0,1,1,0,1,0,0,1,0,1,1}

Ind. 2 {0,1,1,1,1,0,0,1,0,0,0,1}
Ind. 5 {1.1.0.0.0.1,0.1.0.1.0.0}
Evaluation Selection
I {1,0,1,0,0,1,1,1,0,1,1,1}
nd T {0.0.1.1,0.1.1.1.0,1.0.0}
é"— {1,0,0,1,0,1,1,1,0,0,0,1}
Ind. 40 . 7
0 2 4 6
) -;’.' e . .
j % ..: J ] ;..; - {0,0,1,1,0,1,1,1,0,1,0,0} {1,1,0,0,0,1,0,1,0,1,0,0}
L X 5 o
VAR
. ¢ ®
]
[ ]
{1,0,1,1,0,1,0,0,1,0,1,1}
_ {0,1,1,1,1,0,0,1,0,0,0,1}
Interpretation {1,1,0,0.0,1,0,1,0,1,0,03
{1,0,1,0,0,1,1,1,0,1,1,1}
{0,0,1,1,0,1,1,1,0,1,0,0}
{1,0,0,1,0,1,1,1,0,0,0,1}
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How Genetic Algorithms Work

{1,0,1,1,0,1,0,0,1,0,1,1}

Ind. 2 {0,1,1,1,1,0,0,1,0,0,0,1}
Ind. 5 {15150505051505150515050} -
Evaluation Selection
=-— {15051505051515150515151}
Il'ld. 37 - {05051515051515150515050}
é— {1,0,0,1,0,1,1,1,0,0,0,1}
Ind. 40 y
0 2 4 6
) .’/’.. 'Q_V_ . .
% ..: p ] ‘..: . 10,0,1,1,0,1,1,1,0,1,0,0} {1,1,0,0,0,1,0,1,0,1,0,0}
‘- 2 ey . Mutation
[ ] ® ®
. @ ° : .
[ {0,1,1,1,0,0,1,1,0,1,1,0} {1,1,1,1,0,1,0,1,0,0,0,0}
)
{1,0,1,1,0,1,0,0,1,0,1,1}
_ {0,1,1,1,1,0,0,1,0,0,0,1}
. 1,1,0,0,0,1,0,1,0,1,0,0
Interpretation { }
{1,0,1,0,0,1,1,1,0,1,1,1}
{0,0,1,1,0,1,1,1,0,1,0,0}
{1,0,0,1,0,1,1,1,0,0,0,1}
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How Genetic Algorithms Work

{1,0,1,1,0,1,0,0,1,0,1,1}

Ind. 2 {0,1,1,1,1,0,0,1,0,0,0,1}
Ind. 5 {15150505051505150515050} -

Evaluation Selection
_— ] {15051505051515150515151}
Ind, 37— {0,0,1,1,0,1,1,1,0,1,0,0}
é"— {1,0,0,1,0,1,1,1,0,0,0,1}
Ind. 40 - 7
0 2 4 6
) o' oy, . .
j :I..4 ] ‘.: - {0,0,1,1,0,1,1,1,0,1,0,0} {1,1,0,0,0,1,0,1,0,1,0,0}
e o .
. s e . Mutation
{:. ./ .’ 4 " _
- ° : :
o {0,1,1,1,0, 0,1,1,0,1,1,0} {1,1,1,1, 0,1,0,1,0,0,0,0
. .
Crossover
. 1,0,1,1,0,1,0,0,1,0,1,1 ' '
| o 00000 {1,1,1,1,0,0,1,1,0,1,1,0}  {0,1,1,1,0,1,0,1,0,0,0,0}
Interpretation {1’1’0’0’0’1’0’1’0’1’0’0}
{1,0,1,0,0,1,1,1,0,1,1,1}
10,0,1,1,0,1,1,1,0,1,0,0}
{1,0,0,1,0,1,1,1,0,0,0,1}
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How Genetic Algorithms Work

Evaluation

Interpretation

Ind. 2
Ind. 5

g g
& a
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{1,0,1,1,0,1,0,0,1,0,1,1}

{0,1,1,1,1,0,0,1,0,0,0,1}
{1,1,0,0,0,1,0,1,0,1,0,0}

{1,0,1,0,0,1,1,1,0,1,1,1}
{0,0,1,1,0,1,1,1,0,1,0,0}
{1,0,0,1,0,1,1,1,0,0,0,1}

{1,0,1,1,0,1,0,0,1,0,1,1}

{0,1,1,1,1,0,0,1,0,0,0,1}
{1,1,0,0,0,1,0,1,0,1,0,0} -

Selection
{1,0,1,0,0,1,1,1,0,1,1,1}
£0,0,1,1,0,1,1,1,0,1,0,0}
{1,0,0,1,0,1,1,1,0,0,0,1}

{0,0,1,1,0,1,1,1,0,1,0,0}  {1,1,0,0,0,1,0,1,0,1,0,0}
Mutation

' (0,1,1,1,0,0,1,1,0,1,1,00  {1,1,1,1,0,1,0,1,0,0,0,0}

Crossover ><

(1,1,1,1,0,0,1,1,0,1,1,00  {0,1,1,1,0,1,0,1,0,0,0,0}

Emergent Computing — CPSC 565 — Winter 2003
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Evolution with Varying Objective Function

Generation 0 Generation 11

Generation 10 Generation 30
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Evolution with Varying Objective Function

Generation 0 Generation 10
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Evolution with Varying Objective Function

Generation 11 Generation 30
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Comparison of Genetic Operators (Genotypes)
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Comparison of Genetic Operators (Genotypes)

lh |

Initial Population Mutation Recombination
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Inversion Deletion Duplication
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Comparison of Genetic Operators (Genotypes)

Initial Population Mutation

Inversion Deletion

o

Recombination

Duplication
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Comparison of Genetic Operators (Genotypes)

Initial Population Mutation

Inversion Deletion

o

Recombination

Duplication
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Comparison of Genetic Operators (Genotypes)

Initial Population

Inversion

Mutation

-

Deletion

Recombination

Duplication
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Comparison of Genetic Operators (Genotypes)

o

Initial Population Mutation

Inversion Deletion Duplication
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Comparison of Genetic Operators (Genotypes)

Initial Population

Inversion

Mutation

Deletion

Duplication
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Phenotypic vs. Genotypic Structures

{1,0,1,1,0,1,0,0,1,0,1,1}
{0,1,1,1,1,0,0,1,0,0,0,1}
{1,1,0,0,0,1,0,1,0,1,0,0} -

> Selection
(1,0,1,0,0,1,1,1,0,1,1,1}
{0,0,1,1,0,1,1,1,0,1,0,0}
(1,0,0,1,0,1,1,1,0,0,0,1}

{0,0,1,1,0,1,1,1,0,1,0,0}  {1,1,0,0,0,1,0,1,0,1,0,0}
Mutation

{0.LL10,0,L,1,0,1,1,0} {1,1,1,1,0,1,0,1,0,0,0,0}

A Crossover ><

(1,1,1,1,0,0,1,1,0,1,1,00  {0,1,1,1,0,1,0,1,0,0,0,0}

Emergent Computing — CPSC 565 — Winter 2003 Christian Jacob, University of Calgary
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GA Dualism — Dualism in Nature

| Genotype | Phenotype

()@(4/

Interpretation
{1,0,1,0,0,1,1,1,0,1,1,1}
{0,0,1,1,0,1,1,1,0,1,0,0}
{1,0,0,1,0,1,1,1,0,0,0,1}

Decoding s‘{;} ” “
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GA Dualism — Dualism in Nature

| Genotype | Phenotype
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GA Dualism — Dualism in Nature

| Genotype

* Transcription

- Translation
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GA Dualism — Dualism in Nature
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GA Dualism — Dualism in Nature

| Genotypes | Phenotypes
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Genetic Programming
(GP)

John Koza
(1992)

Programming of Computers
by Means of Natural Selection

Biological Computation — CPSC 601.73 — Winter 2003 Christian Jacob, U
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Genetic Computer
Programming

or

How to Program a Computer
without
Explicitly Telling It What to Do
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Aunt Trackenr

