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Particle Swarm Guided Evolution Strategy for
Real-Parameter Optimization

student : Chang-Tai Hsieh Advisor : Ying-Ping Chan

Institute of Computer Science and Engineering

National Chiao Tung University

ABSTRACT

Evolutionary algorithms are stochastic,sear¢ch methods that mimic the metaphor of natural
biological evolution. Among of these algorithms;-evolution strategy (ES) and particle swarm
optimization (PSO) are two of the most popular research topics. Both of ES and PSO are deal
with real-parameter optimization problems but‘have differént search behaviors. By observing
the search behavior of ES and PSO, we find. both of theny have strength and weakness. In ES,
the mutation operator lacks an explicit mechanism to guide the search into promising direction
due to random variance. Moreover, there is no coordination in the movement of individuals
within the search space. However, the powerful selection procedure allows solutions with
superior characteristics to pass these from generation to generation. In the PSO, the search
mechanism used the swarm cooperation concept. Each particle will move toward the direction
which is expected to be good. The objective of this article is tried to combine ES and PSO at the
concept level. We introduce the concept of swarm cooperation of PSO into the mutation
operator of ES for reducing the disturbance of mutation in the mutation direction. We proposed
a new mutation operator called guided mutation. Combining the guided mutation into the
traditional ES framework and develop a new optimization algorithm called particle swarm
guided evolution strategy. Numerical experiments are conducted on a set of carefully designed
benchmark functions and demonstrate good performance achieved by the proposed

methodology.

Keyword : Evolutionary Computation , Evolution Strategy, Guided Mutation, Mutation Operator,

Particle Swarm Optimization, Swarm Intelligence

il



A 2 @roEdled > F AR e S %?'Iﬁi—}‘ﬁ%ﬁi EEF o R
Bod ol o RAEF AN LA EY e B EShE o FA F A

FE R R AR Y B R v 2 F Y PIE AR 2 A R A

e

F}?\@&ijfﬁéé—%gﬂ;‘ﬁ?ﬁ‘%ﬁm‘/E’}%?—%Eﬂ?é._ e
R S EEE L AR R RS S VA AR

FeE A RSN K REE Fordi ik o

%

E#Hp R EFREZSE0F - L T
WEFTPE 2 G Fak  FHAENKIKL Y P B < G A S A

LB Ff LB sk AAG AP SRB R @0 RE SR

05 B HA A BB L A LE Bt B @

g

GEESE A EF ST EE il R S P ) )

RMADCREFREDTAG > RN DL FET L AN ]

Fodhe HEL R R B A e 2 R A g

I
AR4 LT EAP =L
AR B4

il



- F B ettt ettt ettt ettt ettt ettt te et et ettt ettt et et et ete et et easeae et et eaeea et eaeetesens 1
Ll T g B T B B e 1

I B o 0 T, 5
S BT RN 0 O covottuvses=. ¢ SN 6
3 I BV ST SR < == | - . + N N 11

23 BRI EEE e ol T B et 24
2.4 wwéﬁﬁﬁ .......................................................................................................... 26

2.5 AT e e oo ee el 27
= F B A A T It 0 e 28

3.1 BB 2 A Rl e e e et e e e taeeeraeeeans 29
3.2 B T B 72 2 TR L et 34
3.3 D T R B ettt ettt et et ettt e e ereeaeenean 35
34 AR TV EEREIBELIR ettt 41

34.1 FIENRBE BT D N2 1 B, 42

3.4.2 SN R BT R TN R B A T e 47
3.5 BTEE U IE U 0B ettt ettt 51

3.6 R F IR oo s e et e e 56
E e A a0 OO 57

43 FERFTEVH R 2 BB T 63
44 BRIE B B DTRL A BT et 64

4.4.1 1N 1Y WeE 2 B BRI 1 H0E Y B 64

v



442 51%,} /ﬁlL ﬁ\ux b”iﬁ o 19:? /ﬁ—n /é‘: L ﬁ'& ...................................................... 72

4.5 B A ettt ettt et ettt et et et teere s e 74
O S TS 75
5.1 B et e e e e e ae e ettt e e atbeeeaaeeeaaae e e taeeetaeeeraeearaeens 75
5.2 R R L 1T ettt ettt et ettt ettt eeteete et e ereennas 77
53 B 8 et e b ettt e b et e te et e eta e beenbeeneeeteenreeneans 78
it4k— CEC’05 25 & TEST FUNCTIONS Z_ 5 EF & oo 80

“14%+=- CEC’0525 i TEST FUNCTIONS A #8520 BH P E¥EHEH G RE ... 92

Hidk= PSGES T I e /22 BRI EFEE B F B E e 93
%2t 2 }’% .................................................................................................................................. 94



f 2.1
W/ 2.2
B 2.3
& 2.4
B 2.5
® 2.6
Bl 2.7
Bl 2.8
® 3.1
®l 3.2
® 3.3
®l 3.4
Bl 3.5
®l 3.6
B 3.7
B 3.8
® 3.9
® 3.10
®l 3.11
® 3.12

R T A N 4 OO 8
(TF1)-ES AT covveroeeeeee oo eeeeeeeseeeeee e eees e e s e e e s e e s s e eesen e e s s eeeeees 1
ES 2L 0 58 18 5 AR oo eeeee e seeeeeeee e e e e e e e s see e e e 13
H oo R B B 2 2 B T 20 R B s 16

NAEREREAAZER I N R B o e 18
B BB 28 R B 0 ettt et e e e r e aranaes 20
B S Y K 0Z TRAR] © oottt ettt ettt ereens 21
BT T B E AT T Bl oot 25
S TY BE AT TT R BBl oottt ettt ettt nne 32
BIHE TN R ST AR oottt 38
FIE N RBEIR T BT 5 P B 39
BARB D VB FIE N R BN B e 40
A TE B T B R 8 T 0 et i et 42
nR RN R NZER I R BT T R Bl e 44
[ e R N -3 IO et o = TR 45
R S A T N I e B SOOI 46

BTSN R (B=207) iF (Vah A B i oo 49
BEE SN R (B=3607) 38 1V T R I8l oottt 50

PSGES FEA 75 B BBl oo ettt 54
31 HE SN U IR TRARIB] oottt 55

vi



2.1
2.2
23
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

% B &

R E SRR RTFLRE R E 9
Y TN E 2 RAL BEIL B s 10
B Sl T B A R B R T2 BT e, 23
25 1 test fUNCHONS F A B oottt ae e eneen 60
B HOF B B ARSI B R R oo 61
25 1 test functions 2o FfETER B T oo 62
B BB EK oottt e e et e et e e et e e et e seaeeeaesinaeas 64
Results of FUNCLION 1-5 ..o.eiiiiiiiiiiiiieece e 66
Results of FUNCLIon 6-10 ........cocviiiiiiiiiiiiieiiecieeeee et 67
Results of FUNCtion T1-15.....c.cooiiiiiiiieii et e 68
Results of FUNCtion 16-20 ........c.coocuiiiiiiiiieiieeieeieeee et 69
Results of FUNCtion 21-25 ......ooiiiiiiiiiieiiee e 70
ES ~ PLES 2 PSGES T 35308t 3P0 i cieieieieieieeieeieeee et sse e 71
PSGES 22 H 1 (B FF 5 B 72 B oot fan et 73

vii



1.1 myEed f

R R NS R ATRE (R S b RAL B AT A
LORATE BN H KR N 0 B2 F A0 a0
B R AL AR AW PR R o R B S 2 T P R

b it ) hedl S T A o Tt A R P R ATk O MR

fFEN K s FERIETE IO RSN A A A 5 hH TR
B oA T sk Rl Reme e R R g fF o

TE KRR FRaFit Iy TR ENER 2 R[] s
- EREWFELE R TCBRRIAR A B4 ARG LR Bk
¥R * 2t H&F  (Search) ~ K 2 (Design) ~ ¥ & iz it (Optimization) % % #
M2 FE 32 PREHO B IR LARE o L FROY S (%)
FLfR(BR)? IR TR BBt v BEAfEZFF BF BT
FE L RRFERBHIT ARG R ADEEEHBIT R
PE ARG 0 3 4 AHaREY A3
FoArBR A AP TR FCEN S LR TR TRER

