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I. Idea borrowed from biological evolution
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An Image of DNA Spiral
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Simplification
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Our virtual chromosome
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Crossover

One-—point Crossowver
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One-point crossover with random number
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Uniform crossover with random number
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Mutation

1

Usually probability {(mutation) =
number of genes

¥
Create random numberfrom O to N -1 each of the all genes

+

If and only if random number = O then mutate
rnd =8 rnd =0
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How Many Mutations are necessary in one generation?

For Selection (Truncate Selection)

01 o000 GOSISESDTSTSETSISPSPOSOSS AEEEE N ]
02 ee oo e 00008 S OS [ ]
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- SO SODP PSS SOPOOOSOSSOBSS ...... LR
50 ® 0SSOSO STIPOOS® - oo}
51 0000000 OPSTSIOSTSPTOSIOSS | .. L =
52 ® 000G DS OSSOSO SSS L
® 00 000G OOS ...... e e
B e random number from 1 to 50
*
100 P * S S S S S S S S SSSSS SO ® @ x2 (for 2 parents) x100 (to create 100 children) = 200
For Crossover (One Point) random number from 1 to 999
LR N RN NN RN IR N RN NN N EEEEER L +
® 0 000000000 OSOS OO ® ® ® x1 (whereto cut) x100 (to create 100 children) = 100
h'd
oo
For Mutation random number 0 or 1
*
0 S 0 G GO GO OGO OO DO BB ----nn ® @ x1000 (mutate or not) x100 (each of 100 children) = 100000
rnd [ md 0 pwmeas rnd I 100300

rnd rnd
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Truncate Selection

To select parents

N/2

Create 2 random numbers from 1 to
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Fitness Proportionate Selection

fithess

#1 16 =>16/40=0.400
# 10 =>10/40=0.250
#3 5  => 5/40=0.125
#4 5  => 5/40=0.125
#5 2 => 2/40=0.500
#6 2  => 2/40=0.500

40

40.0%

25.0%

11
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a.k.a

Roullett Wheel Selection

12
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II. Simplest version - Hill Climbing

13
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Random Mutation Hill-climbing

(1) choose a string at random and call this current-hilltop

(2) choose a locus at random to flip. If the flip leads to an equal or higher
fitness then set current-hilltop to the resulting string

(3) goto step (2) until an optimum string has been found or until a maxi-
mum number of evaluations have been performed.

(4) return the current-hilltop
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III. The 1st toy example
All one problem

15
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IV. Fitness landscape

16
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A conceptual plot of fitness value defined

on a fictitious 2-D space

How good is the performance™?
(fithess)
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V. The 2nd toy example
A needle in a haystack problem

18
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N-digit password matching problem
Assume N-digit integer password and Chromosome with N integer genes
Fitness is 1 if and only if chromosome match the password perfectly

otherwise fitness = 0.

19
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fithess

Fitness landscape int this case

fitness

10t

8t

generation
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986
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25365
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95682

198253

402362

W00 | ~1 | (L0 | =W | ha | =

. search space
%,
e II"”
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623023

(Right figure is from the student work by Bakun Anton in 2015)
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An extended fitness evaluation

When we evaluate its fitness by "how many digits match?”

fitness

10}

8t

BT search space

k7
©y 05 Oy
B, %,
'560 '560
& &

password iteration n
807 1473 3
3859 25237 4
03186 41489 5
723186 772246 6
9224186 3194682 7
35284196 16185762 8
874284695 78326820 9
7803204905 eror ! Very long time 10

(Right figure is from the student work by Bakun Anton in 2015)
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VI. The 3rd toy example
Lucky dog

22
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A dog lookling for a sausage
A dog in the gridworld (0,0)-(1000,1000) with sausage at (200,800)

Dog starts from (500,500) looking for the sausage.

23



(Contemporary Intelligent Information Techniques)

VII. What if more than one solution
exsit?

24



(Contemporary Intelligent Information Techniques) 25

A dog lookling for two sausages
A dog in the gridworld (0,0)-(1000,1000) with sausage at (200,800) and (800,200)
Dog starts from (500,500) looking for the sausages.