Breeding . >
of Simple RECriNS
Control Programs -

A Classic GP Example

Biological Computation — CPSC 601.73 — Winter 2003 Christian Jacob, University of Calgary
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AntTracker: Collecting Food in a Maze

Command building blocks:

e advance
e turnlLeft
e turnRight T
Food Wall

°* nop
e ifSensor[food][ A, B ]

ifSensor[phero][A, B ]

ifSensor[dust][A, B ]

ifSensor[wall][A, B ]

Phero Dust
Biological Computation — CPSC 601.73 — Winter 2003 Christian Jacob, University of Calgary
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How Genetic Programming Works

| Compilation / Program \Execution

Program Text Prog. Performance
' . ' ‘Evaluation
Decoding Environ. valuatio
\
Genome Prog. Fitness
\ Mutation J
Operators
Biological Computation — CPSC 601.73 — Winter 200.3 Christian Jacob, University of Calgary
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AntTracker Evolution

~«  Fitness criterion:
Number of collected food pieces

e 50 individuals per population
e 100 generations (max.)

e <400 action steps

eGP operators:

—  Mutation

—  Crossover

—  Permutation

— Deletion

—  Duplication

—  En-/decapsulation

Biological Computation — CPSC 601.73 — Winter 2003

Christian Jacob, University of Calgary
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AntTracker: Generation O

06 AntTracker| . N
seq[advance] =
. ]
Fitness
! - |
| |
._ [
| II
| [
Biological Computation — CPSC 601.73 — Winter 2003 Christian Jacob, University of Calgary
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AntTracker: Generation

12

'Fﬁness

AntTracker|
seq[seq[advance],
ifSensor[dust]|[
seq[seq[stop]],
seq[advance]],
seq|
ifSensor[dust][
seq[turnLeft, again],
seqg[nop]],
seq[seqg[advance],
ifSensor[wall][
seqg[seq[stop],
seq[nop],
ifSensor[phero][
seq[turnLeft],
seqg[stop]]1],
seq[turnRight]]],

seq[nop]]]]

Christian Jacob, University of Calgary
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AntTracker: Generation 16

17

— AntTracker| . TN T AT
seq[seq[advance],
ifSensor[wall][
-_— seq[seq[stop], seq[nop],
F":ness ifSensor[phero][
seq[turnLeft],
seq[advance]]],
seq[turnRight]],
seqg[ifSensor[dust][
seq[turnLeft, again],
seq[nop]],
seqg[ifSensor[wall][
seq[seq[turnLeft, again],
seq[nop], . _
ifSensor[phero] ) :_ ]
[seq[stop]]], . ' I
seq[seqg[advance]]]], . "

seq[nop]l]]] '. 1 :::_\b I

Biological Computation — CPSC 601.73 — Winter 2003 Christian Jacob, University of Calgary
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AntTracker: Generation 22

33

'Fﬁness

AntTracker| . . —a -
seq| -
ifSensor[wall][
seq[turnLeft, again],
seq[turnRight]],
seq|
ifSensor[dust][seq[turnLeft,
again],seq[nop]],
seq|
ifSensor[wall][
seq[seq[turnLeft, again],
seq[nop],
ifSensor[phero][seq[stop]l]],
seq[seqg[advance]]]], . I
seq[nop]]]] o

Biological Computation — CPSC 601.73 — Winter 2003
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AntTracker: Generation 59

45

'Fﬁness

AntTracker|[
seq|
ifSensor[wall][
seq[turnLeft, turnLeft, again],
seq[
ifSensor[wall][seq[turnLeft, again]
seq[turnRight]],
seq|
seq[
ifSensor[wall][
seq[seq[turnLeft, again], seq[noj
ifSensor[wall][seq[again],
seq[seq[nop], seq[nop]l]]],
seq[seq[advance]]11111,
seq[
ifSensor[dust][seq[turnLeft, again]],
seq|
ifSensor[wall][seq[ifSensor[dust][.
seg[advance]]],
seq[ifSensor[dust][seq[turnLeft,
again]],
seq[ifSensor[wall][

seq[seq[turnLeft, again], seq[nop];!

ifSensor[dust][seq[stop],
seqg[stop], seq[turnLeft]]],

seqg[seg[advance]]]l],
seq[nop]l1111]1]

S, UR . Tad Pt

Biological Computation — CPSC 601.73 — Winter 2003

Christian Jacob, University of Calgary
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| Gen. 5

AntTracker|[
seq[seq[advance],
ifSensor[dust][seq[seq[stop]], seq[advance]],

seq[
ifSensor ‘ust][seq[turnLeft, again], seq[nop]],
. ance],

AntTracke 11t

seq[adv: spl, seq[nop],

1 (phero][seq[turnLeft], seq[stop]’

seq[tu .Right]]],

seq[nop]

Gen.1

AntTracker| .
seq|
ifSensor[wall][ Gen 59
seq[turnLeft, turnLeft, again],
seq[
ifSensor[wall][seq[turnLeft, again], seqg[turnRight]],
seq|
seq[
ifSensor[wall][
seq[seq[turnLeft, again], seq[nop],
ifSensor[wall][seq[again], seq[seq[nop
seq[seq[advance]]11]111,
seq[
ifSensor[dust][seq[turnLeft, again]],
seq|
ifSensor[wall][seq[ifSensor[dust][seq[adv. :we]]],
seq[ifSensor[dust][seq[turnLeft, again]],
seq[ifSensor[wall][
seq[seq[turnLeft, again], seq[nop],

apalnon1111

ifSensor[dust][seq[stop], seq[stop], seq[turnLeft]]],
seg[seg[advance]]]l],
seq[nop]]11111]1]

'Gen. 16

AntTracker|[
seq[seq[advance],
ifSensor[wall][
seq ‘eq[stop], seq[nop],
T sor[phero][seq[turnLeft], seq[advance]]],
1Right]],
sor[dust][seq[turnLeft, again],seq[nop]l],
ensor[wall][
se .eq[turnLeft, again], seq[nop],
i sensor[phero][seq[stop]]],
seq[seq[advance]]]],
seq[nop]]]]

| Gen. _

AntTracker|[
seq|
ifSensor[wall][
seq[turnLeft, again], seq[turnRight]],
seq[
ifSensor[dust][seq[turnLeft, again],seq[nop]],
seq|
ifSensor[wall][
seq[seq[turnLeft, again], seq[nop],
ifSensor[phero][seq[stop]l]],
seq[seq[advance]]]],
seq[nop]]
1]

Biological Computation — CPSC 601.73 — Winter 2003
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AntTracker|[
seq[seq[adyancel,
ifSensor[c
seq[
ifSensor

AntTracke
seq[adv:

1
seq[tu

seq[nop]

Gen.1 "

AntTracker|[ .
seq|
ifSensor[wall][ Gen' 59
seq[turnLeft, turnLeft, again],
seq[
ifSensor[wall][seq[turnLeft, again], seqg[turnRight]],

seq[
. 584 g, 0F, TRl Fil.8T,

apalnon1111

2qladv. :e]]],
ain]],

1,
sruLnoUL fuuo L Leey e eup g wey e eOP ], Seq[turnLeft] 11,
seg[seg[advance]]]l],
seq[nop]]11111]1]

AntTracker|[
seq[seq[advan’ R R TRE

ifSemsor[wal

seq ‘eq[sto

o sor[p

1Rig

sor

anso,

sc  .eq[tu

i sensor[:

seq[seq[adv
seq[nop]]]]

AntTracker|[
seq[ '
ifSensor
seq[tur
seq[
ifSenso
seq|
ifSens
seq[s
ifse
seq[s
seq[nop

11

Biological Computation — CPSC 601.73 — Winter 2003
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Reuse of Learnt Building Blocks (1)

'Gen.5

AntTracker|[
seq[seq[advance],
ifSensor[dust][seq[seq[stop]], seq[advance]],
seq(
ifSensor[dust][seq[turnleft, again], seg[nopl],
seq[seg[advance],

AntTracker|[

ifSensor[wall][
seq[advance] seqg[seq[stop], seq[nop],
1 ifSensor[phero][seq[turnLeft], seq[stop]l]l],
seq[turnRight]]],
seq[nop]]