Migsirs o



i# 1% % 9% (Evolution Strategy, ES) 2 if * 3+ B end ¥ - BE£ & 4 4L H B
gV wT 1960 E & 5 G Btk & Schwefel 2 Rechenberg & #5237 &
¥ Aok 8Tk AR F R N AR EEZ

Ao it kY s RN - BRI ERELA T 0 BV AL B LR B D
WAl RGBT FIL REWHAES P BFEF RS EL b o - BRI AE

PR R RE T HOF N AT A ES G g A 3R

FRTE T FE TR BT IR T e rn A H ong o
¥- 2 g o iT& K@=k 3 55 2 (Particle Swarm Optimization,

PSO) » 4 Kennedy {- Eberhart *511995 #73& ! > &2 ES I 5 F #cffed E 1
3 E 5 REIEF b T L AP A B o PSO TR A R p HR T L 2%

R pBRBRLEFNAFES G 0SS RHE g LB N REF

Mot
)
IRy
—be
o
=
oy
*y
d
9
[\

W

SHCFMEL TR ERE R

Bd $f ES & PSO & # Shi0&F (7 5 AT 3 BF > AR G £

o+
ES
=

) FEOCH B ES ShR T L TR HA RN ES ¢ AR R

NS

Wil s

£

B 4 RAREE D PR R A R
AW P R PSO ¢ HM AR I & (TaE AT o S TR
FE e VI F P ES B FMF 2w b 518 RS BS Y BRI R B

FARPRENMFLATEFOTA 2ad P {FE kRN RBRS o



1.2 ¥ 5 B

Aem e A B P i B PSO ¥ HAI L P EF ML 0 BH AE (S

E i B 2 BHRESHfELA Rk tend s s a2k 2348 R = g s o RN
PR EE ABIES R gAY Brro g E- B B

IERATALEEMOGF Z TP 00 F T LB R # 7 ES hif b

Sk
ﬁ\
=
[y

-—

75 T BTt A P R

T

EAPGET P RT > B AR B E PSO cibFE A o R
- BARES » B ERFOREREG o A PR LTSRN R

R0 RF A BN R YL BS T R RS B £ £ - AT

!

B g B oo fE2 SRS sl YR v X vt (Particle Swarm Guided
Evolution Strategy, PSGES) » & {& ™2 — % 7] 2 & ap| 38 & 38 k328 #73%
PSGES #xay » ¥ 01 @ % BS B9 H @ B2 B2 ot i 0 A 78 iFE A2

Sk H0 R 2 v 21 A IR o



B AT SR EI R RS R E LR H E
WP AL ERPIE A R E AP

T S FRAFFH B3R T AT E et W e
Bt mp > 2P & 42 BS &2 PSO > ¥ et it #E kep AT g o

G i O PSGES 2. 2k 0 ¢ §erih i hE i ATR

i
ETIS

Bk end B3 P tdkeng, 3 2 Eimikit o
Fr R F SRR ENA T e 3 TR (TS R AR SRR
RS R Y S % X A L B 2 i A R

PIR G AmY ZBWmIEARTIE



¥R R Rl R

M EBEZAR A B2 R IR BRI R
WE X EEGR LR FE D 2 A EERER P &
ESEits\38en-BE2 AL ARBFEL AT RS BEE T a2 &
FlgnEfl B RBORP R EAHD e B R R FP R A
ES ¥ #Fip g £ & ehd & o A2 #14k cn PSGES » #4344 BS 1% % 4%
Flder gz, pena ABPSO Y » HEWA AT & T A 7 5 > KA ES
PREW gt o B AR RROEARY 0 L F ke NER
etk o

GBAE VY ,—‘F{;tﬁé—ﬁi fp%jxﬁnwjgkgm%b_gfr«gklf B s AT

s

BIR kR o F - &

gﬂ(

A D N T TN S S A D
ES ehi B@(T/nfg4e WP » HP o B8 ~ e~ &G ~ R¥UZ
p 52 & 4% 4 (self-adaptation) ; % = &P 5 PSO du@ H #i:8 ; % ¢ &

v
-

SRR AR Y g AR -



T L G R F NS - AR EEaR R
B AR LRBAFFIRAERE NS B IR JIrER e
fm? T 255 0 2 i8S (survival of the fittest) ;) FIZH[1] 0 fs &
BRAzBfed@gdl Fov fEtAsaes gt P HIRE

BfE e FIMIE R TARG - B R RS R T ol B

1,

W B R AL R B2 (Evolutionary Algorithm, EA) » = & 7 & 5f

-~

&

Z A B & A TFE 2 (Genetic Algorithm, GA)[2] ~ i 1 4 3
(Evolutionary Programming, “EP)[3] & /& “ 5 "¢ (Evolution Strategies,
ES)[4] > = AF‘Z e d B 4o 22,1 95w [556] o

£% ;% (Population Based)sing A 2 @i N8 k1 B d o -
B ZFFF B OHERTOPEHESY > BRHSD B abhga N
B - AR & F o R AL - i LR (genotype) 0 AL RS A F) R
1% T (phenotype) k & T4t B i it P 4T F enif e 4 o R A B
ARG I BB ERFTILIEFFL - PREFE > THF W H
FHL G AR F NP ERER P RERET R PP o
- BEREDFIE S Sd 2 8ranE B s R > WL B HE o B ER b

o AR EfEw s Bl 2.1 AR N AR o B ¢ B & e



i

e

S
w

Iy

AigitsNitE e 5 F w84 (Recombination) B p A B
B2 feendiz > J1* £ 9 4 hF N BERT NS QN
BREY E

%% (Mutation) > — B'EPHF T 5 0 b 1 B
o BBHEFRREE > AHBROATREE S
R SRS BHMAS T LRS- Bk KR
mprEE e THEAE  PEL > BT R 4p T L
& 3+ 3 (Bvaluation) B 48 & iv 4 k32 3 443 27 3%
the T BAE Ceh MU il AR BB ps § A
g TR

mpdfge T@Rgdss ) FEE o By RiEg RN
#8848 E 084 (Selection)™ g T kT & 5T - &

1A T oo



initialise population

v
evaluate
breeding
select mating partners
termination
cycle recombination
selection
mutation
evaluation

B 2.1 jFivzt it 7 % B



F 2.1 i WeE o it N ARE AT E R
ES EP GA
Representation Real-valued Real-valued Binary-valued
Fitness is Objective function | Scaled objective Scaled objective
value function value function value
Self-Adaptation Standard None None
deviations and (standard-EP),variances
rotation angles (meta-EP), correlation
coefficients
Mutation Gaussian, main Gaussian, only operator | Bit-inversion,
operator background
operator
Recombination Discrete and None z-point Crossover,
intermediate uniform crossover,
only sexual, main
operator
Selection Deterministic; Probabilistic, extinctive | Probabilistic,
extinctive or-based based on
on preservation preservation
Constraints Arbitrary None Simple bounds by
inequality encoding
constraints mechanism
Theory Convergence rate | Convergence rate for Schema processing

for special cased,
(1+1)-ES,
(1+4)-ES,
(1,2)-ES, global
convergence for
(utA)-ES

special cases,
(1+1)-EP, global

convergence fOI'
(1+1)-EP

theory, global
convergence for

elitist version
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F_*
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Advantage Disadvantage
e  No presumptions w.r.t. problem e  No guarantee for optimal solution
space within finite time
e  Widely applicable e  Weak theoretical basis
e Low development & application e  May need parameter tuning
costs e  Often computationally expensive

e  Easy to incorporate other methods

e Solutions are imperpretable

e Can be run interactively,
accommodate user proposed
solutions

e Provides many alternative solutions

e  Suitable for changing conditions
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Algorithm  (1+1)-ES