(From the student work by Belous Sophia in 2015)
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In fact

All the dogs gather only one sausage out of the two!
Y

Can we implement so that

half of the dogs go to the one while the other half to the other?

26
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Or, a 2-D function minimization

y = sin®(57x)

27
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Two algorithms to get all the solutions

1. Fitness sharing
F(i)
Zs(dm‘)

where

{ 1 — (dz] / Js}lare)a if dl] < Oghare

0 otherwise

F@(Z) —

28
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Fitness Share - Lucky Dog

s (dj; )
& 1.0 = o = 1
i | c =10
st 0.8
& 0.6 I
0.4 | : : L
0.2 -
1 : 1 : 1 ; 1
O 2 4 S 8 10
. sausage v
& L dOg .
i
« - dog

i

29
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2. Crowding Algorithm

1. Choose two parents, p; and po, at random.
2. Produce two children, ¢ and ¢.
3. Mutate the children yielding ¢; and ¢y, with a crossover.

4. Replace parent with child as follows:

- IF  d(p1,c1) + d(pa, c2) > d(p1, c2) + d(p2, c1)
x I f(c1) > f(p1) THEN replace p; with ¢;
x I f(co) > f(p2) THEN replace py with co
- ELSE
x I f(co) > f(p1) THEN replace p; with ¢
« I f(c1) > f(p2) THEN replace py with ¢;

30
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Crowding - two cases of parents & children

er
L
! - 3 C:::_;.
P = P2
<
B =
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2-D function minimization - What happens?

y = sin®(57x)

32
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VIII. Commonly used test function

33
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1. Sphere model

20
- 9
i=1

That is,

y:x%—kx%er%—l—---

+ 5

34
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It’s 3-D version

z:x2+y2
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It’s 2-D version

y=x

36
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2. Shcwefel function

n

y = (wisin(|zi]))

1=1
That is,

y = xysin(|zy]) + xosin(|za]) + - - - + wop sin(| o))

37
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Shcwefel - It’s 3-D version

n(|a]) + ysin(ly|)

— xSl

Z
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Schwefel - It’s 2-D version

y = wsin(|z|)

39
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3. Rastrigin’s function

y=nA+ Z (27 — Acos(2mx;))
i=1

40
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Rastrigin - It’s 3-D version

z =2+ 2% — cos(2mx) + y* — cos(2my)

41
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Rastrigin - It’s 2-D version

y =3+ 2% — 3cos(2mx)

42
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4. Griewangk’s function

Y = Zx§/4000 — Hcos(:vi/\/%) +1
=1 i=1

43
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Griewangk - It’s 3-D version

2 | 2
z = % — (cosz) cos(z/v/2) + 1
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Griewangk - It’s 2-D version
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y:m—costrl

1=
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5. Ackley’s function

y = —20 Z exp (—0.24/ 2% /n) — exp ((Z cos2mx;)/n) + 20+ e
i=1 i=1

46
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Ackley - It’s 3-D version

2= —20exp —0.2¢/ (22 + 42)/2 — exp(cos 2z + cos 2my) /2) 4+ 20 + e
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Ackley - It’s 2-D version

y = —20exp (—0.2vVx2) — exp (cos 2mz) + 20 + e
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IX. What if more than one fitness
function exsit?

49
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Parete Optimal Solution

If X is better than Y for all the Fitnesses then it is said that
X dominates Y.

When a solution is not dominated by any others it is called
Non Dominated Solution
or

Parete Optimal Solution
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Rank - When we try evolution for Parete optimum

Order according to

the number of how many others in the population it dominates.

o1
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E.g. who dominates whom and how rank is counted.

test-1 test-2 test-3 test-4 test-5 dominated by dominates rank

A 9 9 9 8 7 0 3 1
B > 4 5 3 6 1 2 2
C 3 3 4 2 3 2 1 3
D 2 2 3 1 2 3 0 4
E 1 1 1 1 9 0 0 4
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Sv o o =

Algorithm

Initialize the population.

Select individuals uniformly from population.
Perform crossover and mutation to create a child.
Calculate the rank of the new child.

Find the individual in the entire population that is most similar to the child.
Replace that individual with the new child if the child’s ranking is better, or if
the child dominates it.

