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ABSTRACT

This thesis proposes mathematical models for studying multiple complex
systems with a common goal. The performance of a multiple complex system is affected
by internal and external factors such as interactions among the components both from
inside and outside each subsystem. Combinatorial optimization methodology is used to
study the behavior of these complex systems, which leads to a heuristic for finding
relatively good solutions. Also, through computer simulation, results about the expected

performances at optimality for various cases of the model are provided.
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uniiena 24 Fwuiafiu f(n) uaz gin) a1 1) =O(g(n) fseida JA1Ah c20

30 )] = clg(n)] AwFuynauawdin n=12,...

. v o g 2 ad aad o
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o o
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a
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2l a.A. 1989 umﬁﬂ%ﬂ wNALAY (Macken C.A) e wisadu (Perelson A.S.) %
sidauuy NK nedi K = N — 1 Widesuneiddmunnisaeslusiiu (Protein Evolution) Waz
Aneduneudaidlunisuitiyuiaesduuudaingns [4] unauuazmsadunudtlog
ureiEaieRATGundn ATLANNITUNUT 1 AW (One-replacement Process) 1
tﬂuns‘:mumsﬁG:umm‘:unﬁLflu"lﬂ‘lﬁv?qﬁ”\uuﬁo‘lsﬂﬂmmzunehu‘lnﬁtﬁmﬁﬁamﬁn
LANFNIaNsrLLEeduIRee 1 Arumi (One-replacement Neighbor) uszazsaafluszuy
ti’m‘lnﬁtﬁmﬁlﬁﬁhﬂ?zﬁwﬁuaqqnd%‘:nuﬁ?\is’u’ué’oﬂ R fsaunsadinseiiddnArIand
mm‘iﬁmmzuuﬁﬁdqﬂ?zawﬁuaqqqmquzﬁ (Expected Number of Local Maximum) $1Ai1
winru 2Y(N+1) uam'qn’mui’wﬂqéﬁuqunmmu‘h" (Expected Number of Replacement)
Ay In (N-1)

W A.A. 1992 1A (Bak P) usvanldAnmuaziiaszifouny NK nedl
K=N-1 [14] wudn dia N fidman ﬁ'ua‘é'mm'-‘i'lmumi‘muﬁL*T\ImJ:Q"Lﬂeji‘:uu'?hﬁﬁh
UszAvnagegaianizd Swinfy InN

U an 1993 Aewlunldldinisdinmeimeedarmanfifediaminadigeda
(Extreme Case) 1896aut NK [6] Wuda nsdi K = 0 AANANIITIRIATUTTRNTHAGIGR
(Expected of Global Maximum) HeAwinfiu 2/3 Lm:fhmmwfwmfiﬁmumﬂmuﬁL‘/"vmja
ffasrniilAnlssAnanagegaiidtmini N/2 dounsdl K = N - 1 pavilwnmudy e
Anwuali N HA139n (N approaches  infinity) ﬁ"\mmwfwmmﬂ?xaw%uaqmmmw'\zﬁ
(Expected of Local Maximum) H#Aqwinriu 1/2

yananiperfeuslildnnsdnaemueesfinmedifienaadadsAniua
qngmqu:ﬁmm?wufﬁq-’iﬂuﬁLﬂuuamﬂﬂmmﬁqwu NK lunsit K wnnsineiu wudn dle
N fifnn §wdu K Afieies ﬁﬂtﬂ'ﬁ;ﬂfiﬁﬂsxawﬁmaqmmmmz-?;mms‘:nu%ﬂunaLaam::
fifunnndn 2/3 FailusnisrAninagegadmiunsdl K = 0 ufadrfnanazanasuazidi
g 12 e K HAfinty (ﬁqﬁofatm'lugﬂﬁ 2.4) ﬂmngm?m"luﬁnnmzﬁﬁ"ﬂndﬂ "AIN

IABeda1 (Complexity Catastrophe)” [6]
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c ] a i
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_07+0.2+06
u e p 3
040! f(yy.%5) =06 =05

U 3.2 wamesansinszuinmdedeuludauun NKC nIN=3,K=2uaz C=2

ac ° ' a
LAZATNITANUIIANLIERANTHATRNTTLIL

32 msaAsenansuzilywaasfanuy NKC
Tuatatazugneliiiugn Aauuy NKC 1flu coP  Tatiugmadoudsznauany

Fauwu NKC wanae arntiuazigaflfifiudasiauuy NKC uloymlu se-complete

3.2.1 fawuu NKC i COP
ilesanniauun NKC Li'luﬁquuu?;:.jqLﬁuﬁumswquﬁﬁﬂu‘?ﬁﬁ’mﬂszawﬁua
g3 uazyndaulszneuludiauty NKC - Hdmaudnia aanumiienuaes COP Tuiadie
2.1 wudn Fauuu NKC i COP dalsznaudandautlsznen 5 dau Ae
(1) wanrefeys
D={2N,K,C, X=X, X1 cccsx o) « ¥ = Ws Va1 1. V)
dle x,y,=0%e 1 uszij=1,2 ... N}
) mansnaiaasi il Ly

1 i 1 A o o
F={(x,y)|x,y Aeszuutiand 1 uazszuutiash 2 muaIAL}



3) wnresufanlazaing
B={x.ylij=12 ..., N}

(@) Afariduqeulszasa
Z(xy) =f(x,y)

(5) amlsrasAinnsan
do .
i x* uaz y* Il zxny®) SAwaniige”

Aauul NKC € MRcomplete

322
selfuananisfigaiiumia 3.1 uas unse 3.2 WethumAaiaanaly

Turiadiaiidd
doelun1sfigaifinsauin NKC e Mecomplete Tolduaninsfigaillilungudjun 3.1