Gen.1

AntTracker| .
seq|
ifSensor[wall][ Gen 59
seq[turnLeft, turnLeft, again],
seq[
ifSensor[wall][seq[turnLeft, again], seqg[turnRight]],
seq|
seq[
ifSensor[wall][
seq[seq[turnLeft, again], seq[nop],
ifSensor[wall][seq[again], seq[seq[nop], seq[nopll]l],
seq[seq[advance]]11]111,
seq[
ifSensor[dust][seq[turnLeft, again]],
seq|
ifSensor[wall][seq[ifSensor[dust][seq[advance]]],
seq[ifSensor[dust][seq[turnLeft, again]],
seq[ifSensor[wall][
seq[seq[turnLeft, again], seq[nop],

ifSensor[dust][seq[stop], seq[stop], seq[turnLeft]]],
seg[seg[advance]]]l],
seq[nop]]11111]1]

Gen. 16

AntTracker|[
seq[seq[advance],
ifSensor[wall][
seq[seq[stop], seq[nop],
ifSensor[phero][seq[turnLeft], seq[advance]]],
seq[turnRight]],
seqg[ifSensor[dust][seq[turnleft, again],seq[nopl],
seqg[ifSensor[wall][
seq[seq[turnLeft, again], seq[nop],
ifSensor[phero][seq[stop]]],
seq[seq[advance]]]],
seq[nop]]]]

Gen. 22

AntTracker|[
seq|

ifSensor[wall][

seq[turnLeft, again], seq[turnRight]],

seql

ifSensor[dust][seq[turnLeft, again],seq[nop]l,

seq(

ifSensor[wall][

seq[seq[turnLeft, again], seq[nop],
ifSensor[phero][seq[stop]l]],
seq[seq[advance]]]],

seq[nop]]

11

Biological Computation — CPSC 601.73 — Winter 2003
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Reuse of Learnt Building Blocks (2)

| Gen. 5

AntTracker|[
seq[seq[advance],
ifSensor[dust][seq[seq[stop]], seq[advance]],
seq[
ifSensor[dust][seq[turnLeft, again], seq[nop]],
. seq[seg[advance],
AntTracker|[

ifSensor[wall][
seq[advance] seqg[seq[stop], seq[nop],
1 ifSensor[phero][seq[turnLeft], seq[stop]l]l],
seq[turnRight]]],
seq[nop]]

Gen.1

AntTracker|[
seq|
ifSensor[wall][
seq[turnLeft, turnLeft, again],
seq[
ifSensor[wall][seq[turnLeft, again], seqg[turnRight]],
seq|
seq[
ifSensor[wall][
seq[seq[turnLeft, again], seq[nop],
ifSensor[wall][seq[again], seq[seq[nop], seq[nopll]l],
seq[seq[advance]]11]111,
seq[
ifSensor[dust][seq[turnLeft, again]],
seq|
ifSensor[wall][seq[ifSensor[dust][seq[advance]]],
seq[ifSensor[dust][seq[turnLeft, again]],
seq[ifSensor[wall][
seqg[seqg[turnLeft, again], seg[nop],
ifSensor[dust][seq[stop], seq[stop], seq[turnLeft]]],
seg[seg[advance]]]l],
seq[nop]]11111]1]

| Gen. 59

Gen. 16

AntTracker|[

seq[seq[advance],

ifSensor[wall][
seq[seq[stop], seq[nop],
ifSensor[phero][seq[turnLeft], seq[advance]]],
seq[turnRight]],

seq[ifSensor[dust][seq[turnLeft, again],seq[nop]l],
seq[ifSensor[wall
seq[seq[turnleft, again], seq[nop],

ifSensor[phero][seg[stop]]],

seq[seq[advance]]]],

seq[nop]]]]

Gen. 22

AntTracker|[
seq|
ifSensor[wall][
seq[turnLeft, again], seq[turnRight]],
seq[
ifSensor[dust][seq[turnLeft, again],seq[nop]],
seq|
ifSensor[wall][
seq[seq[turnleft, again], seq[nop],
ifSensor[phero][seqg[stop]]],
seq[seq[advance]]]],
seq[nop]]

11
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AntTracker: Evolution of Fithesses

Fit.

. Best

tlzan

40
30
20

10 Worst

2 GeT.
z0 40 &0 20

Fitness evolution of AntTracker program genomes

Sorted Fitnesses History, Gen. 39 Sorted Fitnesses History, Gen. 85

[Jacob 2001, Ch. 9]

EVOLUTIONARY ¢
Swarm 7 2, Clvistian Jacol, Univernsity of Calgary
s siﬂ‘ﬁw / 4 a%
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AntTracker: Evolution of Program Depth

Depth

"Depth
Best vs_kean Depth

20 40 &0 80 H 20 40 60 s
Evolution of program expression Depth of the best program per
depth generation versus average
program depth
[Jacob 2001, Ch. 9]
EVOI.UTIONARY{(
Swarm 5 2 Chvistian Jacob, University of Calgary
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Axiom

How to Generate a 'Gene Pool’ of Programs

| Compilation / Programs \Execution

.. Program Texts | Prog. Performances

Environ. Evaluation

| Decoding “

LSystem

Genomes Prog. Fitnesses

LRules

b N
o
LRule |- LRule LRule !
Left Right ) ’
= e Selection &
Variation

BL.38] | | Stack | |RL[20] | | Fl4.9]

F[.7]1 Stack

EVOLUTIONARY, s—

Swayiizo) | [ Fa1 | B3.2] Chnistian Jacal, University of Calgary
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Formulas / Expressions as 'Tree Structures'’

f(a, glb, ¢)) <——> f

EVOLUTIONARY ¢

Swarm ™

I% f_‘bm;n

Clnistian Jacob, University of Calgary
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Population of Symbolic Expressions

‘LFIuIe ‘ ‘LRuIe ‘

‘ HLRuIe‘

‘ Left HRigth H ‘

[BL38] | [ Stack| [RLI20] | [Fi49] |

Program 1

(=] [cae]
[ o] (o] [svec] (i) [ ]
] PO [ses [o]

o] [pres ] [vee] [ome] [ ][]
[ ] [ ] (swer] (0]

FL7]

Program 2

LRules|

=g
[EELTS| [(EAREYS| [JSTIOR| [OBSGHDS| [ERM| [HHED [SUOGH [HHE
[ (o] [seek] o] 0] [ [Sea] [0

‘ Axiom ‘ ‘LRuIes ‘
=

[Sucd] -]
o] Stack (o]

[BL38] | [ stack| [RLI20] | [Fi4.9] |

| Program 3

(] [
[ [ [PreD] [suce] [merr] [ ]
=] (o] (s =]

S| [WStAc| [GEEN| [ETacE|
Program 4 Program 5 Program 6
EVOLUTIONARY ¢
S, PN niddi Yniveriil
w22 S e Jacal, y of Colgary

45



L)
on s = =
o ry
" How to Generate :
E Program Expressions ==




Generating program expressions




Generating program expressions

o sk . s

(3
EVOLUTIONARY ¢
wam o Iniverss
s T Detign Christian Jacol, University of Colgary




Generating program expressions

o sk . s

*)
EVOLUTIONARY < [ ¢
S, &R ) Ty
Wﬂm( © et Cln Jacob, U ty of Calgary




Generating program expressions




Generating program expressions




Generating program expressions

o sk . s

EVOLUTIONARY ¢
3wa/l,m <
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Generating program expressions

o sk . s

(6)
EVOLUTIONARYL(
Swam 75 2, Chvistian facol, University of C




Generating program expressions

(6)

[ €
Swarm PENY Clistion Dacal, Univensily of C
2 \:3 3 / 4 /a% ajqa/uf
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Generating program expressions

o e

(7)
EVOLUHONARYL(
iﬁ;ﬁﬁ‘?ﬁ% 5 Clnirt Jacol, U ity #e“'j?“"uf




Generating program expressions




Generating program expressions
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Generating program expressions

o sk . s

)
EVOLUTIONARYL(
Swam 75 2, Chvistian facol, University of C




Generating program expressions
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Generating program expressions

o sk . s

EVOLUTIONARY ¢

gmmi;;’iﬁ ) Clvvistian Jacob, University of Calgary




Population of Symbolic Expressions

‘LFIuIe ‘ ‘LRuIe ‘

‘ HLRuIe‘

‘ Left HRigth H ‘

[BL38] | [ Stack| [RLI20] | [Fi49] |

Program 1

(=] [cae]
[ o] (o] [svec] (i) [ ]
] PO [ses [o]

o] [pres ] [vee] [ome] [ ][]
[ ] [ ] (swer] (0]