6. Update the ranking of the population if the child has been inserted.

7. Perform steps 2-6 according to the population size.

If the stop criterion is not met go to step 2 and start a new generation.
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Excercise
Try it with two fitness functions y1 = (x — 2)* and yo = (v — 4)? as follows:

1. Create 20 10-bit binary chromosomes, assuming each chromosome represent
x-cordinate ranges from 0 to 6 with (0000---00) and (1111---11) being corre-
sponding to 0 and 6, respectively.

2. Calculate yy and yo for each of 20 x’s represented by these 20 chromosomes.

3. Create a table with 5 columns: (i) chromosome, (ii) its x value, (iii) its iy
value, (iv) its yo value, (v) how many these (y1, y2) dominates others (rank).

4. Plot these 20 points on each of two graphs (e.g., red and blue color).
5. Create next generation by applying the algorithm on these 20 chromosomes.

6. While 20 points are different from previous generation Do 2-4 Else stop.
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X. Neural Network
Weight configutation by evolution

25
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5-even-parity by Neural Network

input

output

00000
00001
00010
00011
00100
00101
00110
00111
01000
11110
11111

OO0OWMEWQOQWQOQOM

on

o6
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Feedforward neural network

Out put y of one neuron with 5 inputs of +1 or —1 is calculated as:

)
y = sgn(Y_wiz;)
1=1

that is,

if 2?21 w;x; is negative then y = —1, otherwise y = 1

57
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Evolution of weight configuration
Chromosomes here are:
<w17 Wo, W3, -+ ,’LU30>

Fitness is:
how many outputs are collect

when each of all possible 2° = 32 inputs is given one by one?

o8
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XI. Traveling Salesperson Problem (TSP)
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E.g. TSP with 4 cities)

Map of the 4 cities Distance Matrix
A B € B
i 535-”-"-"5} A | 000 413 434 195
B 1413 0.00 7.35 5.00
D (5.4, 1.76) C | 434 7.35 0.00 2.51
0
| A{5.14.1.?ﬁlu C(5.31J1.?5}- D 1195 5.00 251 0.00

All the possible routes

ABCDA=>413+735+251+195=-1594
ABDCA=>413+500+251+434=1598
AB-CDA=>434+735+500+195=1864
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E.g. A travel (A-C-B-F-C-D-E).
Can it be encoded to (1 32634 5)7 |

The answer is no!

61
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One-point crossover, e.g., wouldn’t work

tour chromosome

A-CBF-GDE (1326745)

e X =» (1317435 A-C-A-G-D-C-E
F-B-A-G-D-CE (6217435 i

V twice A& C
0 hoB &F
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Then how to encode TSP into a chromosome?

Step-1. Set ¢ = 1.

Step-2. If 7-th gene is n then n-th city in the list is the city to be
currently visited.

Step-3. Remove the city from the list.
Step-4. Set 1 = 1 + 1 and repeat Step-2 to Step-4 while 1 < n.
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XII. Iterated Prisonner’s Dilemma (IPD)
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A two player’s game like Paper Stone Scissors

Rewards:
when each will get
A B A B
1 1 1
1 0 e 5 O
O 1 O o
O O 3 3

65
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An iterated game

Game

Try: Random vs Random and Best vs Random, Always-1, Always-0, Tit-for-tat

66
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Chromosome as a game strategy

Chromosome
63 25 o
A 1001000101011101110100101010010101111000010101100010101101010001
B 1101000101101 110000101001111010100147T101011010110101101010111011

T
10

Iterated game

011001 = 25
A: 0 1 0|?2] --- 0 O 0O O
11/ /1] Voro10=10
B: 1 O 1 o 1 1[?2]
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Next action dependent on chromosome

63 53 25 o

4 4
1001000101011101110100101010010101111000010101100010101101010001
1101000101101 110000101001111010100111101011010110101101010111011

t

o>

50

3 times at random 2 rounds for rewards

01 o2 03 04 05 (8157 o7 o8 [81=] 10 11 12

‘ 011001 = 25

01 o2 03 04 05 (8157 o7 o8 (81=] 10 11 12

‘ 110010 = 50
01 02 03 04 05 06 oF o8 09 10 11 12

‘ 1107101 = 53

68



(Contemporary Intelligent Information Techniques) 69

XIII. Dimension Reduction by Evolution
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3 points in 3D
plus Origin

A (0.328, 0.819, 0.118)
B: (0.129, -0.256, 0.713)
C: (0.277,-0.584, -0.354)