14

?
<l
U

& o i L] o/
unme 3.1 Al A={a, a, ..., a} laeW 2 >0 dmiuyn i=1,2,...n
AMMFUAININATY d >0 w82 max (dA)=d (max A)

Agad WaeA  uaz a= max A gWHLN j=1,2,...n  (34)
At da = d (max A) (3.5)
andatavun (3.4) arld

a >3 AmFuNN i #j (3.6)
AN d>0 uazaaung (3.6) azls
(3.7)

da> da, AN i #]

Hedan ae A

da € dA = {da,, da,, ..., da }

A3

A neauns (3.7) uazAnant® (3.8) axld
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da, =max (dA) gMIUUNj=1,2,...,n (3.9)

]

QINANNNT (3.5) uazaunas (3.9) Mlasylédn max (dA)=d (max A) O

& hd : o o .
unmas2 el A={a,.a,...a} lagia>0 dwHamni=1,2,..n

",
uay B={b, b, ...} lagfip>0 d&wHamnj=1,2..,m
1 A+B={a+b} €Wmiumni=1,2,...n war MNj=1,2, ... m

w2  max (A+B) = max A + max B

Wi a, €A UAT a, = maxA gmfuunNp=1,2,...,n (3.10)
Az b,e B Uaz b, = maxB dminneg=1,2, ..., m {3.11)
AL a,*+ b, = max A+ max B (3.12)

aandaniuum (3.10) uas (3.11) ald

a,> a Amiunni#£p
WAz b,> b dmfunn j#q (3.13)

{1 8,2 0 (@WFumni=1,2, ..., n), b >0 (@wdumnj=1,2, ..., m) uaz

24uN"7 (3.13) ala

aj+b,> atb dwAuniZpuatj#q (3.14)
Lﬁm'-ﬂn a,e AURY be B
AUU a,+ b, € A+B (3.15)

RNBANNT (3.14) uazAmANTIR (3.15) aLlddn
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a + b, = max (A+B) (3.16)

ANANNNT (3.12) uaraunas (3.16) vinlkagy1édn max (A+B)=max A + max B
O

naqeiun 3.1 Fauul NKC e MP-complete
1)

a L4 a &‘ ' P
Awgal nsigaimguiiuiisesndu 2 nause

Aeudl 1 FeanTuARIINFIULL NKC € AP

fauuu NKC  ansiasaunulédaansimassdauuuuiiiysal (Complete Bipartite
Graph) G = (V,E) dav = viovr deanadnlu v Ae stundes® 1 Adhululaludouny
(VI=2"Y) uwazani@nlu v” Ae setieed 2 Miulidlusuuy (V= 2" dousundnlu

E Aadwdenszuunyddeuiidulilldvionn (Ej= 2™y TaaiAiiU (Cost) Tuusazidu

' - IJ o’ o J :" o o/ ' A
lusnlseavsnaressruumydefaunduiusiududendu q awnetralugli 3.3

gﬂﬁ 33 uasIFatNIraIiauLL NKC lugilasansmaasdauuninizysal G=(VE)

-
Wa V=VuV' uay |V|=|V'=4
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Amualdaiuiuai R, = max f(x,y) Whigundnndiudn U wandeyaes

all x, all y

1 ! v
Fauuy NKC ievinld fauuu NKC lu cop fieglugiifoyminissa@ula aanduinansun
v H ] v ° o
FuneitaildlunsnsessuastrestigmiananiuiiuiuneudsdminAumssuuny

Fateu (xy) laedl f(x,y) =R, @wsauaasiumeuldfagin 3.4

( Start )

p=1and g=1

Yes =P p=p+1 e

No

\ 4

L

q=a+1

] a H ]
g'l.hn 34 Lmmumuqummmummwumuﬁ%‘msmqqaﬂunaLﬂaﬂﬁmmmuﬁqmm

ALl NKC

angin 3.4 azindnd M ugIgaTesiuReuiENIRsIAaLHALRa LN
a o a [P 2 dl A o 1 a ' d‘
wnzaNNgaIBIiaLLY NKC fiAwiniu n” die n Aediwiuszuuteny 1 uassvuLteeh
2 lufuuu NKC nanafe dusevdssananiisusuresieiduainududewdananiy
] v v
Or?)  Haziiulddnmnududeuidsnarsesiunedssindoegluginmpunn n® Ay

AUy NKC € Ve
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ANTUAATN Bauuy NKC i Aehard  a1xnsauasslilanenduduneudsnig

aavauandauL NK ludafauun NKC Relidnsaznisaaneudaglii 3.5

dayanafiauyy NKC

N, K (0<K<N-19)C=0

oifasminc =0 fefufn =" )

x = (X, X0y x) e x=0 vide 1,
- d ' .
Y= (¥, Yy ) HByY=0W3R 1,
RNKc_amﬁf,‘yf("Y) e sY) = 5 \
N
o ZhE)
f(x Y )':L—_T_,
S K
iy, .x)

ﬂnqnﬂ‘i’iumuﬁ 'f\amun a0t

ar

HALRAHVIBIAULU NKC

¢ uaE y T2y )2 R

L ar
!Imw_ﬂ&
N,
K (0SK<N—1) \
x= (x1, L S xN) 18 X 098 1, wilasfays
Ef(x
Ry =maxf(x) e f(x)="=
HALRALUBIAINLL NK L/ AR
wlamsieat
2 & \\ [__—..
x** Iy Z(x**) ZRN 3| N
NUEILNA R uav

LﬂumwamﬂmwuLi'\‘lﬂlummawagammmuuu NK uazsiauLiu NKC
mua’mu Lwam'l.umuuumaauﬂu coP luglifyminasiadula

i o o o o
1% 35 uansiurendsnraamauiigwiansouuy NK lalgiasiauuiu NKC

4 1 d
m‘lﬂumuammswmumﬂﬂuﬂum Ainlluu NKC ﬁﬁi‘ﬂ‘ﬂ 3.5 Hualaati fAraue

Fauuy NK Hualaas Tufe Faansuasedn *d x* uay y* v lF Z(x*y*)

>

Sraudied x il zx) >R, atutenisigaiesniiu 2 neu Aie

(1) Haanisigardn

e
“fdl x* uas y* e Z(x*y

(2) fipansiganidn

*) > Ry UA 95l x** il Zx) > Ry,

“grdd x* A Z(x*) > Ry, ud2 9l x* uaz y* Ml Z(x* y*) > Ry.”