FL7]

Program 2

LRules|

=g
[EELTS| [(EAREYS| [JSTIOR| [OBSGHDS| [ERM| [HHED [SUOGH [HHE
[ (o] [seek] o] 0] [ [Sea] [0

‘ Axiom ‘ ‘LRuIes ‘
=

[Sucd] -]
o] Stack (o]

[BL38] | [ stack| [RLI20] | [Fi4.9] |

| Program 3

(] [
[ [ [PreD] [suce] [merr] [ ]
=] (o] (s =]

S| [WStAc| [GEEN| [ETacE|
Program 4 Program 5 Program 6
EVOLUTIONARY ¢
S, PN niddi Yniveriil
w22 S e Jacal, y of Colgary
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How to Diversify the Programs ...

| Compilation / Programs \Execution

Program Texts Prog. Performances
' . : | Evaluation
Decoding Environ.
\
Genomes Prog. Fitnesses
Selection &
Variation
EVOLUTIONARY ¢—
Swarm 2 Chistian Jaced, University of Calgary

T Dedd
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How to Diversify the Programs ...

~+  Genetic Operators on Symbolic Expressions

e Crossover
*  Mutation
— Point Mutation
— Tree Mutation
*  Permutation
* Hoisting
* Deletion, Shrinking
* Expansion
*  Duplication
* Encapsulation / Decapsulation

EVOLUTIONARY ¢
Swarm 7 2

T Dedd

Chistian Jacob, Uni

ity of Calgary
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CROSSOVER on Symbolic Expressions

‘LFIuIe ‘ ‘LRuIe ‘

‘ HLRuIe‘

‘ Left HRigth H ‘

[BL38] | [ Stack| [RLI20] | [Fi49] |

Program 1

(=] [cae]
[ o] (o] [svec] (i) [ ]
] PO [ses [o]

o] [pres ] [vee] [ome] [ ][]
[ ] [ ] (swer] (0]

FL7]

Program 2

LRules|

=g
[EELTS| [(EAREYS| [JSTIOR| [OBSGHDS| [ERM| [HHED [SUOGH [HHE
[ (o] [seek] o] 0] [ [Sea] [0

‘ Axiom ‘ ‘LRuIes ‘
=

[Sucd] -]
o] Stack (o]

[BL38] | [ stack| [RLI20] | [Fi4.9] |

Program 3

(] [
[ [ [PreD] [suce] [merr] [ ]
=] (o] (s =]

S| [WStAc| [GEEN| [ETacE|
Program 4 Program 5 Program 6
EVOLUTIONARY ¢
S, PN niddi Yniveriil
w22 S e Jacal, y of Colgary
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CROSSOVER on Symbolic Expressions

‘ Axiom ‘ ‘LRuIes ‘
-]
[ = ] [tRule] [LRule | [LRule |
[Sued =
Left Right
e (o] Fy  [Swe] (]
[Suce] = = ‘B[_aa] ‘ ‘Stack‘ ‘m_[zo] ‘ ‘F[4.9] ‘
[BL38] | [ Stack| [RLI20] | [Fi49] | =
o ][] o]
[vLpop | [Fri41 | [B32] |
a (o] [Friay] [Eea)
Program 1 Program 2 Program 3

.
[ [tRe]
] P ] o o (s e o) () g [ [w7 ) [Preo] [suce) [ewT] [ ]

[ (o] [seek] o] 0] [ [Sea] [0

=] (o] (s =]

IBEETN| [Siack [RCOech [EESdhy| [UBTEsSln| [GECSTiN) [l [Eiack|

g0
Program 5 Program 6

Clnistian Jacob, University of Calgary
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CROSSOVER on Symbolic Expressions

‘ Axiom ‘ ‘LRuIes ‘
.

[Axiom|
e, e, =
‘ ‘ ‘LRuIe‘ ‘LHuIe‘ ‘LRuIe‘

[Suc] =]

Left Right
e (] fy]  [SEed (o]

[Ctett ] [Prod | [‘suce] [Right] [.. ] [ ]
[Co] [ ] [stack] [ ]

[BL38] | [Stack| [RLL20] | [Fi4.9] |

[BL38] | [ Stack| [RLI20] | [Fi49] |

-

.
[ ] [xwae]
] =l = () ) i) ) g o s ey [ ) [cer ] [PReD) [succ] [moAT] [ ]

[ (o] [seek] o] 0] [ [Sea] [0

=] (o] (s =]

IBEETN| [Siack [RCOech [EESdhy| [UBTEsSln| [GECSTiN) [l [Eiack|

[Fiar] [Sea ] [Fiasr |

YLI30]

EVOLUTIONARY ¢

Clnistian Jacob, University of Calgary
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CROSSOVER on Symbolic Expressions

‘ Axiom ‘ ‘LRuIes ‘
.
[Axion] B
Tssain] =]
‘ ‘ ‘LRuIe‘ ‘LHuIe‘ ‘LRuIe‘
[Sucd ]
‘ Left HRighl‘ ‘ ‘ ‘ ‘
(1] [

[Ctett ] [Prod | [‘suce] [Right] [.. ] [ ]
[Co] [ ] [stack] [ ]

[BL38] | [ Stack| [RLI20] | [Fi49] |

i -

[BL38] | [ Stack| [RLL20] | [Fi4.9] |

* yL30] | | F141 | [B[3.2] [

==

]

.
=]
]
- = = m= ]
E El [EELTS| [(EAREYS| [JSTIOR| [OBSGHDS| [ERM| [HHED [SUOGH [HHE -LEFI' -m :::: -RIGHT

[0 [ [Steek] [0 [0 (O] [Sea] 0]
PBL] | [Stack
e e T i e e (=] [eB)] [Steck] (R

YLI30]

EVOLUTIONARY ¢

Clnistian Jacob, University of Calgary
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CROSSOVER on Symbolic Expressions

‘ Axiom ‘ ‘LRuIes ‘

[ ] [Lhuke]
‘ HLRuIe‘ ‘LHuIe‘ ‘LRuIe‘
[Swed  Font] [
[Left | [Right] [~ | [ ~ | [
(] (]

[BL38] | [ Stack| [RLI20] | [Fi49] |

[Ctett ] [Prod | [‘suce] [Right] [.. ] [ ]
[Co] [ ] [stack] [ ]

i

. [Bu381 | [stack] [Rizol | [Fies |
[CSystem LRules
LRule LRule LRule

=] suee]  [meAT] [ e = =
LTEoul e e ‘L.4l | LEiS.2L
[LEFTT] [PREDN[SUCC] [IGHT|S[LEFT | [PRED]N[SUCT]

Lo [eO] -] B [N [IEECr) [IBREDY] [Sucol| k| NS

[0 [P (se] [0 [0 () (5] [0
[ [iStack] [

IBEETN| [Siack [RCOech [EESdhy| [UBTEsSln| [GECSTiN) [l [Eiack|

Vigso]
EVOLUTIONARY ¢
Swanm &5 Clnistian JJacsb, University of Calgary
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CROSSOVER on Symbolic Expressions

‘ Axiom ‘ ‘LRuIes ‘

[#iom] e
=
‘ ‘ ‘LRuIe‘ ‘LHuIe‘ ‘LRuIe‘
[Sued =
Left Right
. ] (]
[svee] [mone] [ ] [ ]
B[.38] Stack | (RL[20] F[4.9]
e (] ]
o

.
[ [ire]
TRues]
[ [ [7rem] [Fr] [~ -
e ) () e e s o e ey (-] £ ] [PReD] [suoc] [momT] [ ]
[0 [ [Steek] [0 [0 (O] [Sea] 0]
PB[ ] Stack
[Br3el | [stack| [RLiz01 | [Fias] [BAT] [STack ] [FURY) [FEOT] [S(39T] (A0 ] [P [Siaek] =N =
[Fiar] [Sea ] [Fiasr |
YLI30]