O: (0.000, 0.000, 0.000)

random 5 points in 2D

Samon Mapping

Distance Matrix

A B
0.000 1.245
0.000

X Y
0.000 1.826
0.000

C

1.481
1.126
0.000

0.6832
1.348
0.000

@]

0.890
0.769
0.737
0.000

0.560
1.304
0.182
0.000

(0.514 -0.223 -0.861 0.979 -0.113 -0.142 0.000 0.000)

plus Origin
X:  (0.514, -0.223)
Y: (-0.881, 0.979)
Z:  (-0.113, -0.142)
O: (0.000, 0.000)
chromosome:
fitness

oCOw>

Normalized

A
0.000

X
0.000

B

0.846
0.000

Y

1.000
0.000

C

1.000
0.760
0.000

0.346
0.738
0.000

(0.846-1.000)+(1.000-0.346)+(0.601-0.307)+(0.760-0.738)+(0.519-0.714)+(0.498-0.273)

= 0.846

@]

0.601
0.519
0.498
0.000

0.307
0.714
0.273
0.000

70
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Chromosome for Samon Mapping

Chromosome:

I(X1,Y1 )I(XQ,Yz)I(XS,yg)I --------- I(XN,YN)l

|(X1,Y1)|(><2,Y2)|(><3,YB)| --------- I(XN,YN)l

% $ $ $

|(X1,Y1)l(Xz,Y2)I(X3,YB)I: ------- I(XN,YN)l
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Algorithm

1. Assume N points are given in the n-D space.

2. Calculate distance matriz R (N XN ) whose i-j element is the Euclidean distance
between the i-th and j-th point.

3. Also think of a tentative N points in the 2-D space that are located at random
at the beginning.

4. The distance matriz () is calculated in the same way as R.
5. Then the error matrix P = R — Q) is defined.

6. Search for the locations of N points in the 2-D space that minimizes the sum
of element P.
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Example of mapped circle from surface of a hypersphere
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Arbitrary Unit
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XIV. Sorting Network

74
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p Y

1. What is a sorting network?

E.g. Bubble sort - 16 items

The number of comparison of the items in this case is:

5+14+13+--- +2+1=120

I6)
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Then what would be a minimal number of comparison?

* 65 comparisons Bose and Nelson (1962).

*x 63 by Batcher and by Floyd and Knuth (1964).
* 62 by Shapiro (1969)

* 60 by Green (1969)

76
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Ex. Sorting algorithm by Knuth et. al (1964)

63 Comparisons

e
|

|
b1

——
bl
.

——+
ta—sd
[a—s!

-
[ . B e B = R Sy M

T T T N TS "EE™ R S R R

—1—#

7
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2. A possible sorting algorithm by evolution

E.g. An integer chromosome to sort 16 items
with 140 genes each takes an integer from 1 to 16 permitting overlaps

(12 01 0504 16 12 04 14 01 02 06 ...... 07 15 08 10)

Which compares
12 <=> 01
05 <=> 04
16 <=> 12

78
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A simple implementation

(1) Create one chromosome
to see how it will sort 16 integers from 1 to 16 with a random order
Also draw its graphic representation

E.g.

chromosome: [ 08 14 04 05 1507 05 0107 07 10 14 02 05 08 10 08 15 10 00 02 07 07 04 03 05 04 07 08 10 08 11
111011090303091115020703 0608 07001103121102100215120106 1008 1200 100112150501
1212080604 060506 11140800111310051308150102030202090304 1510081101150107 10 14

1012051103 0704 06 1007 10 12 01 06 06 04 11 08 06 10 12 01 07 05 04 07 10 06 03 07 12 04 04 09 10 04 04
08 1104 150607 11]

oy

]
A
(B

-

b1

-4
Sk
R

bt

(From the student work by Supruniuk Darya in 2015)

79
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(continued)