RNKC
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- do
auyAW & x* uaz y* I Z(x*y") = Ry

A fix* uazy* il f(xxy*) 2 max f(x,y)
allx,alty

anauiguuezanns (3.1) ala

v 2Oy iy #* x#C
fx*",y* )+f(y* .x )> max f(x,y) (3.17)

2 ~ alxally

mngﬂ*‘?‘; 35 f(x,y)= f(_x)_”sz(Xl

FaiuaaunIs (3.17) asaudafueaunis

ey ) ey x*0) 1) +H()

2 T alxally 2 (3.18)
anneaun? (3.18) uar daye C =0 (97117 3.5) axls
f(x*)+ f(y* f(x)+f
(x*) +f(y*) Nt (x) +1(y) (3.19)
2 allx, all'y 2
N
) G SHFD
ansiuuy NK saspenfuuimueld f(x) = =—5— uaz
N
Z:fi(y‘K) < K K = ;
fy) =" Taeh f0), £(y) duarduengifiegiutos
[0.1] TufR 0 < £(x*) <1 uaz 0 < f(¥) <1
gy 0<f(x) <1 uaz 0< f(y) <1 (3.20)
AINAMANTTR (3.20), LMF 3.1 uazaauns (3.19) axld
max {f(x)+f(y)}
f(x*)+f(v* all x, all
(x)+1(y") y (3.21)

2 - 2
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11 2 grumaaARaNnTg (3.21) a2ld

f(x*)+f(y*) 2 max {f(x) +f(y)} (3.22)

ANANANLTR (3.20), UNMAY 3.2 URTEANNIT (3.22) ald

f(x*)+f(y*) > max f(x)+n;1“ayx f(y) (3.23)

i —f(y*) wIanasaradNnis (3.23) acl#

f(x*) 2 max f(X)+rr;"a;< f(y) -f(y*) (3.24)
(flaeann f(y)Srr;I?;( f(y) Fafuanneguns (3.24) ALl

f(x*) 2 max f(X)+rQ"ayx f(y) - max f(y)
TiuRe f(x*) > rglﬁaz( f(x) (3.25)

Wx*=x"*

ANeaNNg (3.25) azls

f(x**) > max f(x)
all x

Wesann z(x*)  fluAafaiduqmilszasdanssiouuy NK 14

Z(x™) = f(x"™) USZ Ry = max f(x) Faq1lt 3.5
ail x

v
o o - ) ﬂ‘ o
Fatis annisfigaiReanunsaagyladn 3 x Minld Z(x*) > Ry
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- -l o
auyAl 3 x Wil Z(x*) > Ry

2 do
gufa o x* Il x> max f(x)
at x

W x*=x" usr il y* 3 f(y*) = max f(y) (3.26)
aly

Z(x*y") = f(x*y*) =

v

fx* y*S) + f(y =, x *°)

2
(e nAuanRTe Z(xy) uasf(x.y))

&Kj)%f_(ﬂ (80 C=0)
f_(L*);‘_fLYL) (@ndanivus 3.26)

max f(x)+max f(y)
al x ally

2
(A nanuAguazdenme 3.26)
max {f(x)+f(y)}
all x,ally . ¥
= A (R1NUNEN 3.2)
f(x)+f o
(—)2—()'—) (’1nunea 3.1)
allx, ally

Rye  (RINAUANTRYEY Ry, AT 3.5)

annasiigal (1) uaz (2) Budulddnfauun NkC finsiassfideidiafauuy NK 3

HALRRE TNABRILLL NK  @arunsaaanauNidesiauuy NKC 18 wsiilessansiauuy

NK e A -complete aifluwmsiiauuy NKC iflu Mehard aumgefim 2.1

annnsfigainaud 1 (Fauuy NKC e M), Aaull 2 (fauuy NKC ilu Mehard)

usznquium 2.1 inl¥aunsaagUliéidn fiuuu NKC e Mecomplete O
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33 msiasedimanddmiuAnlszavinsrassuunyieiau
Iuﬁoiﬂﬁq:mmn'\ﬁtﬂm:ﬁﬁmnimfmm’tﬁ'ﬂmfi'\mmu%éqﬁu&hﬂi‘zaw‘%ua

-nms‘:uuwm‘-‘mifﬂuﬁLﬂuumﬁﬂmmﬁquuu NKC
dlasarnanududentessrunlusouun NKC  sinl#ldaasnsandranands

o o

dmtusnlsrananaresrsuuiifunsmasansiouunlugn q neddld nadivessiauiy NKC

|

wmmmﬁqmﬁmmzﬁmfhmmwfm”m?udwﬂs:%w‘ﬁmaﬁmdm‘lﬁﬁ'wwnﬂummznm‘iqm
Am (Extreme Case) wi'ni'u suldud