BEGIN
Set =0
Create an initial point /~;,....x,0} €R";
Repeat Until { Ternunation Condition 1s not meet )
draw =, from a normal distnbution forall 1e/17,....»}
yvi=x+z, foral iefl,....n}
IF (fix' )< ,-r.r'_r-’u THEN

=i+
X

ELSE

Ty
l_l' ‘I=_‘II=

‘l.

set
i=t+1;
END

B 22 (1+1)-ES in42H
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BRIOR A 0 @ fLz 5 rotation angles 0 * kA SR & B (2
REI ) AP IRRHEE R S8 H- B8 T P& 52407 97 [5]

[=x6a)0e RXRYx[—x, 7)™

St

Pon efl,...n}, % & step-Sizes e BB ¢ w0, 2n—n,)(n,~1)/2} > %
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t:=0;
initialize P(0):={d, (0),..., a ,(0)} e *
where I = R" xR" x/[- 7, 7] "
and a,=(x, o, )i €{l,..,n}
]e{] n by el ... n, )}

evaluate: P'(t):={a" ,(¥),..., a’, )},
{oa"(v),...4a" (1)}

select: P(t+1):= if( u A)- selection
then s .23 (P"(0);
else &1, (PO P (0);
t:=t+l;
end

mutate: a’' (t):=m', ., (a", (1) Vke{l,..

where ¢a@" (1)) = f(x" (1);

or =(x, G)ZE{] Lnbjoe {l...n_};
evaluate P(0): {¢(a,(0)), fa, (0)}
where ¢(@, (0)) = fi<', (0);
while (termination criterion 1 (P(t)) # ture) do
recombine: a’ (t):=r'(P(t)) YV ke {I,...A};

GAL

B 2.3 "ESgA0w it AT

d B 23 ESAAFL AT R > A G @ iv 41 &

GIERE

@ (recombination) ~ % % (mutation) ~ & iE (selection)= Bif B4k i » H ¥

AR WAk T ER T R R B (T P
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£ ‘% (Recombination)
ToemiBfkiTg4 A P B3 BB S T BE
3% ey v 9% (population-based evolution strategy) u > 1¢fiR™ 4 7

Fee -t gd - BRrOBW - £ond £ P 3 BHREY
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\\QJT

A E e Bl fL2 5 1FE (candldates) R S ER I

A5endE e 3% Bick[5]7] 4 3 T fAEY R F g iFY o 4T AT
X, no recombination
X,; O X, discrete
x'=q(x,,+x,,)/2 intermédiate (1.1)
X, ; OF Xy global discrete
(x, . tx, 2 global intermediate

He x ZEfeisad % R ETE x, ¥ x, NEAK p BRH

PEEPCE NS B R BROY B RERDE

e norecombination : x'=niEd x BE > & E EBad iTF A o

e discrete ERERY x, 2 ox, RAZ o

o intermediate : x,fiEd x, & x T IHE KA o

o global discrete @ £ discretesf i > 25 B FHFNF LATIES B o

e global intermediate @ ¥ intermediatesf i1 » & & B %&?K% & 37P4iE
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% % (Mutation)
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H- R%¥5%5 B2 2288 2% (Uncorrelated Mutation with One Step-Size)

ETTIRRECEE ToE SAVEERTERE S ERIEE

step-size KA F P IEFHEAOF - B¥H> F|P BHL 72407
I=(x,...x, o)

BHEES A4S BHA - AR Sk o LERE RFEY

RN o RAFPERE ¥ BhE - BRI H N 0T

o =g .ot NOD

x!=x!+c"" . N(0,1)

(1.2)

B NOID iel.n ZTEEL O3FEZ L 1 DF LA TEBRE
(normal distributed random wvariable) e zoc I/Afn % ¥ o FH YLK
(Learning Rate) o iz fd R FHFITHo AT 8 * - B {vi i o K$P

BRlcns - BRERANE > FLRBPENT R ARLT L S0 T B

B - BIIR RGP SRS o 4o Bl 2.4 77

> =

L YN
O '\

—> X,
I

Q Line of equal Mutation
Probability density

Bl24 - 2% A2 22N 2%
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nBARXRERRZ2 M X% (Uncorrelated Mutation with n Step-Sizes)

¥ H - step-size KAFED o= - B¥#C x, iel...n>
B FERTT 0 AP E F AP R R - BRI x, el FRED
gk fbp o step-size KA > F)p K eE SleenBe P K EI e X pn =n o

n,=0 > BHE T > N 4T
I=(x,...x

' 0,,...0, )

’
n (o

2
el
3\
it
3
e
Y
I
-l

FRE O ONPITRYE 7 P EBRAR o0 iel..nit

L RBED BRI  BREE T A

o gt or MO N 0D

= (1.3)
x!=x! ol NL(0,1)

He N© 1) iel...nETHEEE 0> %BELL | F e TP
o l/N2n ¥ rocl/N2\n A R & 28 Y K (Global Learning Rate)¥? %

# 5 ¥ & (Local Learning Rate) > frn =n cfF ™ »d 3¢ * i %] 53 step-size
Gpo, RBERHEOD FFH oy, 0 TN RIEF TR 0 R D

F R EA R R R AP S ERA R B o Ao B 2.5 A1 o
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___________________ ’

Line of equal Mutation
Probability density

B B8 % % (Correlated Mutation)

W =10 n,=0 B no=n0 o 20 W AR s n B ostep-sizes

O-I""’Gn jﬁg)% &i‘%’ El ;i ﬁ-FgEl *%L“%ﬁix]}"-’xn 2 l% b "? ?IJQ” E - Step‘81ze ji;% ﬁ_‘:g

PR §OCE o & b SR A T B g g
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ek 8L > 1981 # Schwefel[8]3 21 7 M4 R Feridd] > B peniF ¥ 2%
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a' =a) + B-N,, 1) (1.4)
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HY NGO 1) icl.n> N 1) jel.nn-D2E T8 5 0 H%ELL [ 0
B GRERBE NI B cx N AR R A G hrBEY
(Global Learning Rate)#® % 32 & % & (Local Learning Rate) > B ~0.0873 (5°)
AEAl a PEY X NOCG.a)EEBER 0 HBRELLES LEE
(covariance matrix) C 7§ i & F TP g3 ke £ 0 > LB C

d R 6 ¥ g “Tes > HAF 4T

Prq G’
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c =31
pq, P#q 2 2 .
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I
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#3344 (self-adaptation)
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F B S @ 52 (Real-Parameter EAs) ~ j& i 7V 4L3] (Evolutionary
Programming, EP)~ ;% i* v (Evolution Strategies, ES)~#+ /& & ;# (Particle
Swarm Optimization, PSO) ~ £ i& ;& it = ;* (Differential Evolution, DE) > — i1+
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4.2 BEE S5
pt %2 benchmark 3+ ¢ 7 7 25 i test functions > & H P2 H# F & = %
<34 > #H P 5 0B 5 unimodal functions > 20 1 3 multimodal functions °

multimodal functions % H % & X ¥ &% & =& = % {» . basic functions ~

expanded functions £ hybrid composition functions ¥ 25 i p|3& & 38 e fF

Whod 4.1 517 0 el G R 2B R - o

pt % benchmark % 5 F #cfdich ] LR RE > B - BRREESN Y G H

e et > B oag E 13 fxY) BB bias FEIE o P 25 BN A B

m&ﬂ:&*%%}"f 7 Function 7 ¥ Funetion: 2552 % X412 ¢t » H&p% 3 H 2 h

FOF B 0 Ao Bl ok U PR IR 4 4.2 o F R iy B

# 5 4E - B3V 7 100000 =30 583 & (Function Evaluations, FES) »

G317 25 B B o fsF 1 = #(FES)iE $] 1000 ~ 10000 ~ 100000 F& » 4

W) 254542 228 (error value) fix) - fix®) ® 1%(Best)~ 7"~ 13"(Median)~ 19™ -

25"™(Worst)#7 18 | enig » 2 % 3+ 8 & — B function 25 = e7§ B #7(8 e 35

BT o FH P iEEEAF RRFIEDFIIRE A~ BT k- B 2
2_ B & (Solved Threshold) » % & & 1t e % H g% | 3090 2_& hfp ik
B f(x) - f(x*) < Threshod > P FV AL BP BT 2 ¥ AR R AR 48 o £ 43 5 25 @

test functions s 2R & T& o

59



% 4.1 25 T test functions 4+ 4 #f

Unimodal Functions (5):