-
(vl | [Fi41 Lo{Bis |

=

<
. Clnistian Jacob, University of Calgary

EVOLUTIONARY
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CROSSOVER on Symbolic Expressions

‘ HLRuIe‘

‘LFIuIe ‘ ‘LRuIe ‘

‘ Left HRigth H ‘

[BL38] | [ Stack| [RLI20] | [Fi49] |

Program 1

(=] [cae]
[ o] (o] [svec] (i) [ ]
) o (e =

[BL38] | [ stack| [RLL20] | [Fi4.9] |

o] [pres ] [vee] [ome] [ ][]
[ ] [ ] (swer] (0]

FL7]
Program 2
=]

[IEFT] [PRED [SUSE] [GHT] [TEFT] [PRED] [SUEC] [RAT]
o o i o o o
[P0 [ () [FEOT] (BT (R [T [SWeR)

Program 5

‘ Axiom ‘ ‘LRuIes ‘
=

[sued  [ight] [ ]

(o] [fa] (o]

Program 3

(] [
[ [ [PreD] [suce] [merr] [ ]
=] (o] (s =]

Program 6

Program 4
EVOLUTIONARY ¢
Swarm < 757“
's"—““‘r'.‘bwa;//b'

@ Chistian Jacob, Uni

7

nity of Calgary

70



How to Diversify the Programs ... (2)

EVOLUTIONARY ¢

Genetic Operators on Symbolic Expressions

Crossover

Mutation

— Point Mutation

— Tree Mutation

Permutation

Hoisting

Deletion, Shrinking
Expansion

Duplication

Encapsulation / Decapsulation

Swarm T

T Dedd

Chistian Jacob, Uni

ity of Calgary
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MUTATION on Symbolic Expressions

‘LFIuIe ‘ ‘LRuIe ‘

‘ HLRuIe‘

‘ Left HRigth H ‘

[BL38] | [ Stack| [RLI20] | [Fi49] |

Program 1

(=] [cae]

(=] o] [Frea] [mewr] [

o] [ea]  [steeq]  [-]

o] [pres ] [vee] [mome] [ ][]
[ ] [ ] (swe] (0]

FL7]

Program 2

Thutes]
=g
ST | CEREDH) [VEIDCTS [ORKGHTS| [iEEEfa| [IERED) [S0CTS [HKHT|
[ (o] [seek] o] 0] [AO] [Sea] [0

[ ] (o]

[Sucd] -]
o] Stack (o]

[BL38] | [ stack| [RLI20] | [Fi49] |

Program 3

[ [ [PreD] [suce] [merr] [ ]
=] (o] (s =]

=

S| [WStAc| [GEEN| [ETacE|
Program 4 Program 5 Program 6
EVOLUTIONARY ¢
S, PN niddi Yniveriil
w22 S e Jacal, y of Colgary
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MUTATION on Symbolic Expressions

‘LFIuIe ‘ ‘LRuIe ‘

‘ HLRuIe‘

‘ Left ‘ ‘Righl‘ ‘ ‘ ‘

[BL38] | [ Stack| [RLI20] | [Fi49] |

Program 1

(=] [cae]
[ o] (o] [svec] (i) [ ]
] PO [ses [o]

o] [pres ] [vee] [mome] [ ][]
[ ] [ ] (swe] (0]

FL7]

Program 2

Thutes]
=g
ST | CEREDH) [VEIDCTS [ORKGHTS| [iEEEfa| [IERED) [S0CTS [HKHT|
[ (o] [seek] o] 0] [AO] [Sea] [0

[ ] (o]

[Sucd] -]
o] Stack (o]

[BL38] | [ stack| [RLI20] | [Fi49] |

Program 3

[ [ [PreD] [suce] [merr] [ ]
=] (o] (s =]

=

S| [WStAc| [GEEN| [ETacE|
Program 4 Program 5 Program 6
EVOLUTIONARY ¢
S, PN niddi Yniveriil
w22 S e Jacal, y of Colgary
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MUTATION on a Symbolic Expression

‘ LRule ‘ ‘ LRule \

‘ HLRuIe‘

\ Left HRightH \ \

‘B[.38] \ ‘Stack‘ ‘RL[ZO] \ ‘F[4.9] \

i

‘YL[30] \ ‘F[1.4] \ \3[3.2] \

EVOLUTIONARY ¢
Swarm 5 2 Clvistian Jacol, Univensity of C
T Desi / yof ey
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MUTATION on a Symbolic Expression

\LRule \ \Lnule \

\ HLRule\

\ Left \ ‘RightH H \

selection oX a

| sk
Probabilitic gy = | [Feeer |

o e

EVOLUTIONARY, ¢

Swarm £

Chnistian Jacob, U

iversity of Calgary

e Do
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MUTATION on a Symbolic Expression

‘LRuIe ‘ ‘LRuIe \

‘ ‘ ‘LRuIe‘

\ Left \ ‘Right‘ \ \ \

|

| | Deleting the
subexpression

EVOLUTIONARY ¢

Swarm 7 2 Clunistian Jacob, Uni

ity of Calgary

T Dedd
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MUTATION on a Symbolic Expression

‘ ‘ ‘LRuIe ‘ ‘LRuIe ‘ ‘LRuIe \

\ Left HRightH \ \

|

Generating a
suitable new
subexpression

/
Stack | |PU[30] | | seq |

[F21 ]

| e | | seq | |yriso) | | stack|

(vuor | [Fri41 | [Br.21] [yusal | [Fi14) |

EVOLUTIONARY ¢
Swarm 2

nidli
's"_‘*;f’.‘bqu‘ g

Jacol, University of Calgary
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EVOLUTIONARY ¢
Swarm &7 2 Chnisti

MUTATION on a Symbolic Expression

‘LRuIe ‘ ‘LRuIe \

‘ HLRuIe‘

\ Left \ ‘RightH H

Composing
the mytated

| Fr21 | [ stack| [Purso | | seq |

| FL71 | | seq | |yriso] | | stack|

[yusor | [Fr1.41 | [ Bi1.21 | [Yiso | [Fi1.41 |

.*_."5?’$ .

/mﬁ, Ui

nity of Calgary
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MUTATION on Symbolic Expressions

(| (R
[t [ o] ]
[E7] [Seal
[veor] [Frer] [Briar] [voeor] [Firer]

Program
=

[ o] (o] [svec] (i) [ ]
) Pl [ [

o] [pres ] [vee] [ome] [ ][]
[ ] [ ] (swer] (0]

FL7]
Program 2
=]

ST | CEREDH) [VEICTS| [ORKGHTS| [iEEEf| [IERED) [H0CT [HKHT|
[ (o] [seek] o] 0] [ [Sea] [0

‘ Axiom ‘ ‘LRuIes ‘
=

[Sucd] -]
o] Stack (o]

[BL38] | [ stack| [RLI20] | [Fi4.9] |

Program 3

(] [
[ [ [PreD] [suce] [merr] [ ]

D (s ) ) e A ) (o 0 P (5] (=]
Program 4 Program 5 Program 6
EVOLUTIONARY ¢
&, P Y onisdi Ynsiveniil
wa/;m_\‘_‘"s?,:b . G Jacad, y of Calgary
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MUTATION on Symbolic Expressions

] ()
L ] ]

[E7] [Seal

[veor ] [Frar ] [Brar] [vemor] [Fiar]
Program 1
] [owoe)

[ o] (o] [svec] (i) [ ]
) Pl [ [

o] [pres ] [vee] [ome] [ ][]
[ ] [ ] (swer] (0]

FL7]

Program 2

=g
ST | CEREDH) [VEICTS| [ORKGHTS| [iEEEf| [IERED) [H0CT [HKHT|
[ (o] [seek] o] 0] [ [Sea] [0

‘ Axiom ‘ ‘LRuIes ‘
=

[Sucd] -]
o] Stack (o]

[BL38] | [ stack| [RLI20] | [Fi4.9] |

Program 3

(] [
[ [ [PreD] [suce] [merr] [ ]
=] (o] (s =]

