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Summary

In this paper, we propose an estimation of distribution algorithm (EDA) for finding a good individual in getetic
network programming (GNP). Our EDA is an extension of Li et al.(2009)’s probabilistic model building genetic net-
work programming (PMBGNP). Each individual in GNP has a directed graph structure composed of a start node,
judgment nodes, processing nodes and arcs between nodes. While Li et al.’s PMBGNP builds probabilistic distribu-
tions of terminal points of arcs, our PMBGNP also builds probabilistic distributions of function assignments to nodes
as well as distributions of terminal points of arcs. Our PMBGNP searchs over the space of possible combinations
of function assignments to nodes and terminal points of arcs, and so dispenses with any breakdown of the number
of nodes. Two maze problems and the 11-multiplexer problem are used to evaluate the performance of the proposed
search method. The experimental results show that our PMBGNP finds the optimum solutions of the tested problems
in some moderate probability.
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�a 2da'(RK��#2^_ ind[0]∼
ind[Popsize− 1] R��� sW
('( 1) (∀i < nelite)(∀j≥nelite)ind[i] a
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T=Vs j ¦§a}«¬�6=
+w�x�(;

countB[(ki, idi)][j][dest node]
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}

}
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}

}
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idi←ind[i]a i¦§a¨©ªa
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�z=wIs{| pconnectZ (0� i�*
�&{|ZTs)�#}~2��V={
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{|�2+w ;

}

}

}

//^_øù

ind[nelite]∼ind[Popsize− 1] aP±ERøù;

}

YaSÂÃ��^_`%}~�KB@�p�Vz�K�

L©Pa�2[�@�2Ê���©�a°± (rateelite)[\

]^_�� s°± (rategood)[¨©ªefgR�#}~

2yz=ÍÎs{|R���snp (cnode)[¢£efg

R�#}~2yz=ÍÎs{|R���snp (cconnect)[

^_ba¨©ªp (Num nodes)�VG 5daK�L©P

R�dY�2�sW

5. � 8

��Z�[4�Z��6�ÃÄaøùú�R�GWI�

5·1@Zú�2²V� 3da���L�R "6[5·2@

ZúA�aL�[SÂÃÄaK�L©P+w2dV=��

G: ¥#&
D: '(
K: ¸
¢)*
+),#-./1

GDK

+

Ø 4 2O46 1(;=X?46,DHIJßïðKW
PQ`RSTUVWòWñðñÞßÛÜ)

³XYZ[

1

0

2 3

4

5

6
K, D, G

turn

Right

turn

Left

judge

Left

judge

Front

move

Forward

judge

Right

¾Ê

Ê

Ê

¾

¾

Ø 5 2O46 1î\]Þ^_`àa

sW5·3@∼5·4@Z��bú��6= 3da���L�

Z\]�SÂcdR��c� rateelite, rategood, cnode, cconnect

2m�sefaK�L©P+wRSsWX6=[5·5@

ZSÂ5>Zrs GNP^_a¨©ªpR®³�U�ú

�R�V[Kga 5·6@Z¨©ªa<N!¯�RÈw6

�a¢£¬ö÷RSÂ�s�±�ahiR�GW

5 ·1 j k l m

1na0�sL��6=opL� (2�)[11q�r�

s�%L�a 2<NR)t[YxcRøùú�2²V�W

uvlm 1 (wvsxlm): 2�y�gza{j�2|

(}~�)[�©� (G)[ª� (D)[� (K)������"

4������ 1������������������

����������� 4� ¡�£¤�¦§¨�©ª�

��«¬­�®¯�°±�²´µ�GNP¶��·¹º»

�¼½¿�ÀÁ�£¤�Â�Ã�Ä�Å���Å�ÆÇ

µ�ÈÉ»ËÌÍÎ�¤ÏÐÑÒ��������Ó�Ô

ÕÖG(×Ø)��ÙÚÛÌ»ÜÎGNP¶��ÝµÈº�

Å�Þß»���àá�â���ãäÕÖ D(×Ø)�å

ÚæÌ»�¯��ÕÖ K( Ø)�ª­����ç¯èÁ

�â­ÎÌ�éÎ�Î�Å��êë�ìí����»�

¯���������ÕÖ K,D,G�î�åÁ�����

Å�Î»�������°±�GNP¶��ïðÎñòó

ô�¼Åµ��moveForward(õö)�turnRight(×� 90◦

÷ø)�turnLeft( � 90◦ ÷ø) � 3ù�Þß»�ú��

ïðÎñòûÇ�¼Åµ���judgeFront(ºüõ�£¤

�«¬ (ý,þ,ÿ,ãä,orÓ�Ô) �1$� 5ù�J4

@�°� 1ù�J4)�judgeRear(ºü8��£¤�«¬

�1$� 5ù�J4@�°� 1ù�J4)�judgeLeft(º
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G: ¥��
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����	
��

G

�


 6 L��B 2(I�4�L�,=�>�$��%�
����"�K�8�8����$ D)

³#&'(

1

0

24

7

3

turn

Right

turn

Left

judge

Left

move

Forward

judge

Right
Ê

Ê

¾,G

65

move

Forward

move

Forward

¾,G


 7 L��B 2)*+�:E,-N

ü �£¤�«¬�1$�5ù�J4@�°� 1ù�J

4)�judgeRight(ºü×�£¤�«¬�1$� 5ù�J

4@�°� 1ù�J4)�� 4ù�Þß»�.µ��GNP

¶��·¹º»ñò�¼¿�õ­�î�/��5÷�0

1µ�ñòûÇ�¼¿��µ5� 4÷6¡�01µ�ñ

òûÇ�¼¿Å.��15 1÷�ñòóô�¼��9<

�������� 1¤ÏÐÑ��¼Åµ�Òß»�Å�

º»�GNP¶��@AC��GNP¶��·¹º»ñò

�¼¿�M���������FG300¤ÏÐÑ�¼�

í�H��Ó�ÔÕÖ�µ5�FG¤ÏÐÑÒ�P»ú

���������QRµ�¤ÏÐÑÒ�M��S�T

ÚÇ¯»�

@AC =







300−QRµ�¤ÏÐÑÒ

if Ó�Ô�UV

0 otherwise

(5)