Fu:
F2:
F3:
Fa:
Fs:

] Basic Functions (5)
Shifted Sphere Function
Shifted Schwefel’s Problem 1.2
Shifted Rotated High Conditioned Elliptic Function
Shifted Schwefel’s Problem 1.2 with Noise in Fitness
Schwefel’s Problem 2.6 with Global Optimum on Bounds

Multimodal Functions (20):

Fé:
F7:
F3:
Fo:
F1o
F1

F2:

] Basic Functions (7):
Shifted Rosenbrock’s Function
Shifted Rotated Griewank’s Function without Bounds
Shifted Rotated Ackley’s Function with Global Optimum on Bounds
Shifted Rastrigin’s Function
: Shifted Rotated Rastrigin’s Function
: Shifted Rotated Weierstrass Funetion
Schwefel’s Problem 2.13

Fi3:
Fia:

"] Expanded Functions (2):
Expanded Extended Griewank’s plds-Rosenbrock’s Function (F8F2)
Shifted Rotated Expanded Scaffer’s F6

Fis:
Fie:
Fi7:
Fs:
Fo:

F2o:

Fou:
F2:

F23:
Foa:
Fas:

'] Hybrid Composition Functions (11):
Hybrid Composition Function
Rotated Hybrid Composition Function
Rotated Hybrid Composition Function with Noise in Fitness
Rotated Hybrid Composition Function
Rotated Hybrid Composition Function with a Narrow Basin for the
Global Optimum
Rotated Hybrid Composition Function with the Global Optimum on the
Bounds
Rotated Hybrid Composition Function
Rotated Hybrid Composition Function with High Condition Number
Matrix
Non-Continuous Rotated Hybrid Composition Function
Rotated Hybrid Composition Function
Rotated Hybrid Composition Function without Bounds
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1042 BobfE o HF B RS AR T A 4

Function Number Jx*) Search Range Initialization Range
Fl -450 [-100,100] [-100,100]
F2 450 [-100,100] [-100,100]
F3 -450 [-100,100] [-100,100]
F4 -450 [-100,100] [-100,100]
F5 -310 [-100,100] [-100,100]
Fo6 390 [-100,100] [-100,100]
F7 2180 [-00,00] [0,600]
F38 -140 [-32,32] [-32,32]
F9 :330 [-5.,5] [-5.,5]

Fl10 -330 [-5,5] [-5,5]
Fl 90 [-0.5,0.5] -0.5,0.5]
Fi2 -460 [-7,7] [-7,7]
Fi3 -130 [-5,5] [-5,5]
Fi4 -300 [£100,100] [-100,100]
FI5 120 [5:5] [-5,5]
FI6 120 [£5,5] [-5,5]
F17 120 [-3,5] [-5,5]
FI8 10 [5.5] [-5,5]
FI9 10 [-5,5] [-5.,5]
F20 10 [-5.,5] [-5,5]
F21 360 [-5.,5] [-5.,5]
F22 360 [-5,5] [-5,5]
F23 360 [-5,5] [-5,5]
F24 260 [-5.5] [-5,5]
F25 260 [-00,00] [2.5]
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4. 4.3 25 1 test functions z K2k & T_&

Function Accuracy Function Accuracy
Fl 1.00E-6 Fi4 1.00E-2
2 1.00E-6 Fi15 1.00E-2
F3 1.00E-6 Fl6 1.00E-2
F4 1.00E-6 F17 1.00E-1
F5 1.00E-6 FI8 1.00E-1
F6 1.00E-2 FI19 1.00E-1
F7 1.00E-2 F20 1.00E-1
F8 1.00E-2 F21 1.00E-1
F9 1.00E-2 F22 1.00E-1

Fi10 1.00E-2 F23 1.00E-1
Fli 1.00E-2 F24 1.00E-1
Fi12 1.00E-2 F25 1.00E-1
Fi3 1.00E-2
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Parameter-less Evolution Strategy for Global Optimization)#Z & 3 # 37 ®
R S Bcdp Bk FIU A PR @@ iF o 2t b o d 22 PLES » A At
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Parameter Value
Dimensions 10
Parent Population Size () 10
Offspring Population Size (1) 100
Number of Recombinants (p) 10
Global Learning Rate (7) 1/ \/Z
Individual Learning Rate (7') N2

N
s

4.4 B Bk 5

N
X
&
cr
)2
—
o

i %> PSGES ef 2 % %3\ Pamvdilp 20> § I > % — ¥%i» 5= PSGES

¥

B ES gt i % - IRix 5 PSGES &2 H @8 iB PR B 2l i o

4.4.1 51 305 v ek 87 08 BUE I ek el i

A 2 #73% cPSGES £ % i% % benchmark ™ % B F S #chp FFIL AT 4 4.5
24494410 5 % - WAL %o ) 0ixF L AR 25 B test functions
25 I kT cn T iEsae £ IR 0 L% PSGES it 3 R R 0 fqp
Fenffick T T (drk 44)> d 9% 257 v &7 B unimodal 0 test
functions * » PSGES =74 L% P &2 ikt 18 4L ES ¥2 PLES - # multimodal test
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% 4.5 Result of Function 1-5

Prob.

FES 1 2 3 4 5
1 | 1.1664e+002 | 2.8102e+003 | 7.3748e+006 | 2.1957e+003 | 1.8381e+003
7" | 7.5376e+002 | 3.7987¢+003 | 1.5956e+007 | 4.3276e+003 | 5.2436¢+003
13™ | 1.1690e+003 | 4.8008¢+003 | 3.2720e+007 | 8.3719¢+003 | 5.5585¢+003
1e3 | 19™ | 1.7258e+003 | 6.3490e+003 | 4.7187¢+007 | 1.3432¢+004 | 7.2428e+003
25™ | 6.0549¢+003 | 1.3680e+004 | 2.7429¢+008 | 2.7293e+004 | 9.2892¢+003
Mean | 1.5497e+003 | 5.5578e+003 | 5.4321e+007 | 1.0195¢+004 | 5.9378e+003
Std | 1.4673e+003 | 2.6159¢+003 | 6.6220e+007 | 6.8490e+003 | 1.5924e+003
1 | 5.0129e-009 | 3.0995e-001 | 1.3471e+005 | 3.7569e-001 | 2.7188e+001
7™ | 1.2691e-008 | 2.1921e+000 | 5.8265¢+005 | 5.0152e+000 | 5.8214e+001
13™ | 7.7210e-008 | 5.8415e¢+000 | 1.4316e+006 | 1.1721e+001 | 1.1101e+002
led | 19™ | 2.6070e-007 | 1.6760e+001 | 5.1381e+006 | 2.8441e+001 | 2.9575¢+002
25™ | 2.1939¢-006 | 9.8240e+001:3:7279¢+007 | 7.9032¢+002 | 3.9964¢+002
Mean | 2.6641e-007 | 1.7360e+001 | 4.8032¢+006 | 5.7165¢+001 | 1.6999¢+002
Std | 4.7612e-007 | 2.4932¢+001 |-8:1569¢+006 | 1.5698e+002 | 1.2902¢+002
1** 1 0.0000e+000 | 0.0000e+000 | 2.7709¢-004 | 0.0000e+000 | 3.8487e+000
7" 1 0.0000e+000 | 0.0000e+00073:6220¢-004 | 0.0000e+000 | 1.7192¢+001
13™ | 0.0000e+000 | 0.00006+000 | 4.3326e-004 | 0.0000e+000 | 5.3304e+001
1e5 | 19™ | 0.0000e+000 | 0.0000e+000 | 4.7238¢-004 | 0.0000e+000 | 2.0930e+002
25™ 1 0.0000e+000 | 0.0000e+000 | 7.6356e+001 | 5.6843¢-014 | 3.0360e+002
Mean | 0.0000e+000 | 0.0000e+000 | 3.1711e+000 | 1.3642e-014 | 1.0535e+002
Std | 0.0000e+000 | 0.0000e+000 | 1.5256e+001 | 2.4777¢-014 | 9.8162e+001
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% 4.6 Result of Function 6-10

Prob.