S| [WStAc| [GEEN| [ETacE|
Program 4 Program 5 Program 6
EVOLUTIONARY ¢ g0
&, P Y = Chniski Yniverndil
worm T D = Chnsticn Joco, Yniversty of Celony
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GP Mutation Operators

Original Tree | Point Mutation| Permutation Hoist
Shrinking Expansion Duplication Tree Mut.
EVOLUTIONARY ¢
Suarm 7o 2 g wsige Chnistian fJacol, University of Calgary
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GP Mutation Operators

Original Tree | Point Mutation| Permutation Hoist
Shrinking Expansion Duplication Tree Mut.
EVOLUTIONARYi <
Suwarm s 2o wsign Clristian Jacol, University of Calgary
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GP Mutation Operators

Original Tree | Point Mutation| Permutation Hoist
Shrinking Expansion Duplication Tree Mut.
EVOLUTIONARY ¢
Suarm 7o 2 g wsige Chnistion Jacob, University of Calgary
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GP Mutation Operators

-
Original Tree  Point Mutation Permutation Hoist
Shrinking Expansion Duplication Tree Mut.
EVOLUTIONARY ¢
3“‘%,';3:.;!_‘5%% Chnislian Jacal, University of Calgary
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GP Mutation Operators

Original Tree | Point Mutation| Permutation Hoist
Shrinking Expansion Duplication Tree Mut.
EVOLUTIONARY ¢
Suarm 7o 2 g wsige Chnistian fJacol, University of Calgary
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GP Mutation Operators

O

Original Tree  Point Mutation Permutation Hoist
Shrinking Expansion Duplication Tree Mut.
EVOLUTIONARY ¢
3“‘%,';3:.;!_‘5%% Chnislian Jacal, University of Calgary
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GP Mutation Operators

O

Original Tree  Point Mutation Permutation Hoist
Shrinking Expansion Duplication Tree Mut.
EVOLUTIONARY ¢
3“‘%,';3:.;!_‘5%% Chnislian Jacal, University of Calgary
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GP Mutation Operators

Original Tree  Point Mutation Permutation Hoist
Shrinking Expansion Duplication Tree Mut.
EVOLUTIONARY ¢
3“‘%,';3:.;!_‘5%% Chnislian Jacal, University of Calgary
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How to Diversify the Programs ...

| Compilation / Programs \Execution

Program Texts Prog. Performances
Deco ding Environ. Evaluation
~

Genomes Prog. Fitnesses
Selection & What I haven’t
Variation told you yet ...

EVOLUTIONARY ¢—
Suwcrm o Clnistian Jacob, University o Calgary

T Dedd
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Variations of Expressions Using Templates

Expression Pool

EVOI.UTIONARY; <

Swam £ 2 Clvistian Naceb, Ui
v S?J:DW‘ 7

ity of Calgary
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GP Operators: Selection and History

™ Operator Selection

Probability P(w) of selecting an operator w < (1 from the

operator set {1:

Plw) = — W)

I
" ¥t )
“g'ell

m History Function

= Unary Operator

History(s;(£)) := (sg(z - 1), w)

m Binary Operator

History(s;()) = (sg, (¢ = 1), $gy (t = 1), 5;(2), Wrec)

EVOLUTIONARY, ¢

Cinn

"

/acoﬁ, Ui

ity of Calgary

Swarm &7 2
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GP Operators: Weight Adaptation

™ Weight Adaptation

y(ew, t) 18 the weight of operator w n generation £,
Yiw, 1) =y(w, t = 1) Ay(w, 1) Y decay( @)

Average hitness difference: Ay(w, 1).
Weight decay constant: 0 < ygecay(w) = 1.

EVOLUTIONARY, ¢

Swarm o 0 Clvistian Jacol, Uni

ity of Calgary
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GP Operators: Weight Adaptation (2)

u Ay for Unary Operators

1 Ti5)
Ay(w, 1) = : E T
| Pie.1) s eP(en1) rl]‘ﬁstur}'is]ll

P(w, 1) :={s | History(s), = w} C Pir)

Plew, 1) is the set of all structures within a population Pir), which are
offspring from parents in Pir — 1) using operator .

= Ay for Binary Operators

N S -
Ay(w, t) := 2 [Plon) 2sePlon T (5)

f"(s,‘]::.‘ﬂax( Tiz) . rqbun)
Tippis)) - Tipqls))

Parents: pi(s) := History(s);

Offspring: b(s) := History(s )5

EVOLUTIONARY, ¢
3wafl,m ".!ﬁ 2
A

Dedign

Clnisti

el Unisersity of Cogary
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AntTracker: Adaptive Operator Ranks

EVOLUTIONARY, ¢

o o o o

o o o o

o o o o

o 2 o o

GP Operator Ranks

LECAFS

20 40 &0 20

ENCAFSE

20 40 &0 a0

FERI

CEOSS
1 0.1%
8 0.16
6
4 0.1
B 0.12
20 40 &0 @D
DUFL
5 0.45
2 0.4
0.35
E 0.3
4 0.25
0.2
2 0.15
20 40 &0 EO
HIUTAT
1 1
g 0.8
6 0.6
4 0.4
z 0.2
20 40 &0 EO
SHETNE
1 1
8 0.8
& 0.6
4 0.4
2 0.2

=0 &40 [=11] =11}

5P Operators

20 40 &0 a0

[Jacob 2001, Ch. 9]
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Evolution of Fractals

Towards a better understanding of replacement
systems and their evolution

Jing Yu

Biological Computation — CPSC 601.73 — Winter 2003 Christian Jacob, University of Calgary
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Fractals and Lindenmayer Systems

Axiom:

Replacement Rule: _— > = —

-‘/V —> —>

The Quadratic Koch Island

EVOLUTIONARY ¢
Swarm 7

Chnistian Jacob, U

uertity of Calgary
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Gallery of Evolved Fractals
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Evolutionary Exploration of Fractal Spaces
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Evolutionary Exploration of Fractal Spaces
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Evolutionary Inference
of L-Systems
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Developmental Programs

44

EVOLUTIONARY ¢

| Iteration 1

Swarm ™

7% f "_‘bmw

Chistian Jacob, Uni

ity of Calgary

120



Developmental Programs
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Developmental Programs
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Developmental Programs
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Developmental Programs
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Developmental Programs
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Developmental Programs
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Developmental Programs
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Developmental Programs
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ArtFlowers Encoded by L-systems

* Axiom: sprout(4)

* Sprout:

p1:

sprout(4) -> f stalk(2) [ pd(60) leaf(0) ] pu(20) [ pu(25) sprout(0) ]
[ pd(60) leaf(0) ] pd(29) [ pu(25) sprout(2) ] f stalk(l) bloom(0)

* Sprout riping:

p3: stalk(t>0)

pg:
p9:

« Stalk elongation:

bloom(t)
bloom(7)

* Changing leaf sizes:

p2: sprout(t<4) -> sprout(t+l)

-> f f stalk(t-1)

* Bloom growth and decay:

bloom(t+1)
bloom(1)

pa: leaf(t) -> leaf(t+1.5)
p5: leaf(t>7) -> Leaf(7)
pe: Leaf(t) -> Leaf(t-1.5)
p7: Leaf(t<2) -> leaf(0)
EVOLUTIONARY,(
Swarm = 2 Clistian Jacol, Universily of C
T e Desd Y/ ,af algary
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Lychnis coronaria artificialis

. Axiom: sprout(a) ; a = 3
*  Sprout with emerging stalk, blooms and leaves

p1: sprout(a) -> f stalk(2) [ pd(60) leaf(0)
pu(20) [ pu(25) sprout(0)
[ pd(60) leaf(0) ] pd(29)
[ pu(25) sprout(2) ]
f stalk(l) bloom(0)

;%Eigfégggzﬁrf

| Iteration 1
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Lychnis coronaria artificialis

. Axiom: sprout(a)

*  Sprout with emerging stalk, blooms and leaves

p1: sprout(a) -> pd(60) leaf(0) ]

pu(20) [ pu(25) sprout(0) ]
[ pd(60) leaf(0) ] pd(29)

[ pu sprout(2) ]

0

| Iteration 1

EVOLUTIONARY ¢
Swarm 5 2 Clvistian Jacol, Univernsity of Calgary
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Lychnis coronaria artificialis