(2) Apply your chromosome to integer from 1 to 16 with a random order

such as

[ I
Bafore [P2 15 071 14 06 09 11 00 03 10 05 08 13 0F 12 08 ]
after [ 02 O0 O 01 04 03 09 0G5 10 08 13 11 14 07 12 15 ]
ness = 107%
real compares = 73

.
before [ O1 04 O3 OS5 02 13 08 11 00 70 06 OF 1.4 09 15 12 ]
after [ 01 OZF G4 O OS5 02 10 06 08 OF 11 12 14 02 15 13 ]
rress = 104

before [ 05 15 09 13 02 08 04 OO DS 12 1003 OF 11 O1 14 ]
after [ O3 00 G6E 01 04 02 O9 OF 05 O 12 14 13 11 10 15
fiwess = 100
real comparss = 73
| "

02 03 10 08 06 11 0S5 12 05 01 13 00 07 15 ]
after [ OS5 OZ 03 01 04 00 10 OF 06 12 11 13 14 OB 09 15 ]
Atness = S5
real compares = 73

W
baefore [ 12 08 13 G0 03 02 OF 1001 06 14 11 15 04 0S5 09
after [ OS5 O3 G0 01 04 02 09 08 OF 06 10 12 15 11 14 13 §
fitness [ule]

real companes = 73

(From the student work by Supruniuk Darya, too, in 2015)
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(continued)

Or, see another example

150

Nez
—
YEE
- —
=
oA
- —

(From the student work by Radchuk Aliona in 2015)
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(continued)

(3) Fitness is evaluated as

fitness = 0
FOR i=1 TO n
FOR j=1 TO n
IF x(i) > x(j) THEN replace x(i) with x(7) and fitness++
ELSE do nothing

For example, assuming n = 5

0103020504 = fitness=4+2+0+0=26
0402050103 =fitness=1+2+0+1=4
0501030204 = fithess=0+3+1+1=5
0102030504 = fithess=4+3+2+0=9
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(continued)

An algorithm

. Create N - a set of random order integers from 1 to 16.
. Create a population of, say, 20 chromosomes at random.
. Evaluate fitness of each chromosome by applying it to N.

. Create the next generation by selection, crossover and mutation.

Ot = W N =

. Repeat from 3. to 4. untill maximum fitness saturates.

Show (i) the best chromosome in the final generation; (ii) The result of applying it
to N with the original order (before & after); and (iii) its diagram by ommiting

those identical comparisons.
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3. Let’s use binary chromosomes

Binary chromosome made up codon works as

960-bit
codon codon =sssss
[olo[1Jo[A A1 Jo[A[o[A[1[o[A[A[A[o[A[A[o[1][o[1]  ==-:-- [A[1[o[1]1]o[o[1]
09 w 07 05 w 11 11 e 05 13 = 09

\

max 120 comparisons

84
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85

(continued)

How this chromosome sorts 16 letters to alphabetical order?

09 = OF

0S5 e 11

11 = O3

[a 13

0+

11 = OS5
same as before

remove!

09

I
AGCKDGE

* replace

11

A M K D G E

; replace

11

{
A M K D G E
* do nothing

A M K D G E

; replace

1z

A MK D G E

* replace

A M K D P E

08 = 08
meaningless

remove!

04

12
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4. A more biological diploydy chromosomes

Hillis’ Diploydy chromosome (1992)

(1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 1110 0100 1110 0011)

(1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 11100100 1110 0011)

(1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 1110 0100 1110 0011)

(1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 1110 0100 1110 0011)

(1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 1110 0100 1110 0011)

{1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 1110 0100 1110 0011)

(1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 11100100 1110 0011)

(1001 1000 1010 1101 11100100 1110 0011)
(1001 1000 1010 1101 11100100 1110 0011)

(1001 1000 1010 1101 1110 0100 1110 0011)
{1001 1000 1010 1101 1110 0100 1110 0011)

{1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 1110 0100 1110 0011)

15 pairs of 32-bit chromosomes

(1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 1110 0100 1110 0011)

{1001 1000 1010 1101 1110 0100 1110 0011)
{1001 1000 1010 1101 1110 0100 1110 0011)

(1001 1000 1010 1101 1110 0100 1110 0011)
(1001 1000 1010 1101 1110 0100 1110 0011)

{1001 1000 1010 1101 1110 0100 1110 0011)
{1001 1000 1010 1101 1110 0100 1110 0011)

{1001 1000 1010 1101 1110 0100 1110 0011)
{1001 1000 1010 1101 1110 0100 1110 0011)

Each chromosome consists of eight 4-bit strings called codons
Each codon is an integer between 0 and 15

4

60 comparisons: world record, so far!