" nadi1. K=0uarC=0

nson 2. K=N-1u82 C=0 §ia N fismnn (N approaches infinity)

nedifl 3. K=0OuazC=N-1 la Niidwan

nsGIT 4. K=N-1uUgs C=N-1aN JaAmn

1umﬁ‘?nﬂm:ﬁmmmmwi'qéﬁm*umﬂszawﬁummszuquL"nﬁauﬁtﬂuuamaﬂ
geefauuL NKC Wngdift 1 uay nsdifl 2 tu azfiasandaspianisdminAlszBning
aesvuLdedaud funaiasstasfouuy NK saenevifuuu (feldnaaliluiade 2.3) 4
naalddn
N e K = 0 AmandeduiudlszAninagean (Expected of Global
Maximum) HAwiniu 2/3
1. dleKk= N-1daN fdwan fhmmwﬁéw?ufiﬁﬂi‘zaw‘ﬁnaqmmqu:ﬁ

(Expected of Local Maximum) fAwviniu 1/2

fnfavualy E[f(x*)] unuAtmandiadmivAlssdninareessuy x* Fafu
1 v ]
srunddauiidunaaanTessiouun NK faiu Wnsdli K = 0 a8 Effx)] = 2/3 uarly

dn‘ 1
ASEIN K= N =1 uae N fanunn azldl E[fx*)] = 1/2

frsamualirsuuwyidedeu (xy) Wunaastreansdigaiaraafouuy NKC
w4 nadidangndnediu AniunisAtuniAimianiadiniuAnlssAninaraessuuny

(Bedau (x*y*) Teunudiae ELf(xy*)] amnsauaadldsaliil
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nsdif 1. K=0uax C=0

fx*,y*C)+ 1y = .x*%)
Elf(x*y"] =El 24 5 Y X /1 (@nnsfivusdnsr@ninases

seuuwyIedaulusiawul NKC)

= S{EL ] +ELR(y)]) (anmaufim 2.4 uaz C = 0)
= %{% + %} (*nn.)
_2
=3

- 4 :
nNséIN 2. K=N-1 gy C=0 e N JAmin

xSy )+ iy ,x*°)
Elfxy) = By

(RINNINMUAATLITTRNENR TR
sruuwyadaulusawl NKC)

= J{Ef(x) + Ly (@nmaufum 2.4 uaz C =0)

0 12l

= {-2-+—2'} (’1n q.)

o

v 2

ngaif 3. K=0uaz C=N-1 a8 N Tawn

(x*O'y*N—1)+f(y*0'x*N—1)

5 ]
(AINNFAMUAALSLANBHATEY

f
Eff(x* y*]=El

sruuwpdedeulufauuu NKC)

= %{E[f(x Ly HIHERY x O @nngeun 2.4)
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= = L o

N
@nnsANMUAALsEANENRTRITT IR

aadsruuwydefaulusuun NKC)
ZE[f(x yN—1)]+ZE[f(y MO} (@nngeun 2.4)

Z + Z } ('i'qutrguw 2.5 uarn1sivua i N iAtaan)

NSGIN 4. K=N—1uas C=N-1a N JAwan

WPnsRgafwinueafeafiunsdl K = 0 ugzC = N - 1 Teazldi

E[f(x* y*)] = 1/2 iduidnafin
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LAZNNSANARINAANRILARS

i 3 ] o n‘ L3 A
anund 3 Iuameliifingn “fauuu NKC e MRcomplete” #93En1e01dnang

-dn}

o 3 - -« i 1 A o ’."
anarastioyuudnrosiifl 338 (Aaldndaliluumin 2 Wiade 2.2) Aa 389 1 wdunau

Aol

i o o [ i k4 o - AJ
FentlannndudeuFuaanabidmpuiimnzandmiunnaiasaangs, 350 2 m

q
v

"’a aamlam = o -; o ’vs -‘ A-l-; as Ad-l-l
FuseunaEdsaRAT M zandmFuMIRARATIaNIEd uatdEh 3 MiuReuIEAIN
fudeudsnadunpuadmiuuinsdifivrreniym wiitiasanaan 1 hidsngeenn
- o :'w ol Adn; ac] 17 o’
wasiuTudandararasiuneudiinan uazdan 3 ({hudanisuigmisauuy NK 189
pariuny FuflunsdifidAmraasdouuy NKC (Flauuy NK 1eenawiluim = fauuu NKC
nsdl © = 0) AaluluamAdpiRauausdunmiltisdaiafilddmiuninaaansesiauy

"” © _~ e - Ly o/ A 1 1 -~
NKC N¥aNMau@ninaniIsanasinaaaung I.Fl’ﬂ?l.ﬁﬂ’l Lﬂ?’]SMﬁQQH‘ﬂﬁNﬂ FaA1UITANENG

AATTULU

41 TURBUIBAMTUMINALRALADIAIUUL NKC
luﬁq'iiai":qzuam%umumm%umuﬁ%‘ﬁﬁaﬁﬂéuﬁmmnmwaunmu?:udw
ngTUAUNIZ AL (Hil - Climbing  Process) ua:ns‘:mumﬂmu"fm AUNUL
(One-replacement Process) Lﬁﬂh’fﬁ’lﬂ?ﬂﬂ'\Nmﬂaﬂ‘nmﬁ"lwu NKC Tmeinszuqunnslsign
@zlia?wé'uﬁuwwznuﬁ'lﬁmﬂi‘:aw%uagqn'i'l?zuuéyfqs”m (Initial System) WATNSTUIUNNG
Wwnud 1 dumislddmiumnssungaulndiAes (Neighbor) sagsyULRIE NiauTaLEa

v
gaatnanstihduneudaanan i ldnnaeseluinensdisassouuy NKC
& acga e o
411 FUARUITBITARA

& d -8 :’1 ;73 ] ﬂl
S 1 Banssuy x dlussuusiduressuudes 1 uazsruuy W
v [} t 73
sruufduTassuLtenR 2 nianM A uauA1lsYANENRIDS
sruuneteu (xy) : f(xy)
& a ' v al ' > Py I )
AU 2 yszuugTulnRAee X' AUNATEISIUL X WIANNNATUITUAD