��WXYÇ�¡���Z�[47�ñòóô�¼¿���

�����È\Ö­�ÕÖK,ÕÖD�]�Ó�ÔÕÖ�

P»�Å[ïð�^»���FG@AC�300− 47 = 253

ÅÎ»���FG@AC����º GNP¶��_��

5�`º�

abcd 2 (efghab): àáWX 1ÅiÜ�àá

WX�Þß»�����jk©ª�� 6�åÚ��ÿR

ãä�l�����������«¬­�®¯�Ó�Ô

ÕÖ (G)�mnº�Å�Î»���àá�â����à

áWX 1�oAÅiÜ��°±�²´µp GNP¶��

·¹º»�¼¿�ÀÁ�������[£¤�Â�Ã�

Ä��Å�ÆÇµ�ÈÉ»ËÌÍÎ�¤ÏÐÑÒ���

����[Ó�ÔÕÖG(�q)�pÙÚÛÌ»ÜÎGNP

rstuv

d0

1

0

4 5

2 3

6 7

¤
d1 d2

½

d3

Î

d4 d5 d6 d7

8 9 10 11 12 13 14 15

¤
½
Î

¤
½
Î

¤
½
Î

¤
½
Î

¤
½
Î

¤
½
Î

¤
½
Î

0

0000

0

0

1111

1 1

1

a0

a1

a2

a1

a2a2
a2


 8 11wxyz{|}�B)*+�:E,-N

¶��ÝµÈº�Å�Þß»�GNP¶��~¹º»ñò

�¼��µ���àáWX 1�Þßp���.�úúM

�»�ºÎ���ñòóô�¼Åµ��moveForward�

turnRight�turnLeft� 3ù�Þß�ñòûÇ�¼Åµ��

judgeFront�judgeRear�judgeLeft�judgeRight� 4ù�

Þß»�pË�����àá�â���9£¤�ãäR

ÿ[©ª��»�Å�Î����£¤�«¬Åµ��ý,

þ,Ó�Ô� 3��ËÌ[ïðÅÎ»�.��ß�9<�

ñòûÇ�¼�J4@Åµ��5����Î5 3��Ë

Ì[M���»�¤ÏÐÑÒR@AC��µ��àáW

X 1Åi$Þß���Mµ�GNP¶��@AC�� (5)

�TÚÇ¯»���WX�oA��Z�[ 35�ñòóô

�¼¿��������È\Ö­�Ó�ÔÕÖ�P»�

Å[ïð�^»���FG@AC� 300− 35 = 265ÅÎ

»���FG@AC��p�ºGNP¶��_�� 7�

`º�

11�������cd [Koza 92]: 11£Ô�Ñ����

äã�¤± 3�Ð� a0∼a2Å���± 8�Ð� d0∼d7�

A� 11�Ð����­�¹»��Ô�Ò��äã�¤±

�nÇµpäã�¤ α =
∑

i ai× 2i�ñ�.�äã�¤

����� dα �È�º»�Ò multiplexer11(a0,a1,a2,

d0, ..., d7) = d4a2+2a1+a0 �^»� ¡ [Koza 92]�£Á

��»¦<� 11£Ô�Ñ���WX�§Þ�����

��.�¨������� (2048©)�ªµ� 11£Ô�

Ñ����ÒÅi$È���p�ºGNP¶��ÝµÈ

º�Å�Þß»�ïðÎñòóô�¼Åµ�� d0 ��

�È�º»�¼�d1���È�º»�¼�...�d7���

È�º»�¼�� 8ù�Þß»�úp�ïðÎñòûÇ

�¼Åµ�� a0���«¬.�� (0úp� 1)�1$�

M���p 2ù�J4@�°� 1ù�J4º»�¼�a1

���«¬.���1$�J4º»�¼�a2���«¬

.���1$�J4º»�¼�� 3ù�Þß»�GNP¶

���¼��­ß��p����©�ªµ�®�ã¯Â

�°±µp8�ñòóô®�ã�PÚ�.��È��È

µpHÖ�²´º»ÅÞß»�.��ß�����Ýµ

m¶ÅÎ»���� 8�_`����»ÜÎ�ñòóô

®�ã[©ª��p·®�ãÅñòûÇ�¼[©ª��

p·�Î�®�ã­�¹»¸~¹�º»GNP¶��^
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»���������m��È��@�Kpº GNP¶

�����9���ªµ�È�ú�����»ñòûÇ

�¼�÷Ò[F� (3÷)�ÎÁ��»���ÝµÈº�

Å�4Á��GNP¶� ind���;_ c�ªµ��¼�

ípH��®®�ã­�Fj�óô®�ã�P»ú��

®�ã¯Â�÷Ò num steps(ind,c)�M�����;_

c�ªº» GNP¶� ind��¼�I2� f(ind,c)�

f(ind,c) =







0 if ind� c�ªµ�����Èº

0 if num steps(ind,c) > 10

(10− num steps(ind,c))/6

otherwise

(6)

ÅÇ¯»�.µ��GNP¶� ind�@AC�S�TÚÇ

¯»�

ind�@AC =
∑

 "#&:c

f(ind,c) (7)

'��µ5?(�¶��oA f(ind,c)�FG�� 1ÅÎ

Ú�GNP¶��FG@AC� 2048ÅÎ»���FG@

AC��p�º GNP¶��_�� 8�`º�)¸~¹�

òÉ� GNP�Ýµª*��Î�[�m���¼�+p

º GNP¶��~¹º»p¯�,-Îñò�¼�¶Ò[

1∼4¶ÅÜ<�^»p¯�,-Îñò�¼[.Ú/��

�p®�ã[,-Î¶Ò GNP¶����©1ú�»­

Ù�­�«¬»p¯����WX�I258�M�»�6

5 ·2 =ADGHJL=OPQHRSGTU

11�������cdVWXYZ[\]^G=A_¶`
�Î GP[Koza 92]�â��� d0∼d7 � a0∼a2 �²ab

Åµ�c���¶����Ô��dº¸Åµ�óô��»

���¶<���;_�e¶�cÁ�@AC�f�Ä�,

-[^»�µ­µ�����WXYÇ�â��� a0∼a2�

ûÇ�¼�d0∼d7�óô�¼Åµ�c���¶��gÇ¸

Åµ�óô��»���;_ c = (a0,a1,a2, d0, d1, ..., d7)