(no proof this is minimum, though)
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000101001101 1100;01001111 1100110
10110011 01000010i0011 01101001 100

O1 - 04

n o0 0 03

0

G 4

G

Fas

numiker of real comparisons

> L oo uogygyg g m

B

How a pair of chromosomes each with 480-bit

T AR A AR
EP> > > > > > > >3

i

i

C

1D

13 -t 12

Mo % " oM oW e

11 e O3

05
I

I

L L g g g8 B & 25
TonZ e el el el el elelell

(&)

085 fo =]
B P
(01 == 04
B I
(13 == 12
C P
(11 == 03
C P
(04 == 02
C P
(04 == 15
C .
(07 == 06
C P
(14 «» 03
C o o
(01 - 03
C 2
1L <J

= numker of identical pair =

sorts 16 items?

04w 02 04w 15

10 11 12 13
J = O L
) ... exchange!
T E 5 .
) ... exchange!
J E
) ... do nothing!
J = I
) ... exchange!
J = O L
) ... exchange!
J = O L
) ... exchange!
g p=) O L
) ... do nothing!
J p=) < L
) ... exchange!
J p=) O L
hopefully!

K L. M N

14
T

Z 227272 %% 1%

(& ]

110 00110001 001
011 01011010001

12 - 13
remove!

a 9 03

1 1 1 Q

07 - 06

09 = 09

remove!

14 - O3

00100111101 OO‘I‘IE 00101101
0100011 10000011 10010110

01 - O3

[T+

fitness =

87

(continued)
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(continued)
Diploydy chromosome & its crossover
parent-1 parent-2

x

uniform crossover
[ E N P N PN R N NN RN N NN NN N

- 000 P00 CEOPEOOPOOIPOPOOS
00O OCOOOCO0COOOOGOOOOOES

uniform crossover

LA B B B B N N N N N B N B N N N N NN NN N
el *e® L N L L J ® ®

{ combine

child
ecececcecsosccoOOOOOOROS
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(continued)

Excercise - Evolution of diploydy chromosomes

(1) Create your target random order string of 16 alphabets from A to P
(2) Observe evolution from a poulation of randome 40 diploydy chromosomes
untill maximum fitness does not change
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(continued)

What should be shown are:
(1) Original string with 16 alphabets in random order;
(2) The result of string after sort by the final best chromosome;
(3) The best chromosome in the final generation;
(4) The diagram of comparisons of the best chromosome;
after removing multiple comparisons and self-comparisons;
(5) (i) What is its fitness value? And (ii) how many real comparisons it includes?

(6) Three graphs during evolution

The real mber o comprisons
The rumber of identical pair
Finess
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The best chromosome can sort other random string?

Can the best chromosome, whose fitness was how the original one target string of

16 letters, will be able to sort another new random string correctly?
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(continued)

Excercise - Evolution of diploydy chromosomes
to sort multiple strings

(1) Create two target random order 16 alphabets from A to P.
- Fitness this time is the sum of how it sorts these two strings.
(2) Observe evolution from a poulation of randome 40 diploydy chromosomes
untill maximum fitness does not change.
(3) Apply the best chromosome to 10 random strings including the original two!

U
Show a set of 10 strings with its BEFORE & AFTER!
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XV. Genetic Programming

93
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Programming by evolution
Prgramming in LISP which can be represented by tree

such as

(+ 1 2 (IF (= time 10) 3 4))

CRirme> 10>



(Contemporary Intelligent Information Techniques)
Its crossover & mutation

Crossowver

I - /./-\ > o/ {c::- (:: /‘:’\ z
- ? L3 -ll
mutation
A r = A X
[ ‘/ \B [ ] - l
= \Cg = \? o
Ll o - P ]

95