Uss@ndnarasrsuunyidedau (xy) : f(x'y)
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-~ ] o -‘ ] 1 d
ufl 3 Ransaundn fevuu () T f(xy) > f(x.y) visald usdadldin
sialludud 4 uada L lxluvindui 6
sun 4 W f(x*y) = maxf(x',y)

all x’

& d o o 1 :’, J
aufi 5 Smusld x =x* udanselludui 6

dui 6 mszuntulndifes y’ FAMUATRTTUL y WERURIAUI AN
UssAninarasssuunyidedau (xy') : f(xy’)

Fuf 7 Ransoundn Sevuu (xy) 39 fxy) > fxy)  videld il
sl ludud 8 uRdlaiEilleindid 10

dudt 8 W f(x,y*) =maxf(x.y")
alty’

& o ° o o ¥ o

auin 9 Amusliy =y* uazndulivindum 2

& d -n 1 d 1 $

duR 10Raun9n Rezuy (y) T f(x',y) > f(x,y) vivald usddld
agulLindud 2 udtihlif e aduneuds uansdnaiane1asi

WUl NKC An szuuwiedau (x,y)

Y ' & aaim & o
4.1.2 et ensfIunaulItaIsdnA

v v
Ydeiiazuanasaatinanisindunaudsadasaniuiada 4.1.1  lllddmdum
o/ 1 o/ ¥ = J
HALARLTBIFINLL NKC n5el N = 2 Zasiauun NKC lunsdifiazisenausaassuudedaun
y . )] oAl
Fuld1dvanus 8 sxuu Taewiadussuusies® 1 Miwllé 4 szuu wazszuutien® 2 N

Fuldld 4 svuy fuszdamalfifinssuunmdedaudouan 16 szou duandluglin 4.1
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<=-> dudenrudminddessmelusuuden
——  dudausszuumydedou .y dlepa=1234
fx sy )= rhﬂna'n‘ﬁn'm'nms:uumﬁdau(xp,yq) e p.q=1234

d a 1 o :’4 o
g1 4.1 uameszuunydedaunaranlssAninaan sz defeuiomalusiouy

NKC NIt N =2

1 X o 1 A 1 ‘." :” - o - H o
delililazuansiantinanan i luudasdurasdunaudaran AN I uTLM N AN IDS

: o o o [ A
fauu NKC Tugii 4.1 Taeimualdsyuumydadeusasiupe sz (x,y,)

° <
ﬂ"l?’ll'l‘g'liﬁﬂﬂ 1

Tui 1 @enszul x, = 00 Thuszuudeutassuntend 1 uazszuy y, = 00
Fuszuueduaesssuntent 2
AnssAnBrarasssuunyideden (x,y,) = f(x,, y,) = 0.7

fudt 2 suvdmlndiFsaiimuaresszuy X, Af X, = 01 WAT x,= 10
Asr@nBnarasssuuniedeu (x,,y,) = f(x,y,) = 0.85

Anlsz@vBnaresssuuwpdateu (x,y,) = f(x y,) = 0.46

=2
:(!
w

fszuummdedan (x,y,) B f(x,y,) > f(x,.y,)

=2

:(!

-
I

f(x,.y,) = max {f(x,.y,), f(x,.y 1)}
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&
tui 5 Wz x, Fuszuuasilml

& a 1 >
AUN 6 sxnumu’lnf’itﬁmwmnmmi‘zuu Y, ?m y,=01 uaty,= 10

Anlseananarasszuunidedeu (x,.y,) = f(x,y,) = 0.73
Anvlsr@vinarssszuunydedeu (x,y,) = f(x,,y,) = 0.21

fui 7 biftsruuvydedeulasendnssiuvideden (xy,) uer (x,y,) Tilld

sz@nBaannndnszuunydden (x,.y,)

sudl 10 Hrzuumuidedeu (x,y,) 0 fx,y,) > fx,.y,)

° al
ﬂ'l?ﬂ'l‘g'\?ﬂ N2

Y a ' 4
du? 2 svuuulndIAEaNATEITELL X, AR X, = 00 UAT X,= 11
Antlsr@ninarassruumwyideden (x,y,) = f(x,y,) = 0.7

AnlsrRAvBuanasrsuundedeu (x,y,) = f(x,y,) = 0.86

frzuuwydedeu (x,y,) 9 fx ;) > ()

e2
2%
=1 B
w

2
:(!
1 5
1N

f(Xyyy) = max { f(x,.y,), f&s.y,)}

v
Wisruy x , Whisznusasiulm

2
:Q!
($,]

=) =
o

L 3
seuneulndiReianuaTeesL y, Ae y,= 01 uazy,= 10

=2
::0!

AL RNBHATBTTULNMITNTRY (X,.y,) = f(X,y,) =0.07
ALz @vinarasssuuwpTateu (x,y,) = f(x,y,) = 0.69

O a ) a
s 7 Liflssunyddeulassudnssuumydedan (x,y,) uaz (x,y,) Nilld

UszAvduannndiszuunyidetou (x,.y,)

fufl 10 Hrzuumypdedou (xy,) e fxy,) > fx,y,)

° <l
msvdsaud 3
Y o . ya > o
AU 2 sruueulNAIRENTIINNATETTLL X, AR X,= 01 UAT X,= 10
AlszAvEnsrasrsuuwedan (x,y,) = f(x,.y,) = 0.85

Alsr@vdnaresssuunyidedeu (x,y,) = f(x,y,) = 0.46

Y al 108 = 9 dl
aun 3 Liflsvuunydetaulase winszuuwdetau (x,y,) WAy (x4,y1)Vl A1

Usz@nduaninndnszuuwpdedau (x,y,)



32

& al ) va o a
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/*

My original NKC version  : Program to simulate multiple complex systems

In the NKC model, a system consists of 2 subsytems which both complex systems.
Eeah subsytem consist of N parts, where each part can contains one of 2
components, denoted by 0 and 1. The contribution to performance of part i in 1st
subsystem (x) that is affected by the other (y), namely fi(xi/K,yi/C), denote on the
components in part i,on the components in K (0<=K<=N-1) other parts in the
subsystem and on the components in C (0<=C<=N-1) parts in the other subsystem,
for example, the K components in K/2 parts on either side of part i, wrapping around
when necessary and the C components that same parts of the K components from

the other subsystem.