FES 6 7 8 9 10
1 | 6.1432e+004 | 1.4548e+003 | 2.1215e+001 | 7.1701e+001 | 7.3489¢+001
7" | 1.2216e+007 | 1.6911e+003 | 2.1513e+001 | 1.0830e+002 | 1.1542¢+002
13™ | 2.6775¢+007 | 1.8651e+003 | 2.1625¢+001 | 1.2102¢+002 | 1.3737¢+002
1e3 | 19™ | 1.7184e+008 | 1.9441e+003 | 2.1789¢+001 | 1.5044e+002 | 1.6428e+002
25™ | 1.6248¢+009 | 2.1517¢+003 | 2.1982¢+001 | 1.8875¢+002 | 3.1686e+002
Mean | 1.4638e+008 | 1.8163e+003 | 2.1630e+001 | 1.2934e+002 | 1.4577e+002
Std | 3.2867e+008 | 1.9077¢+002 | 2.0013e-001 | 2.9149¢+001 | 5.2458e+001
1 | 2.1162e-001 | 3.3681e-001 | 2.0869e¢+001 | 4.3911e-006 | 4.9725¢+001
7" 1 6.9529¢+000 | 1.0295¢+000 | 2.1445¢+001 | 2.9849¢+000 | 1.1028e+002
13™ | 5.2195¢+001 | 1.0358¢+000 | 2.1627e+001 | 3.9798¢+000 | 1.3919¢+002
led | 19™ | 1.4878¢+003 | 1.0579¢+000 | 2.1687e+001 | 4.9755¢+000 | 1.6384e+002
25™ | 1.0937¢+004 | 1.1757¢+0004:2:2089¢+001 | 9.6389¢+001 | 2.3215¢+002
Mean | 1.5646e+003 | 1.0002¢+000 | 2.1590e+001 | 1.1844e+001 | 1.4029e+002
Std | 2.8853e+003 | 1.8077¢-001 |-2:7337¢-001 | 2.4542e+001 | 4.3938e+001
1| 1.6859¢-009 | 0.0000e+000 | 2:0429¢+001 | 0.0000e+000 | 4.9748e+000
7" | 3.6909¢-009 | 0.0000e+0007:2:0844¢+001 | 1.9899¢+000 | 1.0945¢+001
13™ | 4.4096¢-009 | 7.39608-003 | 2.0949¢+001 | 3.9798¢+000 | 1.2934e+001
1e5 | 19™ | 4.5436e-009 | 9.8573¢-003 | 2.1001e+001 | 3.9798¢+000 | 1.8904e+001
25™ | 3.9866e+000 | 3.2021e-002 | 2.1223¢+001 | 8.9546¢+000 | 2.9849¢+001
Mean | 1.5946e-001 | 7.3913¢-003 | 2.0909¢+001 | 3.4625e+000 | 1.4686¢+001
Std | 7.9732e-001 | 7.8216e-003 | 1.6900e-001 | 1.9506e+000 | 6.3402¢+000
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% 4.7 Result of Function 11-15

Prob.

FES 11 12 13 14 15
1 | 1.6155e+001 | 4.2662e+004 | 5.9581e+000 | 4.3898e+000 | 6.1281e+002
7™ | 1.7472¢+001 | 8.1683e+004 | 1.2785e+001 | 4.7545¢+000 | 6.6278¢+002
13™ | 1.8718¢+001 | 1.1919¢+005 | 1.9967¢+001 | 5.0252¢+000 | 7.0737e+002

1e3 | 19" | 1.9742¢+001 | 1.7524e+005 | 5.3441e+001 | 5.1401e+000 | 8.8134¢+002
25™ | 2.4505¢+001 | 4.1103e+005 | 2.7918¢+003 | 5.7078¢+000 | 1.1801e+003
Mean | 1.8859¢+001 | 1.4501e+005 | 1.7175e+002 | 4.9931e+000 | 7.9613e+002
Std | 1.9822e+000 | 9.4094e+004 | 5.5781e+002 | 2.8902e-001 | 1.8703e+002
1 | 1.7480e+001 | 2.0385e-001 | 7.6817e+000 | 4.7376e+000 | 7.8552e+001
7™ | 1.9429¢+001 | 2.0778e+001 | 9.2818e+000 | 4.9999¢+000 | 3.0028¢+002
13™ | 2.0289¢+001 | 1.1756e+002 | 1.1243e+001 | 5.0000e+000 | 4.0000e+002

led | 19™ |2.1952¢+001 | 7.2173e+002 | 1.3052e+001 | 5.0003e+000 | 4.0626e+002
25™ | 2.5406e+001 | 2.7261e+003 | 1.1143¢+002 | 5.4875¢+000 | 5.0000e+002

Mean | 2.0684e+001 | 5.0224e+002 | 1.8576e+001 | 5.0249¢+000 | 3.2660e+002

Std | 2.1435e+000 | 7.3999¢+002¢| 2.4479¢+001 | 1.3249¢-001 | 1.2989¢+002

1 | 1.0853e+001 | 7.0949¢=008 | 0.0000e+000 | 5.0000e+000 | 7.8515e+001

7™ 1 1.3019¢+001 | 9.3505¢-007-15.0999¢-001 | 5.0000e+000 | 3.0000e+002

13™ | 1.3608¢+001 | 1.0003¢+001 | 7.3419¢-001 | 5.0000e+000 | 4.0000e+002
1e5 | 19™ | 1.4574e+001 | 7.1225¢+0027 1:0738¢+000 | 5.0000e+000 | 4.0626¢+002
25™ | 1.5038¢+001 | 1.6936¢+003 | 3.2384¢+000 | 5.0000e+000 | 5.0000e+002
Mean | 1.3546e+001 | 3.6095¢+002 | 8.2182¢-001 | 5.0000e+000 | 3.2644e+002

Std | 1.1995e+000 | 6.1590e+002 | 6.7026e-001 | 0.0000e+000 | 1.2996e+002
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% 4.8 Result of Function 16-20

FES

Prob.