�ªº»GNP¶� ind�I2� f(ind,c)�h¯»p¯

���0¶6Ø�ûÇ®�ã�]�óô®�ã�P»]

á�«¬»���]á[

�®®�ãi an1 ����º»ûj®�ã

i an2 ����º»ûj®�ã

i · · ·i ank
����º»ûj®�ã

i dm È��óô®�ã

ÅÎÁ��pH�� (6)�k�Å�

f(ind,c) =







0 if d4a2+2a1+a0 6=dm

0 if k+1 > 10

(9− k)/6 otherwise

ÅÎ»��®®�ã­�óô®�ã�P»]á� d0∼d7

�lmín a0∼a2 ��ËÌ�TÁ�gú»�.µ��

{n1,n2, ..., nk} = {0,1,2} ­ù 4a2 +2a1 + a0 =m �

H���]á� a0∼a2 �±J[ cÅi$ 28 = 256¶¨

����;_�ªµ� max{(9− k)/6,0}Å��I2�

��p�º� úp�{n1, n2, ...,nk}6={0,1,2}R 4a2 +

2a1 + a0 6=m�H�����]á� a0∼a2 �±J[ cÅ

i$ 28 = 256¶���;_�°oÒ�ªµ� (pq��

�Èµ) max{(9− k)/6,0}Å��I2���p�µ�r

Ú�oÒ���;_�ªµ� 0Å��I2���p�º�

kÁ��Øs]á�� n1,n2, ...,nk R k,m� a0∼a2 �

�ÒÅ/��a0∼a2�ªº»�®®�ã­�óô®�ã

�P»]á�

�®®�ãi an1(a0,a1,a2) ����º»ûj®�ã

i an2(a0,a1,a2) ����º»ûj®�ã

i · · ·i ank(a0,a1,a2)(a0,a1,a2) ����º»

ûj®�ã

i dm(a0,a1,a2) È��óô®�ã

Ådº�Å�º»Å�
∑

d0

∑

d1
· · ·

∑

d7
f(ind,c)

=







(9−k(a0,a1,a2))
6 × 256

if {n1(a0,a1,a2), ...,nk(a0,a1,a2)(a0,a1,a2)}
= {a0,a1,a2}

&4a2 +2a1 + a0 =m(a0,a1,a2)
(9−k(a0,a1,a2))

6 × 128

otherwise
ÅÎ»�5t�â�����fu�vß»p¯�� (7)�

w5�kÁ�@AC�fº»��xÌ����� a0∼a2

��º»yz�Å»�Å�TÚ� (7)ÅiÃ���h¯p�

{|}~=AV��YHJ_S���rº����Å

����Ô~������¶����Èºp¯����Ð

��¿�� partitionóô���µ�M�p (6·3�)�ú

p����Ò�·¹��Mersenne Twister[�ò 98]�M

�p�

=OPQHRSGTU_� 4����µp�®�ã��

��°��Ýµº»PMBGNP��¶����� (Popsize)

RFG��Ò (Max gen)Å�Ápå'�EA� ¡��

�¢��¶�£�®�ã�yÒ (Num nodes)�S���

rº�����.A (rateelite)���¶�Åµ�����Ô

~��M�»¶��.A (rategood)�®�ã¤¥b�¦Ü

J§�ÀÁ�g¯»���ê¨º»©Ò (cnode)�ª1¤¥

b�¦ÜJ§�ÀÁ�g¯»���ê¨º»©Ò (cconnect)

Å�� 5ù�� ¡����ù�6Ø�58� ¡��

����Popsize�ù��� 1000��«¬Ô��Åµp�

Max gen� 10000ÅYÇµ��F@�[­��pHÖ�

Ýµ�²´º»Ü�µp�Num nodes��àáWX 1�

� 15�àáWX 2�� 8�11£Ô�Ñ���WX��

16��«¬Ô��Åµ�cÁp�rÚ� 4ù�� ¡�

� rateelite, rategood, cnode, cconnect�ù����ç®58Åµ

�S� 5·3� ∼5·4�� 3ù�Ï¤�WX¨����Î

Ýµ¯+��p�º©Aí�Ý»�

5 ·3 °±=O 1_rateelite,rategood TUG²³

� ¡�� rateelite Å rategood�@ACYÇÅÅ��

�´µ�g¯»¶-Î-·���� PMBGNP(4�) �
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I 1 rateelite,rategood)$�@8N-JF! (cnode=cconnect=1$�D��3 3002C:<9��7�;L��B 1�� 4000
�BL�;�- 2�-�B�� 10000�BL-@8N��	;L��B 1�� 1.000��L��B 2�� 0.80>-
?
��11wxyz{|}�B�� 0.40>-?
����	;
) 3�-�B���-�� ����+��	)

rategood

WX rateelite 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.00 0.337 0.360 0.373 0.363 0.377 0.347 0.347 0.367 0.360
0.05 1.000 1.000 1.000 1.000 1.000 0.997 0.963 0.913 0.840

�OWX 1 0.10 1.000 1.000 1.000 1.000 1.000 0.997 0.987 0.950 0.880
(4000��m) 0.15 1.000 1.000 1.000 0.963 0.963 0.913 0.830 0.803 0.767

0.20 1.000 0.900 0.840 0.720 0.633 0.580 0.613 0.520 0.523
0.25 1.000 0.760 0.440 0.453 0.477 0.413 0.380 0.367 0.380
0.00 0.000 0.007 0.007 0.007 0.007 0.003 0.000 0.000 0.007
0.05 0.707 0.800 0.863 0.697 0.493 0.197 0.067 0.017 0.010

�OWX 2 0.10 0.677 0.757 0.853 0.870 0.843 0.803 0.700 0.520 0.310
(10000��m) 0.15 0.710 0.607 0.823 0.857 0.870 0.827 0.850 0.780 0.733

0.20 0.670 0.793 0.757 0.877 0.880 0.883 0.857 0.820 0.823
0.25 0.647 0.750 0.787 0.810 0.833 0.890 0.877 0.840 0.847
0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