. Axiom: sprout(a)

Sprout with emerging stalk, blooms and leaves

pu(20) [ pu sprout(0) ]
[ pd(6 pd(29)
[ pu(25) sprout(2) ]

f stalk(l) bloom(0)

& =

)é‘féé?‘

| Iteration 1

p1: sprout(a) -> f stalk(2) [ pd(6
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Lychnis coronaria artificialis

. Axiom: sprout(a)

*  Sprout with emerging stalk, blooms and leaves

p1: sprout(a) -> f stalk(2) [ pd(60) leaf(0)
pu(20) [ pu(25) sprout(0)

O [ pd(60) leaf(0) ] pd(29)
[ pPu(25) sprouwtt
£ stalk(l

)é‘féé?‘

| Iteration 1

]
]
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Lychnis coronaria artificialis

Axiom: sprout(a)

Sprout with emerging stalk, blooms and leaves

pu(20) [
[ pd(60)
[ pu(25)
f stalk(

| Iteration 2

EVOLUTIONARY, ¢

p1: sprout(a) -> f stalk(2) [ pd(60) leaf(0)

pu(25) sprout(0) ]
leaf(0) ] pd(29)

“

]
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Lychnis coronaria artificialis

Axiom: sprout(a)

Sprout with emerging stalk, blooms and leaves

p1: sprout(a) ->

f stalk(2)
pu(20)
[ pd(60

| Iteration 2
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Swarm 7 2
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Lychnis coronaria artificialis

Axiom: sprout(a)
Sprout with emerging stalk, blooms and leaves

p1: sprout(a) -> f stalk(2) [ pd(60) leaf(0) ]

pu(20) [ pu(25) sprout(0) ]

[ pd(60) leaf(0) ] pd(29)

[ pu(25) £ stalk(2) [ pd(60) leaf(0)]
pu(20) [ pu(25) sprout(0) ]

[ pd(60) leaf(0) ] pd(29)

[ pu(25) sprout(2) ] f stalk(l) bloom(0)]
f stalk(l) bloom(1l)

o

| Iteration 3
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Lychnis coronaria artificialis

Axiom: sprout(a)
Sprout with emerging stalk, blooms and leaves

p1: sprout(a) -> f stalk(2) [ pd(60) leaf(0) ]

pu(20) [ pu(25) sprout(0) ]

[ pd(60) leaf(0) ] pd(29)

[ pu(25) £ stalk(2) [ pd(60) leaf(0)]
pu(20) [ pu(25) sprout(0) ]

[ pd(60) leaf(0) ] pd(29)

[ pu(25) sprout(2) ] £ stalk(l) bloom(0)]
f stalk(l) bloom(1)

o

| Iteration 3
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Turtle Interpretation

| Position and Orientation

.up

z
' left <f> heading

| Turtle
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Turtle Interpretation

‘Position and Orientation | Changing
| Orientation
| zZ . Up .
? left <f> heading '
Turtle yaw
p
| h
pitch  roll
| X
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Lychnis coronaria artificialis

Axiom: sprout(a)
Sprout with emerging stalk, blooms and leaves

p1: sprout(a) -> f stalk(2) [ pd(60) leaf(0) ]

pu(20) [ pu(25) sprout(0) ]

[ pd(60) leaf(0) ] pd(29)

[ pu(25) £ stalk(2) [ pd(60) leaf(0)]
pu(20) [ pu(25) sprout(0) ]

[ pd(60) leaf(0) ] pd(29)

[ pu(25) sprout(2) ] £ stalk(l) bloom(0)]
f stalk(l) bloom(1)

o

| Iteration 3
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ArtFlowers Encoded by L-systems

* Axiom: sprout(4)

* Sprout:

p1:

sprout(4) -> f stalk(2) [ pd(60) leaf(0) ] pu(20) [ pu(25) sprout(0) ]
[ pd(60) leaf(0) ] pd(29) [ pu(25) sprout(2) ] f stalk(l) bloom(0)

* Sprout riping:

p3: stalk(t>0)

pg:
p9:

« Stalk elongation:

bloom(t)
bloom(7)

* Changing leaf sizes:

p2: sprout(t<4) -> sprout(t+l)

-> f f stalk(t-1)

* Bloom growth and decay:

bloom(t+1)
bloom(1)

pa: leaf(t) -> leaf(t+1.5)
p5: leaf(t>7) -> Leaf(7)
pe: Leaf(t) -> Leaf(t-1.5)
p7: Leaf(t<2) -> leaf(0)
EVOLUTIONARY,(
Swarm = 2 Clistian Jacol, Universily of C
T e Desd Y/ ,af algary
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Encoding L-Systems

"« General form of an L-rule:

Left < Predecessor > Right I:>

Successor
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Encoding L-Systems

"« General form of an L-rule:

Left < Predecessor > Right I:> Successor

*  Encoding by a symbolic expression:

LRule][
LEFT][Left], PRED[Predecessor], RIGHT[Right],
SUCC[Successor]

]

EVOLUTIONARY ¢
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Encoding L-Systems
. LSystem|
Axiom] ... ],

LRules|
LRule[ ... ],

LRule[LEFT[Left |, PRED[Pred |, RIGHT[Right ],
SUCC[Succ |

1,

LRulef ... ], ...

|
|

EVOLUTIONARY ¢
Swarm =

% Design

Clnistian Jacob, University of Calgary

144



ArtFlowers Gallery

Original

Mutants
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ArtFlowers Gallery

Original
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ArtFlowers Gallery

Original

Mutants
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ArtFlowers Gallery
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ArtFlowers Gallery

Original

Mutants
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Visualizing
Evolution and Ontogeny

Effects of Genetic Operators

Clnistian Jacob, University of Calgary
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- Effects of Genetic Operators

Gen. 4

EVOLUTIONARY ¢
Swarm 7 2 Clvistian Nacel, University of C
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Effects of Genetic Operators

OMe4],
LRULES]
LR EFT), PREDfa4], RIGHT]),
SUCCISEQISEQHf}, SEQIi{2]}
STACK]pd60], [0], SEQI0],
STACK]pd[20], 23], SEQIo0]),
SEQI0], RR(17], 121,
STACK]pd60], [0]], SEQI90],
STACK]pdi20] a(2], SEQf,
SEQI1] Mol
LRulelLEFT]}, PREDIft /t<4], RIGHT[, SUCCIal1 +[},

LRuelLEFT], PRED {6, RIGHT, SUCCIMIIL]
LRuelLEFT, PREL. 221, RIGHT], SUCCISTACK(), YRIAIL,
LRuelLEFT, PREC. 30], RIGHTI, SUCCISTACKIYR{18], YRISIII

| Duplication

Gen. 4
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Effects of Genetic Operators

OMe4],
LRULES]

LRulef| EFT), PREDfaf4], RIGHT],
SUCCISEQISEQH, SEQUZ],

STACK]pd0} 0], SEQL,

STACK]pd[20] 2(3], SEQIME0],

SEQ0L RR(17,12],

STACK]pd0} 0], SEQIO],

STACK]pd20}, 2], SEQf

SEQUT], Mol

LRulelLEFT}, PREDIft /t<4], RIGHT], SUCCIa[1 +}

LRuelLEFT], PRED {6, RIGHT, SUCCIMIIL]
LRuelLEFT, PREL. 221, RIGHT], SUCCISTACK(), YRIAIL,
LRuelLEFT, PREC. 30], RIGHTI, SUCCISTACKIYR{18], YRISIII

| Duplication

EY)
LRULES]
LRule]L EFT]), PREDfaf4], RIGHT,
SUCCISEQISEQYf], SEQUi2]),
STACK]pdie0}, [0, SEQ90],
STACKIpd20)] 2f3], SEQ[90],
SEQH0}, RR{17], RR(17], 2],
STACK]pdie0}, [0, SEQI90],
STACKpd20} 7], SEQff,
SEQE1], MOl
LRule]l EFT]}, PREDfaft /t<4]}, RIGHT], SUCCla[1 + [}

LRulefl EFT]}, PRED{m{B], RIGHT], SUCCIM(1T],
LRulefl EFT]}, PRED[&(2]}, RIGHTI), SUCCISTACKIi4], i, YRI3ATI,
LRuefl EF ], PREDf2(0], RIGHT[, SUCCISTACKIYR{18], YR[18][[]