16

17

18

19

20

1e3

2.9763e+002

3.6516e+002

1.0097¢+003

9.8585e+002

9.4818e+002

7th

3.9090e+002

4.1410e+002

1.1689¢+003

1.1464e+003

1.2005e+003

13th

4.6418e+002

4.8908e+002

1.1953e+003

1.2061e+003

1.2372e+003

1 9th

5.4648e+002

5.8575e+002

1.2901e+003

1.2958e+003

1.2958e+003

25th

6.2830e+002

9.0146¢e+002

1.6529e+003

1.7951e+003

2.4465¢+003

Mean

4.6606e+002

5.3377e+002

1.2447¢+003

1.2524e+003

1.3161e+003

Std

9.5544e+001

1.4696e+002

1.4729e+002

1.8580e+002

3.0453e+002

le4

ISI

2.8548e+002

2.7988e+002

3.0000e+002

3.0000e+002

3.0000e+002

3.5822e+002

3.9810e+002

8.0019e+002

3.1180e+002

8.0003e+002

13th

4.1700e+002

5.0775e+002

9.1338e+002

8.0045e+002

8.0054e+002

19

5.3137¢+002

5.4191e+002

9.8192e+002

9.4535e+002

8.7123e+002

25th

8.0491e+002

1.0361e+003

1:2787¢+003

1.3228e+003

1.2418e+003

Mean

4.6522e+002

5.0962e+002

8.4075¢+002

7.2279e+002

7.5353e+002

Std

1.3716e+002

1.5508¢+002

3:1111e+002

3.1730e+002

2.8141e+002

1e5

1.1979e+002

1.8356¢+002

3.0000¢+002

3.0000e+002

3.0000e+002

7th

1.5218e+002

2.6777e+002

3:0000e+002

3.0000e+002

8.0000e+002

13th

2.1773e+002

2.9307¢+002

8.0000e+002

8.0000e+002

8.0000e+002

1 9th

2.3850e+002

3.5288e+002

9.4686e+002

8.2144e+002

8.2132e+002

25th

2.8305e+002

4.6059¢+002

1.0033e+003

1.0119e+003

1.0024e+003

Mean

2.0136e+002

3.0325e+002

7.1587¢+002

6.6960e+002

7.0579¢+002

Std

4.8440e+001

5.6720e+001

2.7344e+002

2.6511e+002

2.3897e+002
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% 4.9 Result of Function 21-25

FES

Prob.

21

22

23

24

25

1e3

1.1304e+003

9.5099¢+002

1.0436e+003

5.3267¢+002

5.8378e+002

7th

1.3093e+003

1.0191e+003

1.3126e+003

8.1422e+002

9.0327e+002

13th

1.3365e+003

1.0841e+003

1.3430e+003

9.6853e+002

1.1047e+003

1 9th

1.3681e+003

1.1733e+003

1.3786e+003

1.2063e+003

1.3009e+003

25th

1.5673e+003

3.9441e+003

1.4580e+003

2.7783e+003

3.0261e+003

Mean

1.3327e+003

1.2838e+003

1.3323e+003

1.0673e+003

1.1512e+003

Std

8.2372e+001

6.2417e+002

9.2305e+001

4.3473e+002

4.6227¢+002

le4

ISI

3.0000e+002

8.1245e+002

5.5947¢+002

2.0000e+002

4.0332e+002

8.0000e+002

8.4046e+002

9.7050e+002

4.2596e+002

4.2735e+002

13th

8.0001e+002

8.6579e+002

1.2423e+003

4.4847¢+002

4.4635e+002

19

1.1641e+003

9.1706e+002

1.2671e+003

5.0000e+002

4.7801e+002

25th

1.2502e+003

1.0581e+003

1:2950e+003

2.3091e+003

8.6068e+002

Mean

8.9067e+002

8.8382e+002

1.1395¢+003

5.2987¢+002

4.7089e+002

Std

3.0068e+002

6.5151e+001

2:1034e+002

3.7720e+002

9.1102e+001

1e5

3.0000e+002

5.3934¢+002

5.5947¢+002

2.0000e+002

3.9598e+002

7th

8.0000e+002

8.007e+002

9:7050e+002

4.0393e+002

4.0099¢+002

13th

8.0000e+002

8.1239¢+002

1.2096¢+003

4.1005e+002

4.0765e+002

1 9th

1.1626e+003

8.4319e+002

1.2626e+003

4.2683e+002

4.1659¢+002

25th

1.2424e+003

8.7121e+002

1.2754e+003

5.0000e+002

5.0000e+002

Mean

8.8959e+002

8.1124e+002

1.0835e+003

4.1975e+002

4.1551e+002

Std

2.9952e+002

6.2164e+001

2.0985e+002

5.9366¢e+001

2.6746e+001
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# 4.10 ES ~ PLES ¥ PSGES T 23z % I

Traditional ES PLES PSGES
Function 1 9.8607¢-009 (3) 8.4020e-009 (2) 0.0000e+000 (1)
Function 2 2.9000e-006 (3) 9.6502¢-009 (2) 0.0000e+000 (1)
Function 3 3.5217e+005 (3) 1.1806e+005 (2) 3.1711e+000(1)
Function 4 4.1357e+003 (2) 6.0334¢+003 (3) 1.3642e-014 (1)
Function 5 1.3682¢+003 (2) 9.0571e+002 (3) 1.0535e¢+002 (1)
Function 6 7.4904¢+001 (3) 3.0558¢+001 (2) 1.5946e-001 (1)
Function 7 1.1826¢+000 (2) 4.0943e+000 (3) 7.3913e-003 (1)
Function 8 2.0368e+001 (1) 2.0383e+001 (2) 2.0909¢+001 (3)
Function 9 4.4852e+001 (3) 1.6728e+001 (2) 3.4625e+000 (1)

Function 10

1.0302¢+002.(3)

2:5630e-+001 (2)

1.4686e+001 (1)

Function 11 8.9174e+000 (1): ] 795263e+000 (2) | 1.3546e+001 (3)
Function 12 4.4012¢+003'(3) | 312595¢%£003 (2) | 3.6095¢+002 (1)
Function 13 9.5956e+000 (3) | 8.6683¢%000 (2) | 8.2182¢-001 (1)

Function 14

3.5314e+000 (1)

4:13826+000 (2)

5.0000e+000 (3)

Function 15 5.7165¢+002 (3) f137977e+002 (2) | 3.2644e+002 (1)
Function 16 4.3859¢+002 (3) | 1.4671e+002 (1) | 2.0136e+002 (2)
Function 17 4.4994¢+002 (3) | 1.9581e+002 (1) | 3.0325e+002 (2)

Function 18

1.1433e+003 (3)

1.0148e+003 (2)

7.1587e+002 (1)

Function 19

1.1250e+003 (3)

1.0019¢+003 (2)

6.6960e+002 (1)

Function 20

1.1258e+003 (3)

9.9894e+002 (2)

7.0579¢+002 (1)

Function 21

1.3199¢+003 (3)

1.0794e+003 (2)

8.8959¢+002 (1)

Function 22

9.2978e+002 (3)

8.8049¢+002 (2)

8.1124e+002 (1)

Function 23

1.3495¢+003 (3)

1.1141e+003 (2)

1.0835e+003 (1)

Function 24

1.1959e+003 (3)

2.8238e+002 (1)

4.1975¢+002 (2)

Function 25

4.1518e+002 (1)

6.9231e+002 (3)

4.1551e+002 (2)

Rank

2.56 (64/25)

2.04 (51/25)

1.40 (35/25)
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B BT D NG 0 AR RS R B P mR R R A
itk benchmark T &% % b i o P Hnt i E 8 0 FE A4 B % PSGES
ARFEYH WORFA R B Y R fg a4 b gt i AN & benchmark 25
test functions T > 3F 3T fRAL PRI B Hcod R 43 chkERl E s Y
EARAE A A R LY
¢ Unimodal functions

Zpz Ry o TR AT OE SR D RE B o R
BER S N R o
e Solved multimodal functions :
Gt Bl S N > B A 25 s b = F.8k (independent run)®? T b 3 -
Feng & EDTRN iR o B PR RE S N T R .
e Unsolved multimodal functions

Gt RlpEE S N > F A 25 X b2 F % (independent run)® F 73 AiE @

— P SRR PTRR B P P RIR SN A T AR

R bR B SRR > £ 411 FTRIFEZEH B EIFE ET LF
PRPRE & Been I o o P B F B A A1k gyF B 2 A unimodal £ test

function ™ » ¥ fZ$H Function 1 ~Function 2~Function 4 = # I 42 ; & multimodal
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e test functions * ¥ f#H- Function 6 ~ Function 7 ~ Function 9 ~ Function 12
22 Function 13 % 5 B A 48 o A = #73% 117 2 #303% % benchmark £ ¥ 24
8 b R A8 > il 4B Sl BT > B By NS E e U £

o et b e DY B bk .