11%���� 0.05 0.440 0.607 0.543 0.000 0.000 0.000 0.000 0.000 0.000
���� 0.10 0.363 0.543 0.620 0.493 0.003 0.000 0.000 0.000 0.000

(10000���) 0.15 0.363 0.503 0.480 0.520 0.297 0.010 0.000 0.000 0.000
0.20 0.373 0.397 0.443 0.453 0.310 0.100 0.000 0.003 0.010
0.25 0.363 0.417 0.487 0.450 0.273 0.117 0.003 0.033 0.007

��G�� "#16&5'()*+,-./4=AD

4E16&HK.MP�DPopsize=1000, cnode=cconnect=1,

Num nodes=15(�O�� 1),8(�O�� 2),16(11%�Q�

RST��))UVWMXAD3YE���ZW[ rateelite∈

{0,0.05,0.1,0.15,0.2,0.25}, rategood∈ {0.1,0.2, ...,0.9}

E\]E^_`EaAbcPMBGNPE��&300deY

f#gM/4Ehi&j1�k(/=Ejl rateelite, rategood

EmE^_`�ng[opq (i.e.f#gM��rfEs

Atuvwx,-My_)wz{|}.~&����kW

M�EA�./�O�� 1Al 4000���,�O��2)

11%�Q�RST��Al 10000���Eopqwjk

�-[�./=Ej 1&�.)D�O�� 1E 4000��

�Aopq 1.000(��)D�O�� 2E 10000���Ao

pq0.8�X (��)D11%�Q�RST��E10000��

�Aopq0.4�X (��))�{3YE��&�MW[�

.^_`l (rateelite, rategood)=(0.1,0.3),(0.1,0.4),(0.15,0.3)

E3Y (a�jkE��)��A�.=)w�~./4=AD

�� Popsize=1000E�_lD(rateelite, rategood)=(0.1,0.3)

&�VWM��hi&�M,(^_`)*+D=EmE

^&��.=)�(./

5 ·4 ���� 2�cnode,cconnect �����

 ¡¢£¤ cnode) cconnectl¥¦§¨E©ª«&¬­

(.MPE®¯#¯°ADbc PMBGNPE��G�

� "#16&5'()*+,-./4=AD4E16

&HK.MP�DPopsize=1000, rateelite=0.1, rategood=0.3,

Num nodes=15(±²�� 1), 8(±²�� 2), 16(11%�Q

�RST��))UVWMXAD3YE���ZW[cnode∈

{0.0,0.5,1.0,1.5,2.0}, cconnect∈ {0.0,0.5,1.0, ...,3.0}E

\]E^_`EaAbcPMBGNPE��&300deYf

#gM/4Ehi&j2�k(/=Ejl cnode, cconnectEm

E^_`�ng[opqwz{|}.~&����kWM

�EA�./±²��1Al4000���,±²��2)11

%�Q�RST��Al10000���Eopqwjk�-

[�./=Ej2&�.)D±²��1E4000���Ao

pq1.000(��)D±²�� 2E10000���Aopq 0.8

�X (��)D11%�Q�RST��E 10000���Ao

pq 0.4�X (��))�{ 3YE��&�MW[�.^

_`l (cnode,cconnect)=(0.5,1.5),(1.0,1.0),(1.0,1.5),(1.5,1.0)

E 4Y (a�jkE��)��A�.=)w�~./4=

AD�� Popsize=1000E�_lD(cnode,cconnect)=(1.0,1.0)

&�VWM��hi&�M,(^_`)*+D=EmE

^&��.=)�(./

5 ·5 ���³´µ¶�����

bc PMBGNP(4·) �¸�[lD§¨¹E\º£»

E¼½ (i.e.Ki Em)¾s¿ (i.e.IDi Em) wUV�-[

�#�EADÀ� "#º£»Á (Num nodes)&ÂV

W[bc PMBGNPE��rf&f+ÃÄ¯#¼½¾s

¿Eº£»wÄ¯#��ÅÆW[ÇÈW�ÉÊ�&(

.§¨wx,-.=)wËÌA"./W~WDrÍ�

º£»Á&zEÎÏ�ÐV(-ÃtÑE���Òw.E

~lÓÔA�./4=ADÕ*EMPD==AlDÑÖ

#º£»ÁÐVE×Ø&�.MPD3YE���ZW[
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I 2 cnode,cconnect���@8��J�� (rateelite=0.1,rategood=0.3��D "# 3002&'() 
*+,;LO-. 1/1 4000456;=?� 2A�-./1 10000456�@8�GHK;
LO-. 1/1 1.000G;LO-. 2/1 0.8PQ�RSG;11TUVWXYZ-./1
0.4PQ�RSG[\HK;]� 3A�-./^_�`abc def"HK)

cconnect

g� cnode 0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0 0.933 0.977 0.987 0.990 0.983 1.000 1.000

±²g� 1 0.5 1.000 1.000 1.000 1.000 1.000 1.000 1.000
(4000���) 1.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.5 1.000 1.000 1.000 1.000 1.000 0.993 0.977
2.0 1.000 1.000 0.997 0.997 0.990 0.987 0.937

0.0 0.007 0.160 0.190 0.213 0.223 0.237 0.277
±²g� 2 0.5 0.023 0.607 0.790 0.900 0.940 0.970 0.967

(10000���) 1.0 0.030 0.647 0.853 0.917 0.913 0.953 0.863
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�«� a�ÛÜ,��%
� i
ç5� kÝÞ�JÚß�
�
%
�Ýè bà¼x,��O~

é (STUVWXTY): 5·4 ên� 2 ë�ì�í


î cnode� cconnect��#ïðH�AD#ñ�ò
�àæ

��óôõö÷ø 2n (cnode,cconnect)=(0.0,0.0), (0.5,0.5),

(0.5,2.5), (1.0,1.5), (1.5,2.5), (2.0,3.0)�
�>9�ë�
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�æx1~�65�%
�Z[\�ab.�d9� (300

4C:A;���)æ½¾Z[\�ab.�d9� (3004

C:A;���)à@=�H��óADH��ç#G
�

I�K#?24∼?26�GH�(cnode,cconnect)=(0.5,2.5),(1.0,

1.5)�»�b�C:àPQ�RST�x1~#Uxn��

��V_�����æC:WR;�H�%
�Z[\�æ

½¾Z[\�Wab.Wd9��Xà�àæYZ�Xà

�[��5\��]}n��^d (0.3)_6W�à`a,

b�����b�c
�æ(cnode,cconnect)=(0.0,0.0),(0.5,0.5)

W>9�æde�ab.Wd9�àfô���b\à?