Assumption
Contribution to Performance of Complex System x : fi(xi/K,yi/C)
Contribution to Performance of Complex system y : fi(yi/K,xi/C)
fi(xi/K,yi/C)fi(yi/C xi/K) = Uniform Random Number between [0,1]
Performance of Systems x that is affected by System y : f(x/K,y/C)
f(x/K,y/C) = Average of fi(xi/K,yi/C) for all i
Performance of Systems y that is affected by System x : f(y/K,x/C)
f(y/K,x/C) = Average of fi(yi/C,xi/K) for all i
Overall Performance or Performance of multiple complex systems (X,y) : f(x,y)
f(x,y) = [f(/K.y/C) + f(y/K,x/C))/2
*/
[rrrmesasrsraantremierrs DROGRAM START ***Hksssnsttusissassnstrin
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#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <time.h>

#include <iostream.h>

// Define the value of N, K and C in the NKC model.
#define N 20
#define K19
#define C 19

/! Define the simulation times

#define Rtm 25

/I Define structure for node in the binary tree used to strore the contribution of
/l each combination of component
struct Tnode
{
double BV;
struct Tnode *Left,*Right;

// Define the structure for first subsystem.
// This link-list will used to store the system from the starting first subsystem
struct Xlist
{

I/ A system is represented as a binary N-vector, each element is denoted

/by Oor1.

char FX[NJ;

/I The performance of system that effected by the other is a real value.

double OptVX;



/I A pointer to the next system whose performance is better than current system.

struct Xlist *Next;

// Define the structure for second subsystem.

/1 This link-list will used to store the system from the starting second subsystem

struct Yilist

{

/I A system is represented as a binary N-vector, each element is denoted
/fbyOor1.

char FY[N]J;

// The performance of system is a real vaiue.

double OptVY;

// A pointer to the next system whose performance is better than current system.

struct Ylist *Next;

// Define the structure for multiple system.

Jf This link-list will used to store the multiple system from the starting both

/I subsystems to the local maxinum.

struct CheckMax

{

/I A system from first subsystem.

char X[N];

/I The performance of the system that effect by the other.
double OptX;

/I A system from second subsystem.

char Y[NI;

/I The performance of the system that effect by the other.
double OptY;
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// Overall performance of the multiple systems

double avg_Opt;

/I A pointer to the next multiple systems whose team performance is better than
/l current system.

struct CheckMax *Next;

// Generate a random number between 0 and 1
double uniform01()
{
double U;
U= (double) (rand()%1000*0.001);

return U;

// This program generate the initial system.
// Input : no.
// Output : system x (a system in first subsystem) = binary N-vector,
I system y (a system in second subsystem) = binary N-vector.
void InitS(char S[N])
{
inti;
double U;
for(i=0;i<N;i++)
{
// Generate component, 0 or 1, for each part randomly
U=uniform01();
if(U<=0.5)
S[i="1",
else

S[il='0"
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// This program find the K parts in x and C part in y that affect the contribution of
/l parti.
// Input : X,y and index i
// Output: K+C+1 parts
void KCblock(char InX[N],char InY[N],char OutKC[K+C+1],int ind)
{
/1 If K is a odd number, then (K+1)/2 - 1 distributed in the right and (K+1)/2
// distributed in the left.
J/ If C is a odd number, then (C+1)/2 - 1 distributed in the right and (C+1)/2
// distributed in the left,both from the other system.
int j,RightX,LeftX,RightY, LeftY;
RightX=K/2;
LeftX= (int)ceil((double)K/2);
Righty=C/2;
LeftY= (int)ceil((double)C/2);
for (j=0;j<LeftY;j++)
OutKC[j] =InY[(ind-LeftY+j+N)%NI;
for (j=0;j<LeftX;j++)
OutKC[j+LeftY] =InX[(ind-LeftX+j+N)%N];
OutKC[LeftX+LeftY] =InX[ind];
for (j=0;j<RightX;j++)
OutKClj+LeftX+LeftY+1] =InX[(ind+j+1+N)%N];
for (j=0;j<RightY;j++)
OutKC[j+LeftY+LeftX+1+RightX] =InY[(ind+j+1+N)%N];

/I This program find the contribution for each component i.
// Input : the value of K+C+1 parts that affect the contribution of part i
/i and a binary tree that store the contribution of all components.

// Output : the contribution of component i if found or -1 if not found.



double Search(struct Tnode *BT, char Kz[],int Id)
{
int i;
for(i=0;i<Id;i++)
{
if(Kz[i] =="1")&&(BT->Right! =NULL))
BT=BT->Right;
else
{
if((Kz[i] =="0")&&(BT->Left! =NULL))
BT=BT->Left;
else
return -1,
}
} /fend of for.
return BT->BV,

/I This program generate the neighbors for current system x or systemy.
// Input : Current system x or Current system y.
// Output : the ith neigbor of x or y.
void Neighb(char S[N],char Outnbi[N],int ind)
{
int i;
for(i=0;i<N;i++)
Outnbili] =S[i];
if(S[ind] = ="0")
Outnbifind] ="1";
else

Outnbi[ind] ='0";
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// This program create a binary tree to store the contribution of each component.