-~

# 4.11 PSGES & # & i P/ 5 2 " &

Unimodal Multimodal Functions (20)
Functions Basic | Expanded | Hybrid Total
Methods 5) Functions | Functions |[Composition| Solved
7 2) Functions [Functions
(1)
PSGES 1,24 0,7,9,12,13 ® * 8
EDA[39] 1,2,3,4 % * x 4
Co-EVOI[40] 1,2,3.4 7T 4 * 5
DE[41] 1,2,3,4,5 6,9 ® * 7
K-PCX[42] 124 | 69,10,12 % % 7
SPC-PNX|[43] 1,24,5 6,7,11 * * 7
BLX-MA [44] 1245 | 911,12 * * 7
DMS-L-PSO[45] 1,2,3,5 6,7,9,12 15 * 9
LR-CMA-ES|46] 1,2,3,4,5 6,7,12 ® * 8
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‘f*]’@f"?“
CEC’05 25 i3 test functions 2_ 3} 27 7 %

1. Fi: Shifted Sphere Function

D
F(x)= >z’ +f bias, (1)

i=1

Z=X-0,X = [X,Xy,....Xp ]

D: dimensions. o = [0,,0,,...,0,]: the shifted global optimim

2. F»: Shifted Schwefel’s Problem 1.2

F,(x) = i(sz} + 1 bias, )

i
=1

Z=X-0,X= [X,Xy,....Xp ]
D: dimensions

0=[0,,0,,...,0,]: the shifted global optimum

3. F3s: Shifted Rotated High Conditioned Elliptic Function

i-

F,(x) = i(lOG)D-l z? +f bias, 3)
i=1

z=(x-0)*M, X =[X,X,,....Xp ]
D: dimensions
o0 =[0,,0,,...,0, |: the shifted global optimum

M: orthogonal matrix
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4. Fj4: Shifted Schwefel’s Problem 1.2 with Noise in Fitness

F,(x) = { y [ZZJ ]*(1 +0.4|N(0,1)|) + f_bias,

Z=X-0,X=[X,Xy,....Xp ]
D = dimensions

0= [o0,,0,,...,0, ]: the shifted global optimum

5. Fs: Schwefel’s Problem 2.6 with Global Optimum on Bounds

f(x) = max{|x1 +2x, -7

2x, X, -5

bi=1..n,x =[13],fx)=0

b

Extend to D dimensions:

F,(x) = max {|A,x - B[} +f bias,

i=1,....D,x=[x,X,,....X, ], D: dimensions
A is a D * D matrix, a; are integer random number in the range [-500, 500],
det(A) # 0, A, isthei” row of A

B, = A, *0, 0is a D*1 vector, o, are randomnumber-in the range [-100, 100]

After load the data file, set o, =-100, for i=1,2...,[D/4], 0,=100, for i=[3D/4],...

Basic Multimodal Function

6. Fée: Shifted Rosenbrock’s Function
D-1 2 2
F,(x) = Z(loo(zf -z,) + (2 - 1) )+ f bias,
i=1

z=X-0+1,X=[X,,X,,....Xp]
D: dimensions

0= [o0,,0,,...,0, ]: the shifted global optimum
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7. F7: Shifted Rotated Griewank’s Function without Bounds

D

7’ D Z.
E &)= L. cos| — |+ 1 +f bias 7
0= Y Teos( % |+ 1+ i, o

i=1 i=1

z=(x-0)*M, x =[X,.,X,,....Xp]

D: dimensions

0= [0,,0,,...,0, ]: the shifted global optimum

M'": linear transformation matrix, condition number = 3
M =M1 + 0.3]N(0,1)|)

8. Fs: Shifted Rotated Ackley’s Function with Global Optimum on Bounds

D D
E(x) = -20exp[-0.2 /%Zz? j - eXp (%ZCOS(Zﬂ'Zi )j +20 + e + f bias, (8)
i=1 i=1

z=(x-0)*M,

X = [X,,X,,...Xp ], D: dimensions

o= [o0,,0,,...,0,]: the shifted global optimum;

After load the data file, set 0, | = -320,; are’randomly distributed in the search range,
forj=1,2,...| D/2 |

M: linear transformation matrix, condition number = 100

9. Fo: Shifted Rastrigin’s Function

D
F,(x) = ) (z] - 10cos(27z;) + 10) + {_bias, 9)

i=1

Z=X-0,X=[X,Xy,....Xp]
D: dimensions

0= [o0,,0,,...,0, ]: the shifted global optimum
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10. Fio: Shifted Rotated Rastrigin’s Function

D
Fy(x)= Y (z - 10cos(27z;) + 10) + f_bias,,

i=1

z=(X-0)*M, X = [X,,X5,....Xp]
D: dimensions
0 =[0,,0,,...,0,]: the shifted global optimum

M: linear transformation matrix, condition number = 2

11. Fi1: Shifted Rotated Weierstrass Function

k

ax

k

f [ak cos(27zbk -0.5)} +{ bias,,

k=0

F,(x)= i[ [a* cos (27" (7,+ 0.5))]} -D

m:
k=0

a=05,b=3,k . =20,z=(X-0)*MiX= [X;.Xy, ... -Xp]
D: dimensions
0=[0,,0,,...,0,]: the shifted global:optimum

M: linear transformation matrix, condition-humber/=:>5

12. F12: Schwefel’s Problem 2.13

F,(x)= i(Ai -B,(x))’ +f_bias,,
-1

X = [X,X,,...,Xp ]
D D
A, = Z(aij sin¢; + b cos aj), B,(x)= Z(aij sinXx; + bijcosxj), fori=1,...,.D
j=1 i=1
D: dimensions
A, B are two D * D matrix, a; ,bij are integer random number in the range [-100,100],

a=[a,a,,....a,], a; are random numbers in the range [-7,7].
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Expanded Functions

Using a 2-D function F(x, y) as a starting function, corresponding expanded function is:
EF(Xx,,X,,....Xp )FF(X,x, FF(X,, %)+ . . FF(Xp X )F(X X, )

13. Fi3: Expanded Extended Griewank’s plus Rosenbrock’s Function (F8F2)

D2 D X,
F8: Griewank's Function: F8(x) = — - | |cos(—&=) +1
23000 H Vi

D-1
F2: Rosenbrock's Function: F2(x) = D" (100(x; - ;,,x)* + (x; - 1))

p
F8F2(x,,X,,....xp) = F8(F2(x,,x,)) + F8(F2(x,.X;)) + ... ¥F8(F2(xy ,xp)) + F8(F2(x,.X,))
shift to
F,(x) = F8(F2(z,,z,)) + F8(F2(z,,2,)) + ... k8(F2(z,,,.2;,)) + F8(F2(z,,z,)) + { _bias, (13)

z=Xx-0+1,X=[X,X,,....Xp]

D: dimensions, o = [0,,0,,...,0, |: the shifted global optimum

14. F14: Shifted Rotated Expanded Scaffer’s K6

F(x. y) = 0.5 + (sin’ (yx*+y*) - 0.5)
T T 1T 00017 +y? )’

Expanded to

E,(x) =EF(z,,z,,...,z,) = F(z,,2,)tF(z,,z,)*...tF(z} .z, ) tF(z,,z, )+1 _bias,, (14)

z=(x - 0) * M, x=[X,.,X,,...Xp ]
D: dimensions
0 =[0,,0,,...,0,]: the shifted global optimum

M: linear transformation matrix, condition number = 3
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Composition functions

F(x): new comosition function

f.(x): i" basic function used to construct the composition function
n: number of basic functions

D: dimensions

M.: linear transformation matrix for each f, (x)

o,: new shifted optimum position for each f, (x)

F(x) = i“{wi *[f'((x - 0)/A *M,) + bias, |} + { bias

i=1

w.: weight value for each f, (x), calculated as below:

ki(xk - Oy )2

w:exp _1— ,

2Do”

1
Wi w,=max(w,)

wi*(l -max(wi)lo) Wi # max(w,)

then normalize the weight w, = w./ Z w,
i=1

o;: used to control each £, (x)'s coverage range, a small o, give a narrow range for that f, (x)
A used to stretch compress the function, 4, >1 means stretch, A <1 means compress
o, define the global and local optima's position, bias, define which optimum is global optimum.