25∼? 26ç5gShbæ72�
� exploitationWi

jàkl��mn�oC:àpq
x1~	6à5��

�orn���}�æ(cnode,cconnect)=(1.5,2.5),(2.0,3.0)W

>9�æ@=s=#R'�	ab.Wd9��T�}}

(0.6_6)`a,b���b\à? 25∼? 26ç5gS

hbæ72�
� explorationWijàkl��mn�x

1��ç�çt5���orn���

_6nuG
�b�æcnode� cconnect�%
�Z[\�æ

½¾Z[\�Wab.Wd9�#vwH��'Wxy�

ì�í
î�������

6 ·2 z{|}~���X��

()`���ì�í
î Popsize	��()Wab.

#`aH��'Wxy�y�næuv PMBGNPWC:

G�������#��H�/15b�Wnæ�W��

#�)����
�����æ5·3ê∼5·4ê (��AD

1∼2)n�5b� 4ëWì�í
î rateelite, rategood, cnode,

cconnectWPQ�V_� Popsize=1000W>9�cH�	W

n��æì�í
î PopsizeW�����PQ� rateelite,

rategood, cnode, cconnectW�	����l�	W���b��

��næ}\ Popsize=4000W>9�c
� 5·3ê ∼

5·4ê (��AD 1∼2)��bWAD#;�����W

72æ

•(cnode, cconnect)=(1.0,1.0)W»æ õö÷ø 1W 3000@

=Þnx1~ 1.0,õö÷ø 2W 10000@=Þnx1

~ 0.85_6, 11����� �÷øW 10000@=

Þnx1~ 0.7_6 ��ó 3ëW¡¢#£�
��

� rateelite, rategoodW�W 9¤� (rateelite, rategood) =

(0.0125, 0.05), (0.0125, 0.1), (0.025, 0.05), (0.025, 0.1),

(0.05, 0.1), (0.05,0.2), (0.10,0.1), (0.15,0.1), (0.20,0.1)

W 9¥�n����

•(rateelite, rategood)=(0.05,0.1)W»æõö÷ø 1W 3000

@=Þnx1~ 1.0,õö÷ø 2W 10000@=Þnx

1~ 0.85_6, 11����� �÷øW 10000@=

Þnx1~ 0.7_6��ó 3ëW¡¢#£�
���

cnode, cconnectW�W 9¤� (cnode, cconnect) = (0.5, 1.0),

(0.5, 1.5), (0.5, 2.0), (1.0, 1.0), (1.0, 1.5), (1.0, 2.0), (1.0,

2.5), (1.5, 1.0), (1.5, 1.5), (1.5, 2.0), (2.0, 1.5)W 11¥

�n����

�b5W72#¦/�æPopsize=4000W>9� rateelite=

0.05, rategood=0.1, cnode=1.0, cconnect=1.5#§_
�C:7

2#	�5H 9¤�/1��

e�æPopsize=300W>9�c
�	 5·3ê ∼5·4ê

(��AD 1∼2)��bWAD#;�����W72æ

•(cnode, cconnect)=(1.0,1.0)W»æõö÷ø 1W 4000@=

Þnx1~ 1.0,õö÷ø 2W 10000@=Þnx1~

0.5_6, 11����� �÷øW10000@=Þnx1

~ 0.15_6��ó 3ëW¡¢#£�
��� rateelite,

rategoodW�W 9¤� (rateelite, rategood) = (0.05,0.2),

(0.05,0.3), (0.10,0.3), (0.10,0.4), (0.15,0.2), (0.15,0.3),
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(0.15,0.4), (0.15,0.5)W 8¥�n�����÷øK�x

1~W4�àA�0óàæ�b$��W÷ø����

30¥�W 9¤WCnB��PQ�	W#��H��

'n���u1	 11����� �÷ø����$æ

x1~à 0.15_6ç�óç����6
 13¥�W 

9¤�X
 17¥�W 9¤�Jçb���

•(rateelite, rategood)=(0.10,0.3)W»æõö÷ø 1W 4000

@=Þnx1~ 1.0,õö÷ø 2W 10000@=Þnx

1~ 0.5_6, 11����� �÷øW 10000@=Þ

nx1~ 0.15_6 ��ó 3ëW¡¢#£�
���

cnode, cconnectW�W 9¤$ (cnode, cconnect) = (1.0,1.0),

(1.0,1.5), (1.0,2.0), (1.5,1.0)W 4¥�n����

�b5W72#¦/�æPopsize=300W>9$ rateelite=0.1,

rategood=0.3, cnode=1.0, cconnect=1.0#§_
�C:72#

	�5H 9¤�/1��

_6W��AD72#4�æPopsize=300, 500, 1000,

2000, 4000, 8000W>9�c
�æ�b�b
Popsize

300 500 1000 2000 4000 8000
rateelite = 0.1, 0.1, 0.1, 0.08, 0.05, 0.04,

rategood = 0.3, 0.3, 0.3, 0.2, 0.1, 0.08,

cnode = 1.0, 1.0, 1.0, 1.0, 1.0, 1.0,

cconnect= 1.0, 1.0, 1.0, 1.2, 1.5, 1.7
��ó�#AD�*�����H��(Popsize=500, 2000,

8000W>9$A_�) �
�æPopsizeW��#ï
�

�'�æNum nodes=15(õö÷ø 1),8(õö÷ø 2),16(11

����� �÷ø)�8_
�6næ3ëW÷ø�c


� Popsize=300, 500, 1000, 2000, 4000, 8000Wuv

PMBGNPWC:# 3004\ë;��æ@=�H�x1

~��PE9d (3004C:W��)à�óADH�ç#

��
���W72#? 27∼? 32�GH�Popsize#�

�lH���
�C:x1Wed	el������
ç


æ^�Wu� (11����� �÷ø,Popsize≤1000)