// Input : the combination of K+C+1 parts that decide the contribution of part i.
// Output : a binary tree that store contribution of each component.
Thode *Btree(struct Tnode *Rt,char Ky(])
{
struct Tnode *Temp,*Crnt;
int i;
double U;
// First, call 'Search' to check if the contribution already exist.
U=Search(Rt,Ky,K+C+1);
J/ f the contribution does not exist, then generate as a random value
// between O and 1
if(U<0)
{
Crnt=Rt;
for(i=0;i<K+C+1;i++)
{
if(Kylil =="1")
{
if(Crnt->Right = = NULL)
{
Temp=new Tnode;
Temp->BV=0;
Temp->Left=NULL;
Temp->Right=NULL;
Crnt->Right=Temp;
}
Cmt=Crnt->Right;
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if(Ky[i] =="0")
{
if(Crnt->Left==NULL)
{
Temp=new Tnode;
Temp->BV=0;
Temp->Left=NULL,;
Temp->Right=NULL;
Cmt->Left=Temp;

}
Crnt=Crnt->Left;
}
}
Crnt->BV=uniform01();
}
return R;

// This program generate the performance of starting system that affected by the other.
double FirstT(struct Tnode *BT[],char in1[N],char In2[N])
{
int i;
char KBO[K+C+1];
double U,Int_V;
Int_V=0;
for(i=0;i<N;i++)
{
KCblock(in1,in2,KBO0,i);
BT[i] =new Tnode;
BT[i]->BV=0;
BT[i]->Left=NULL,;
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BT[i]->Right=NULL,;
BT{i] =Btree(BT[i],KBO);
U=Search(BT[i},KBO,K+C+1);
// The performance of starting system that affected by the other is
// the average of the contribution to performance.
Int_V+=U/N;
}

return Int_V;

J/ This program generate the performance of multiple complex systems.
void IntP_current (struct CheckMax * check(],struct Xlist *hstX_p, struct Ylist *hstY_p,
double avg[l])

int i;
check[0] =new CheckMax;
check[0]->0ptX=0;
check[0]->0ptY=0;
check[0}->avg_Opt=0;
check{0]->Next=NULL,;
for(i=0;i<N;i++)
{
check[0]->X[i] =hstX_p->FX[i};
check[0]->Y[i] =hstY_p->FYIi];
}
check[0]->OptX=hstX_p->OptVX;
check[0]->OptY=hstY_p->OptVY;
/I The performance of multimple complex systems (overall performance) is
/l average of the performace from affectation of 2 subsystems.
avg[0] = (hstX_p->OptVX+hstY_p->OptVY)/2;
check[0]->avg_Opt=avg[0];
check[0]->Next=NULL,;



// This program generate the performance of current system that
// affected by the other.
double P_neig (char int1[N],char int2[N],struct Tnode *Bt[N],double perf)
{
int j;
char KBO[K+C+1];
double U, Iperf;
for(j=0;j<Nij++)
{
KCblock(int1,int2,KB0,j);
Bt[j] =Btree(Bt[j],KBO);
U=Search(Bt{j],KBO,K+C+1);
perf+=U/N;
Iperf=perf;
}

return Iperf;

// This program find index of system that has maximum overall performance.
int IndexMaxP (struct CheckMax *check[N+1])
{
double MaxP;
inti,Ind;
MaxP = check[0]->avg_Opt;
Ind=0;
for(i=0;i<N+1;i++)
{
if (check[i]->avg_Opt > MaxP)
{
MaxP=check[i]->avg_Opt;
Ind=i;
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else
MaxP=MaxP;
}
return Ind;

/l This program check the optimality of the current system.

void Opt(struct Xlist *hstX,struct Ylist *hstY,struct Tnode *BtO[],struct Tnode *Bt1[])

{

struct Xlist *p_nbX[NJ;
struct Ylist *p_nbY[N];
struct CheckMax *p_check[N+1];
int i,k l,Index;
char z;
double avgP[N+1],MaxCheck1,MaxCheck2,MaxCheck3;
MaxCheck1 = 0;
MaxCheck2 = 1;
MaxCheck3 = 2;
while (MaxCheck1 1= MaxCheck2 && MaxCheck2 | = MaxCheck3)
{
MaxCheck1 = MaxCheck?2;
IntP_current(p_check,hstX,hstY,avgP);
// For fixed current 2nd subsystem and find all neighbor of current
/l 1st subsystem.
for(i=0;i<N;i++)
{
p_nbX{i] = new Xiist;
p_nbY[i] = new Ylist;
p_check[i+1] = new CheckMax;
p_check[i+1]->OptX = 0;
p_check{i+1]->OptY = 0;