Gen. 4
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Effects of Genetic Operators

IOMai4],
LRULES]

LRue]LEFT], PREDfaf4], RIGHT],
SUCCISEQISEQH, SEQil2],

STACK]pdie0} [0, SEQ[90],

STACK[pdi20)} 3(3], SEQ[90],

SEQU0}, RR17] 121,

STACK]pdie0} [0], SEQ[90],

STACKpd20} 2], SEQff,

SEQE1], Ml

LRuielLEFTT, PREDIalt /t<4]}, RIGHTI, SUCCI[1 +{],

LRuelLEFT], PRED {6, RIGHT, SUCCIMIIL]
LRuelLEFT, PREL. 221, RIGHT], SUCCISTACK(), YRIAIL,
LRuelLEFT, PREC. 30], RIGHTI, SUCCISTACKIYR{18], YRISIII

| Duplication

fef4])
LRULES] .
S mnen —
| SEQH(2,
et o) SN 20
ACKIpd20] L LRufL EFT, PREDaf4], RIGHT]
SEQi0}, RR[17], RRI17, 12, WEQSEF?.ET?S[E&WW
STACK]pde}, [0, SEQI0], STACK[pdiE0)} 0],
STACKpd20} 7], SEQff, SEQISEQH, SEQZ]
SEQW1] MOl STACK[pd[E0} 0], SEQI90]
LRuie{l EFT], PREDaft /<4], RIGHT], SUCCla( 1+, STACK[pd20],2(3], SEQIT0],
LRuefL EFT], PREDIB], RIGHT], SUCCIM{1IL ym@%]mqm
LRuell EFT], PRED[a[2], RIGHT], SUCCISTACK]if4} if4], YRIATI, STACK[pR0] aZ], SECH]
LRuie]l EFT], PRED[&0], RIGHT], SUCCISTACKIYR{18], YR{18]IIl SEQE1] 1] mi0]
STACK[Pd0},2(3], SEQII0],
SEQHi[0}, RR[17], RR(17], 2],
STACK]pd60} 0], SEQIT90],
STACKIpd0), &2, SEQH,
. SEQ1], M,
D I . t. LRuie] EFT]), PREDJalt /t<4]}, RIGHT]}, SUCCla[1 +1],
u p Ication LRUGLEFT], PREDIm8], RIGHT], SUCCIM{1T],
M t t' LRuleL EFT], PRED[af2]}, RIGHT]}, SUCCISTACKIi4], if4], YR[34I,
u a I O n LRulel EFT], PRED[a[0], RIGHT], SUCCISTACKIYR[18], YR[18]IIl
EVOLUTIONARY ¢
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Effects of Genetic Operators

OMe4],
LRULES]

LRulef| EFT), PREDfaf4], RIGHT],
SUCCISEQISEQH, SEQUZ],

STACK]pd0} 0], SEQL,

STACK]pd[20] 2(3], SEQIME0],

SEQ0L RR(17,12],

STACK]pd0} 0], SEQIO],

STACK]pd20}, 2], SEQf

SEQUT], Mol

LRulelLEFT}, PREDIft /t<4], RIGHT], SUCCIa[1 +}

LRuelLEFT], PRED {6, RIGHT, SUCCIMIIL]
LRuelLEFT, PREL. 221, RIGHT], SUCCISTACK(), YRIAIL,
LRuelLEFT, PREC. 30], RIGHTI, SUCCISTACKIYR{18], YRISIII

Duplication
LRULES[
LRulelL EFT], PRED[&4], RIGHTT
SUCCISEQISEQH, SEQ(2],
[ei4], STACK[pded], [0
LRULES] . gﬁgﬂmsﬂmimlm
LRuielL EFT]), PRED[a(4], RIGHTT )
SUCCISEQISEQHf}, SEQIiZ], LSysemiAXOMEH], STACK[pd20], af3], SEQI90]}
STACK]pdie0], [0], SEQI0], LRULES[ STSEQI3lni4], FTLBOII
STACK]pd20] 23], SEQ[90], LRue]LEFT], PREDE], RIGHT], STACNMGOL o] %EEQM%H
SEQI0}, RR17} RR{17},12], SUCCISEQSEQH, SEQIZ], ACKIpd0],af3], SEQf,
STACK[pdB0} [0], SEQIH20], STACK[B0L [T, SEQET1L 0]
STACK[pd[20], &[2], SECf, SEQISEQR, SEQiiZ], STACK]pd20] 2[3], SEQI90],
SEQW] m0 STACK}pB0), 10, SEQTR0] SEQR0], RR[17), RR[17],12],
LRulefL EFTT, PREDIalt /it<4]}, RIGHTI, SUCCIa[ +{]] STACK[pd20}, a(3], SEQS0, ; AOdi[FBSO]T U}
SEQIE, ML RIE0] sﬁn@&i 1A0r4]] rT{O]]]Ipd[ZOI a2,
LRuiefl EFT]}, PRED[m[6], RIGHT], SUCCIM[1]], ACKppd ! |, mioT,
LRUeLEFT], PRED[a[2], RIGHT],, SUCCISTACK(if4},if4], YRI34TI, gw[%]%f%m LRulelLEFTT], PREDaft /<4], RIGHTT, SUCCla[1 +{]],
LRuelL EFT}, PRED[A[0], RIGHT], SUCCISTACKIYR{18], YRI1S]I SEQEL 1m0} TR - RG ]
STACK]odiR0), 28], SEQIEO lefl EFT, PREDImiE], RIGHT], SUCCIM[™, -
SEQUOLRRU7LRRITL L LRuiell EFT), PRED[a[2], RIGHTT, SUCCISTACKi4], if4], YR[34TI,
STACKHIB0) P, SEGHTEC LRuelL EFT, PRED[A[0], RIGHT], SUCCISTACKIYR[18], YRISTI
STACKpd 20}, a(2], SEQH,
. SEQE1] MOl
D I . t LRuieLEFTT, PREDIalt /t<4], RIGHTT, SUCC[a[1 +],
u p Ication LRufLEFT], PREDm{E], RIGHT], SUCCIM1I] .
H LRule]LEFT], PRED[2[Z], RIGHT], SUCCISTACK]i4}, if4], YR(3AII, .
M Utatlon LRUle]LEFT]}, PREDIa0], RIGHT], SUCCISTACKIYR{18], YRI1S]I M Utatlon
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L]
Effects of Genetig:Qnn==t==
LRULES[
LRule] EFT]], PREDa4]], RIGHTT,
SUCCISEQ[SEQYf], SEQJi[2]],
OMe4], STACK]pd[60] [0],
LRULES[ SEQISEQH], SEQIi2], I
LRulefL EFT]) PRED[24], RIGHT], STACK{pdj60}, 0], SEQIT0]
SUCCISEQISEQHf}, SEQIi{2]} STACKpd[20], 23], SEQIo0]
STACK]pd60], [0], SEQI0], SEQ3] mi4] R[0T, .
STACK]pd[20], 23], SEQIo0]), STACK]pd0], [0, SEQ90], .
SEQHO}RRI17, 2] STACKU20}243] Mutation
STACK]pd60], [0]], SEQI90], SEQ{1].{1], m0],
STACK]pdi20] a(2], SEQf, STACKpd[20], 23], SEQI90],
SEQI1] Mol SEQ0], RR[17] RR{17], 12,
LRuleLEFTT, PREDfalt /t<4], RIGHTI, SUCCIa[1 +1, STACK]pd[0], [0, SEQIn90],
STACK]pd[20] &2,
LRuleLEFT], PREF‘miB]l, RIGHT], SUCCIM[1], SEQR, SEQE1], MO,
LRUelLEFT]}, PREL 2[2]}, RIGHTI, SUCCISTACKIi4], YRI34I, LRule]l EFTT, PREDfalt /#<4], RIGHTT, SUCCa[1 +{],
LRUe[LEFT]}, PREL (0], RIGHTI, SUCCISTACKIYR{18], YR1S]IIl
LRuleLEFT]), PRED[m{B], RIGHT], SUCCIm[1],
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