#=��æ�b$ PopsizeW���Hó��NW���

�9ó	W�$�������Popsize#��lH��A

_H�()JIà§_��:çl�¤�b���Ln�

�àæ�6lW�Eo#A_JIç5¼xH�-G.#�

¿H�����D½��C:.GWj6�$�}�H1

,b����àOP,b��

6 ·3 %������z{�������X��

uv PMBGNP#A H��&���æe@=�"H

#&
'�O~���w(�ºóPQ()#�)*H�

'�æ��n$ �+ ð,-W partition.M#�/


�*����)��$æeW<4##&
'()#�)

*H5�	æO~���w(�ºóPQ()#�)*H

5�	*���

@Fz{�GXPQ (R~SRTU�X partition V
W�XYZ[\)] () aà() b��P�E9d#	

ë» a > bæaà b_6�P�E9d#	ë» a≥b�^

l���H��(), a[from],a[from+1],...,a[to] �

ð] num(from≤num < to) à_15b�»æ(),

a[from],a[from+1],...,a[to]#`
D
�

(∀i < num+1)a[i]≥a[num+1]

∧(∀j > num+1)a[num+1]≥a[j], 	
l$

(∀i < num)a[i]≥a[num] ∧(∀j > num)a[num]≥a[j]

�H� (�bn6
 num− from+1(W��à*a�

�����) �'W<4�
�æeWbcd
�#/1

���à*a��

i←from;

j←to;

while (i≤num∧num < j){
//partitione"

pivot←a[i];

while (i < j){
while (i < j∧a[j]≤pivot) j←j− 1;

if (i = j) break;

a[i]←a[j];

i←i+1;

while (i < j∧a[i]> pivot) i←i+1;

if (i = j) break;

a[j]←a[i];

j←j − 1;

}

a[j]←pivot;

//fÞgh#ij
�ñò


if (num < j − 1){
to←j− 1;

i←from;

j←to;

}else if (i < num){
from←i+1;

i←from;

j←to;

}

}

6
()��W<4�
�$BW[-	/15b��

�W�JWA ����C:72à��l�����	

����#uGH��'�æ6
()��W<4�
�æ

_15b�() a[from],a[from+1],...,a[to]#

k
�ð,-n`
D
�

a[from]≥a[from+1]≥ ·· · ≥a[to] ���b�H�
��ó	W	/1æ�b# Slm�uv PMBGNPW

C:#õö÷ø 1 �c
� Popsize=1000, rateelite=0.1,

rategood=0.3, cnode=cconnect=0, Numnodes∈ {7,15,40,100}

��óì�í
îV_WXn�b�b 3004\ë;��

���
�ænoW�'æ�b}n¥�W �+ ð,

-W partition.M#�/
�pW6
()��<4# 

Slm�uv PMBGNPWC:	�q¡¢WXn¿$�

3004\ë;�����\bWC:A;����	æ@
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"#H&'()#*+,-./1345637:<=C

D-./1345637:<FGPQRSTUVWXY

Z[\3]^V_ 33∼_ 38&`S[

a+bcdef3ghijklmnVo<Zp: (_

36∼_ 38)q=rs&456Ftuv=wxytz&{

uT|#F4}~��<T[a+bcdefVo<Zp

:34563rs~��q�3 2�3|#&��ST#

���vT[

•(�� 1) a+bcdefVo<Zp:=�:7�3�
�ijF4}��\v�3�:7�3��F�G��

~<���y=i�3ijF���v�<T�dg3

h�F�"#H& ¡&¢u�=\3]^=£¤+¥

ij#Y���"&¦Tij& ¡~¢§F�|T[

•(�� 2) ¨)©ª«&¬�Z­®¯°±®b¤®²V
³�´Y���"ijµV¶'YZp:=��"ij

µ3 (¨))·¸&¹ºTij345637:<q=»

3­®¯°±®b¤®²&¼�Z¨)·¸�3ij3

45637:<½�¾FT¿À&�T[(S~uÁ=4

5637:<F¾FT¨)3ÂFgFT¨)½�ÃU

& �<[)

\3ÄÅÆÇ�È=ij3-./ÉF 1�=ÊËij

µÌ& type-a3ijF ki=type-b3ijF n− ki=

:uÍ� ni3ijF�Tp:q=�35~¨)·¸

F¨)©ª«#Y�¶'�vT|#&~T[

Pr(X = type-a) = k/n
def
= pk,

Pr(X = type-b) = (n− k)/n= 1− pk

|3¨)·¸&¬��­®¯°&ni3��"ijV

Î'YZp:=ni3PÁ type-aF iiÎ'�vT¨

)q
(
n
i

)
pik(1− pk)

n−i ��T[\vÏ�=

·¸3Ð�¿ÀFÑ}~T¨)

=







type-a3ijF 0∼k− 1iÎ'�vT¨)

if k≤n/2

type-a3ijF k+1∼niÎ'�vT¨)

otherwise

=

{ ∑k−1
i=0

(
n

i

)
pik(1− pk)

n−i if k≤n/2
∑n

i=k+1

(
n
i

)
pik(1− pk)

n−i otherwise

·¸3Ð�¿ÀFÒ}~T¨)

=

{ ∑n

i=k+1

(
n
i

)
pik(1− pk)

n−i if k≤n/2
∑k−1

i=0

(
n
i

)
pik(1− pk)

n−i otherwise

��T[ÓjÔ& n=10003p:V��� kV¢Õ�

ÍZÖ&=Ð�¿ÀFÑ}~T¨)=Ò}~T¨)F

GPQRSTU3²­×V_39&`S[|3_VØT

Ù�q=¨U&Ð�¿ÀFÑ}~T (¬��45637

:<F¾FT)¨)3ÂFÒ}~T¨)½� �}~�

�<T[

ÓjÔ&=a+bcdefVÚÛÜÝÞßà PMBGNP

Váâãä 1&�oYZgå3p:q=æç3�"�è

#ÝGé�3ij3�:7F 0���=­®¯°~ij

F£¤+¥ij=ÊËij#Y�êuvTÞº#~T[

\3]^=(cnode=cconnect=0#<Pëìy��)±®b¤®

²3í&îïÎ�ZÐ�F��"3ij·¸&ðñ�v=

\3¨)·¸Vo<Z±®b¤®²�ò&l3Ð�FÎ

�T#<P|#F³´�v=ó�&ôõö3-./34

56Ftuv�Y÷�Zy3#Qø�vT[
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ÚÛÜÝÞßà PMBGNPVáâãä 1&�oYZp:

(_ 33∼_ 35)q=æç3���è#ÝGé�3ij3

�:7F 0��T#<P��q����TF=\35~

��3Ö&ijF���v�<T�dg�ij3��4

�F�÷���~<[\3]^=\35~��FD}�

q=£¤+¥ij#Y�êuvTijF¢uT|#qè

#ÝGL}=æç&¶'�vZ (\v�=¹\�}Ð�3


�L<) -./1IF¨)·¸3¶'&¼uvT|#

&~T[¬��=a+bcdefVÚÛÜÝÞp:#H

��=¶'YZ¨)·¸3Ì&îïÎ�TÐ�FC@Y
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6 ·4 ������� "#&'()#F*+,-./

-1�5:AK

B 4G�ßàYZPMBGNP&¹<�q=P�"=Q�

3*+,P&=*+,3RS§TV¢U#ST 1i3¨

)·¸ {Pr(Ki, IDi)}#=*+,VWV¢U#ST (*+

,g�XY~RS§TZ×*+,U�3[\·]Z)i

3^_`�¨)·¸ {Pr(Cij |Ki, IDi)}V¶�ST|#

&~T[¬��=¶��vT¨)©ª«q=é1� (*+

,Z− 1)× (XY~RS§TZ+(*+,Z− 1)×XY~

RS§TZ×*+,U�3[\·]Z) i3¨)ª+a

(bZ�)3Ú�c�vT|#&~T[1�"dZ�3e
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def
= {ind∈Pgood|ind&¹<�q

VW i3*+,3*+,-./F l}
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&��Z±®b¤®²VqP|#F��T|#&��S

T[ÓjÔ&Pgood3·¸V��ST¨)©ª«&���

ijij3Î'VqP&q=�3 1©, 2©Vn&q�ÈÊ<[

1©Q�3*+,VW i&�Y�=Pgood3ÌU�­®¯
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/Vijij3 iV�3*+,3*+,-./#Y�

��+ST[

2©Q�3*+,VW i=CD-./VW j &�Y�=�

��	b 1©�¨ìY�<T iV�3*+,3*+,-

./ lVv��S[\Y�=Sil 3ÌU�­®¯°&

ijVkÝ�=\3 iV�3*+,Ì3 jV�3CD

-./Vijij3 iV�3*+,Ì3 jV�3CD

-./#Y���+ST[

¬��=B 4G���Z PMBGNP3wxmn#��3

y3#Y�=�3
3wxmnV��T|#F��T[

���+���������� PMBGNP+�����
�­�+aNum nodes(ijÌ3*+,Z)=Popsize(ij

µ±��)3�V m=ijV¡�STZm3�d ind[0]∼

ind[Popsize−1] Vo¢ST[÷Z=Q�3*+,VW i

#=VW i3*+,�XY~*+,-./ l = (ki, idi)P

&=ÊËij31·ô: Sil 3wxV¡�STZm3£

UV¨¡ST[\Y�=wxV¤¥ST 4�3�­�+

a rateelite ∈ [0,1)=rategood∈ (0,1)=cnode≥0=cconnect≥03

�V m=�3mn&¬��¦wxVqP[

i�3ij ind[i] V 4G�`YZ (Â§ 1)3mn
&¬��­®¯°&Î'ST|#&½��æçi

jµ P (0) = {ind[0],...,ind[Popsize− 1]}V¶' ;
P (0)ö3i�3ij3�:7V¨©;

for (t←0;{ª^_V«Z�~<; t←t+1){
//£¤+¥ij=ÊËij3kl

nelite←⌊Popsize× rateelite⌋;

ngood←⌊Popsize× rategood⌋;

�3 2�3^_V«ZS5&ij ind[0]∼
ind[Popsize− 1] V¬�­�T[
(^_ 1) (∀i < nelite)(∀j≥nelite)ind[i] 3

�:7q ind[j] 3�:7�g
(^_ 2) (∀i < ngood)(∀j≥ngood)ind[i] 3

�:7q ind[j] 3�:7�g ;

//Pgood= {ind[0],...,ind[ngood− 1]}VR&

//V Sil 3wxVv�T



%!�$<N�FM�C:B>���3���	9
70E��
��!�������� 29

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  2000  4000  6000  8000  10000

su
cc

es
s 

ra
te

generation

numnode=  7

numnode=  9
numnode= 11
numnode= 20

numnode= 50

numnode=100

? 40 Num nodes�J2���;�@
8N������J��� (LO
�� 1)

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  2000  4000  6000  8000  10000

su
cc

es
s 

ra
te

generation

numnode=  8

numnode= 10
numnode= 12
numnode= 20
numnode= 50

numnode=100

? 41 Num nodes�J2���;�@
8N������J��� (LO
�� 2)

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  2000  4000  6000  8000  10000

su
cc

es
s 

ra
te

generation

numnode= 16

numnode= 18

numnode= 20
numnode= 30
numnode= 50

numnode=100

? 42 Num nodes�J2���;�@
8N������J��� (11
 "#�&'(��)

for (each*+,VW i){
for (each*+,-./3Ú l = (ki, idi)){
Sil←∅;

}

}

for (eachÊËijVW k){
for (each*+,VW i){
ki←ind[k] 3 iV�3*+,3

)*#Y�ëì�vZ�;

idi←ind[k]3 iV�3*+,3
RS§TVW#Y�ëì�vZ�;

Si,(ki,idi)←Si,(ki,idi) ∪ {ind[k]};