p_check[i+1]->avg_Opt =0;
Neighb(hstX->FX,p_nbX[i}->FX,i);
/l Keep current neighbor of current 1st subsystem in
/1 link-list 'Checkmax'’
for(I=0;I<N;++)
p_check(i+1]->X[l] = p_nbX[i]->FX[I];
p_nbX[i]->OptVX = 0;
p_nbY[i] = hstY;
// Keep current 2n subsystem in link-list 'Checkmax’
for(I=0;1<N;|++)
p_check[i+1]->Y[l] = p_nbY[i}->FY[];
p_check[i+1]->0ptX = P_neig(p_nbX[i]->FX,p_nbY[i}->FY,BtO,
p_nbX[i]->0OptVX);
Il Keep performane of current neighbor of current 1st subsystem
// that affected by current 2nd subsystem in link-list ‘Checkmax’
p_nbX[il->OptVX = p_checkli+1]->OptX;
p_nbX[i]->Next = NULL,;
p_nbY[i]->OptVY =0;
p_check(i+1]->OptY = P_neig(p_nbY[il->FY,p_nbX[i]->FX,Bt1,
p_nbY[i]->OptVY);
I/ Keep performane of current 2nd subsystem that affected by
/I current neignbor of current 1st subsystem in link-list 'Checkmax'
p_nbY[i]->0ptVY = p_checkli+1]->OptY;
p_nbY[i}->Next = NULL;
// Find the overall performance of multiple complex systems
/I (current neignbor of current 1st subsystem,current 2nd subsystem).
avgP[i+1] = (p_nbY[i]->OptVY+p_nbX[i]->OptVX)/2;
Il Keep the overall performance in link-list 'Checkmax’.
p_check[i+1]->avg_Opt=avgP[i+1];
p_check[i+1]->Next=NULL;



Index = IndexMaxP(p_check);
MaxCheck2 = p_check[Index]->avg_Opt;
if (MaxCheck2! =MaxCheck3)
{
{// Change current subsystems.
for(i=0;i<N;i++)
{
hstX->FX[i] =p_check[Index]->X[i];
hstX->OptVX=p_check[Index]}->OptX;
hstY->FY[i] =p_check[Index]->Y[i];
hstY->OptVY=p_check[Index]}->OptY,
}
IntP_current(p_check,hstX,hstY,avgP);
/I For fixed current 1st subsystem and find all neighbor of current
{/ 2nd subsystem.
for(i=0;i<N;i++)
{
p_nbX[i] = new Xlist;
p_nbY[i] = new Ylist;
p_check[i+1] = new CheckMax;
p_check{i+1]->OptX = 0;
p_check[i+1]->OptY =0,
p_check[i+1}->avg_Opt = 0;
Neighb(hstY->FY,p_nbY[i}->FY,i);
/I Keep current neighbor of current 2nd subsystem in
/1 link-fist 'Checkmax’
for(I=0;I<N;|++)
p_check[i+1]->Y[1] = p_nbY[i]->FY[};
p_nbY[i}->OptVY = 0;
p_nbX[i] =hstX;

// Keep current 1st subsystem in link-list ‘Checkmax’
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for(l=0;1<N;|++)
p_check{i+11->X[] =p_nbX[i}->FX[I};
p_check[i+1]->OptY = P_neig(p_nbY[i]->FY,
p_nbX[i]->FX,Bt1,
p_nbY[i]->OptVY);
I/ Keep performane of current neighbor of current 2nd
subsystem
// that affected by current 1st subsystem in link-list
'‘Checkmax’
p_nbY[i}->OptVY = p_check{i+1}->OptY;
p_nbY[i]->Next = NULL;
p_nbX[i]->OptVX =0;
p_checkli+1]->OptX = P_neig(p_nbX[i}->FX,
p_nbY[i}->FY,Bt0,
p_nbX[i]->0ptVX);
/I Keep performane of current 1st subsystem that affected by
I/ current neignbor of current 2nd subsystem in link-list
'Checkmax’
p_nbX[i]->0ptVX = p_check[i+1]->OptX;
p_nbX[i]->Next = NULL;
/I Find the overall performance of multiple complex systems
/I ( current 1st subsystem,current neignbor ofcurrent 2nd
subsystem).
avgP[i+1] = (p_nbY[i]->OptVY+p_nbX[i]->OptVX)/2;
/ Keep the overall performance in link-list ‘Checkmax'.
p_check[i+1]->avg_Opt = avgP[i+1];
p_check[i+1]->Next = NULL,;
}
Index = IndexMaxP{p_check);
MaxCheck?2 = p_check[index]->avg_Opt;
MaxCheck3 = MaxCheck1,



// Change current subsystems.
for(i=0;i<N;i++)
{
hstX->FX[i] = p_check[Index}->X[i];
hstX->OptVX = p_check[Index]->OptX;
hstY->FY[i] = p_check[index]->Y[i];
hstY->OptVY = p_check[Index]->OptY;

}

// Store overall performance of solution to a file.
FILE *output;

output=fopen("NKC.dat","a");
fprintf(output,"\n%f",MaxCheck3);

fclose(output);

// Main function

void NKC (void)

{

struct Xlist *p_hstX;
struct Ylist *p_hstY;
struct Tnode *BT_O[N],*BT_1{N];
char z;

inti;

p_hstX = new Xlist;
p_hstY = new Ylist;
p_hstX->OptVX = 0;
p_hstX->Next = NULL;
p_hstY->OptVY = 0;
p_hstY->Next = NULL;
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// Generate the starting 1st subsystem randomly.

InitS(p_hstX->FX);

// Generate the starting 2nd subsystem randomly.

InitS(p_hstY->FY);

/I Generate first binary tree and compute the performance of starting 1st
subsystem

// that affected by starting 2nd subsystem.

p_hstX->OptVX = FirstT(BT_0,p_hstX-> FX,p_hstY->FY);

// Generate second binary tree and compute the performance of starting 1st
subsystem

// that affected by starting 2nd subsystem.

p_hstY->OptVY = FirstT(BT_1,p_hstY->FY,p_hstX->FX);

// Find neigbor of the subsystem and overall performance. Check optimal.

Opt(p_hstX,p_hstY,BT_0,BT_1);

/I This is a program for simulated NKC model

void main (void)

{

int j;
char z;
float V;
float TV=0;
FILE *Ipt,*output;
system("del NKC.dat");
for(j=0;j<Rtm;j++)
{
// This is just let you know that the program is still running.
cout<<"run "<<j<<endl;
/I This line is necessary when using random number in Visual C++.
srand(time(NULL)+j);
NKC();
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