}

}

//¨)©ª«&���ijijVÎ'

for (k←nelite; k < Popsize;k←k+1){
//+ (2)VR&ijijVÎ'Y ind[k] &��

for (each*+,VW i > 0){

ind[k]3 iV�3*+,&¹ºT*+,
-./&�<�=+ (3)&½��ì÷T
¨) pnode�05·¸&R,<�¨)Ô&

ëìY=¦�3¨) (1− pnode)� 1©Pgood

3ÌU�­®¯°&ijVk-=2©\3 i
V�3*+,3*+,-./Vijij

3 iV�3*+,3*+,-./#Y�
��+ST=|#&½��¨)Ô&ëì ;

ki←ind[k] 3 iV�3*+,3
)*#Y�ëì�vZ�;

idi←ind[k]3 iV�3*+,3
RS§TVW#Y�ëì�vZ�;

for (each·]VW j){

ind[k] 3 iV�3*+,&¹ºT jV
�3CD-./&�<�q=+ (4)&
½��ì÷T¨) pconnect� (0# i�.
F�¨)��T)05·¸&R,<�¨
)Ô&ëìY=¦�3¨) (1− pconnect)
� 1©Si,(ki,idi)3ÌU�­®¯°&ij

Vk-= 2©\3 iV�3*+,Ì3 j
V�3CD-./Vijij3 iV�
3*+,Ì3 j V�3CD-./#Y
���+ST=|#&½��¨)Ô&

ëì ;

}

I 3 / 41� PMBGNP456=�AD� 5·5G�H
K (L 9∼L 11)��NOP"�QRS�TU�V�
�D PMBGNP456=�AD� 6·4G�HK (L
40∼L 42)WXY� CPU;Z�[\]^_`a]

bcde 1 bcde 2 11fghijklmn

opqr
stuvg
wxy
(z 9)

stuvg
wxy{|
(z 40)

stuvg
wxy
(z 10)

stuvg
wxy{|
(z 41)

stuvg
wxy
(z 11)

stuvg
wxy{|
(z 42)

7 57.6 52.9 —— —— —— ——
8 —— —— 61.5 86.9 —— ——
9 45.1 45.1 —— —— —— ——

10 —— —— 37.7 39.2 —— ——
11 43.8 42.2 —— —— —— ——
12 —— —— 23.4 30.1 —— ——
16 —— —— —— —— 47.7 52.9
18 —— —— —— —— 29.2 25.3
20 67.7 63.8 34.8 29.5 21.6 17.4
30 —— —— —— —— 19.0 10.9
50 311.2 256.7 105.2 83.8 27.5 13.8

100 1224.5 919.8 308.0 250.8 62.0 24.0

}

}

//}~¨©

ind[nelite]∼ind[Popsize− 1] �����¨©;

}

����������1��d���efg��Sil�

�����O(���Z×XY�RS�TZ) +O(��}

~Z×���Z)����ij}~�����O(��}

~Z×���Z×�������� ¡¢)��£¤¥¦

§�1��¨���©ª«�¬­���¢�®¯°�±�

²³´�µ£¤���¢¶�·¸�����¹º»¼½

�¾��¿ÀÁ��ÂÃ£ PMBGNP�Ä¸£Å���

Æ��Ç¶ÈÉ���ÊË�µ£��¶ÌÍ²·£¤

Î���¹º»¼½�¿ÀÁ����ÏÐ�¸ÑÒPM-

BGNP�����Ä¸§Ó 5·5Ô�ÕÖ×Ø²ÎÙ�Ï

¸��Úº�ÛÜ�ÝÞ°�¤ß�àá�â 40∼â 42

�ÀÃ¤â 9∼ â 11�ãäÕå�àá¶æ�µ§¸£

��¶¹ç²·£¤è��®éê�Ë� 5·5ÔêÎÙ�

ë°� CPUìí��îêÔ²êÎÙ�ë°� CPUìí

ïè�Ë�ðêïñ 3�ÀÃ¤îî²êÎÙ�Ä¸�©

ªò� Core i7-4770(3.4GHz)�¸ó CPU� 4GBêô

»õïö°� PC/Linux²÷£¤øùìíï³´£�Ë

��úû¶æ�µ�ìü²ýþïÿÆ@¦§¸£ê²�
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ñ 3ï8£��L��B 1²���¢=7∼11,L��B

2²���¢=8∼12, 11%½����	�B²���¢

=16∼30ê>9êM����¢ï�·ÉÃ£î��Å¦

§�Úº¶Ñ¶� CPUìí¶
�É�£>9ð8<$

�µ£¤°�°�¹º»¼½ï¾���ÂÃ£Ó 4�ê

PMBGNPýþ�=ïÄ¸�>9�����¢¶�·É

�£�5
�©ª«¶A�°§¸£ê��°�¹º»¼

½ê¿ÀÁ��ÂïÏÐ�¸îêÔê PMBGNPýþ�

=ïÄ¸�>9�����¢¶�·É�¦§ðßµ±5
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ç²·£¤

7. � � �

K��²�����ê�N�F� (4K�:)ðýþ��

�Ã£¹º»¼½�Â�GNPïD0°�ßêýþ@Gï

2�NêL��B�11%½����	�B²���°�¤

ßêàá�D0������°��B��°§��� 

"	#&¶ 1000±Eê'(²ð�)*�Ië����¢

¶+´�µ§¸µ,-.ô�/1Ô�Å6 60∼100%ê

C9²ýþ�Ú�H£î�¶¹çPµQ (5·5Ô)¤èQR

���ê�N�F�ïS(°TêUVWX$ïýþÃ£

>9�®Y§RD0��êöÄ@¶¹çPµQ (5·6Ô)¤

� êZM@[\êQË�]R(�Â°Q¹º»¼½�¥

Ð^�)÷£¹º²_M `�¥¦§ab� êëcd

ïeË£�¸óî�êöÄ@¶¿����¦Q (5·4Ô,

6·1Ô)¤ú9E¶ÕÖ>9]fÉ��g¦§¸£ðêï

hWÃ£�¸ói²jõ��ï_(êC9²gÃî�¶

� êZM@[\��¶£î�ð÷£R�¸óî�ð¿

����¦Q (6·3Ô)¤�k�R� ï��Ã£l.mê

���¢¶�·¸>9�]R©ª«ï³´£QË�R¹

º»¼½ï¿ÀÁ��Ân^�Õåê	o�õolï�

�� "êpqïÄ¸§Ïó��¶öÄ²÷£î�¶Î

Ù²¹çPµQ (6·4Ô)¤

r s

5·6Ô]tuvêÇ­��êwxï·¦�$���°
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