Using o,, bias,, a global optimum can be placed anywhere.

If £, (x) are different functions, fifferent functions have different properties and height,

in order to get a better mixture, estimate a biggest function value f,  for 10 function f; (x),
then normalize each basic functions to similar heights as below:

£ (x) = C*f,(x)/ ‘fmaxi , C is a predefined constant.

‘f

max;

is estimated using |f,,,, | = f,((/4)*M,), x' = [5,5,....5].
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In the following composition functions,

Number of basic functions n=10.

D: dimensions

o: n* D matrix, defines f;(x)'s global optimal positions

bias = [0, 100, 200, 300, 400, 500, 600, 700, 800, 900].

Hence, the first function f|(x) always the function with the global optimum
C=2000

15. Fis: Hybrid Composition Function

f,,(x): Rastrigin's Function

f(x)= i(xf - 10cos(27x;) + 10)

i=1
f, ,(x): Weierstrass Function

f.(x)= i[%[akcos@ﬂbk(xi + 0.5))]) . Dk'f[akcos(z;rbk 0.5)],

a=0.5,b=3,k__=20

f; ¢(x): Griewank's Function

4000 Hcos(\/_)+1

i=1

f, . (x): Ackley's functlon

D D
f.(x)= -20exp(-0.2 f%fo ] - exp(%Zcos(Zﬂxi )j + 20 +e
i=1 i1

f, o (x): Sphere Function

£00= Y
=1

o=1fori=1.2,..D
A =11, 1,10, 10, 5/60, 5/60, 5/32, 5/32, 5/100, 5/100]

M., are all identity matrices

16. Fie: Rotated Hybrid Composition Function

Except M, are different linear transformation matrixes with condition number of 2, all other

setting are the same as F;.
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17. Fi17: Rotated Hybrid Composition Function with Noise in Fitness

Let(F, - f_bias,,) be G(x), then
F,(x) = G(x)*(1 + 0.2|N(0, 1)|) + f_bias,, (15)

All setting are the same as F,.

18. Fis: Rotated Hybrid Composition Function

f,,(x): Ackley's Function

D D
f(x)= -20exp(-0.2 /%fo ] - exp (%Zcos(bzxi )j +20+e
=1 =)

f, ,(x): Rastrigin's Function
D
f.(x) = Z(xf - 10cos(27x;) + 10)
-1

f, ((x): Sphere Function
D
f.(x)= z X;
i=1

f, ¢ (x): Weierstrass Function

f(x)= ZD:(I(Z: [akcos(27rbk (x;°# 05)):]) - D%‘: [akcos(Zﬂbk -0.5)],

a=0.5,b=3, k=20

f, ,,(x): Griewank's Function
D

f S o
(x)= — - | [cos| —+= | +
i z4000 H (ﬂ

i=1

o=[1,2,15151,1,15,15,2,2];
A=[2%5/32; 5/32; 2%1; 1; 2%5/100; 5/100; 2*10; 10; 2*5/60; 5/60]

M, are all rotation matrices. condition number are [2 3 2 3 2 3 20 30 200 300]
0,,[0,0,...,0]

87



19. Fi9: Rotated Hybrid Composition Function with a narrow basin for the

global optimum

All setting are the same as F, except
0=[0.1,2,15,1.5,1,1,1.5,1.5,2,2];
A=[0.1%5/32; 5/32; 2*1; 1; 2%5/100; 5/100; 2 *10; 10; 2*5/60; 5/60]

20. F20: Rotated Hybrid Composition Function with the Global Optimum on the

Bounds

All settings are the same as F; except after load the data file, set o,,, =5, for

i=12,...| D2 |

21. F21: Rotated Hybrid Composition Function

f,,(x): Rotated Expanded Scaffer's E6 Function

(sin2 (W) & 0.5)
(1+0.001(x*+ yZ))2

f.(x)=F(x,,x, +F(x,,x)+.. . FF(x ,xp HF(X,.X,)

f, ,(x): Rastrigin's Function

F(x,y)=0.5+

f.(x) = ZD:(xf - 10cos(27x;) + 10)
-1

f, ,(x): F8F2 Function

F8(x)= 24000 Hcos[\ﬂj +1

i=1

F2(x)- z(mo( xL) + (x - 1))

£, (O=F8(F2(x, %, ) FF8(F2(%, %,V .. +F8(F2(X ., X )HFS(F2(x,.%,))

f, ¢ (x): Weierstrass Function
k

f.(x)= Z(Z[a cos(27rb (xﬁO.S))H - Df[akcos(Zﬂbk '0.5)],

k=0

a=0.5,b=3, k=20
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f, ,,(X): Griewank's Function

coS +1
4000 H [\ﬂj

o=[1,1,1,1,1,2,2,2,2,2],
A=[5%5/100; 5/100; 5*1; 1; 5*1; 1; 5%10; 10; 5%5/200; 5/200];

M; are all orthogonal matrix

22. F2: Rotated Hybrid Composition Function with High Condition Number
Matrix

All settings are the same as F,; except M.'s condition number are
[10 20 50 100 200 1000 2000 3000 4000 5000]

23. F23: Non-Continuous Rotated Hybrid Composition Function

All settings are the same as E,,

X; ‘xj -olj‘<l/2

Except x;= forj=1,2,....D

round(2x,)2  [x; - og21/2
a-1 if x<0andb=0.5
round(x)=qa if b<0.5
atl if x>0andb2>0.5
where a is X's integral part and b is x's decial part

All "round" operators use the same schedule.

24. F24: Rotated Hybrid Composition Function

f, (x): Weierstrass Function
k

f.(x)= Z(Z[a cos(27rbk (x,+0. 5))}] D m[akcos(27zbk -0.5)}

k=0
a=0.5,b=3, k=20
f,(x): Rotated Expanded Scaffer's F6 Function

(sin2 (\/X2+y2 ) - 0.5)
(1+0.001(x*+y*))
f,(x) = F(x,,x,)TFX, %)t +F(xp x5 ) TF (XX, )

F(x,y)=0.5+
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f, (x): F8F2 Function

:'_ Xi _HCOS[%j +
F2(x)= 2(100( Xi) + (% - 1)2)

£ (x)=F8(F2(x,,x,)tF8(F2(x,,x;))*+... +F8(F2(x . ,.xp ) +F8(F2(x,,X,))
f,(x): Ackley's Function

D D
f, (x)=-20exp(-0.2 f%fo ] - exp (%Z‘cos(Zfzxi )j +20+e
i=1 i=1

f, (x): Rastrigin's Function

fi(x)=2(xf- 1000s(27zxi) + 10)

f, (x): Griewank's Function

coS +1
4000 H [\ﬂ)

f, (x): Non-Contmuous Expanded Scaffer's F6-Funetion

(sin2 (i )-0.5)

F(x,y)=0.5+
(1+0.001(X2+y2))2
fX)=F(y,y ) (v )+ ARy s Y E s ya)
X; ‘xj‘<l/2
Y= for j=1,2,....D
round(2x)/2  |x;[=1/2

f, (x): Non-Continuous Rastrigin's Function

f(x)= Z( - 10cos (27y;) + 10)

{xj ‘xj‘<l/2
y.= for j=1,2,....D
round(2x;)2  [x;[>1/2

f,(x): High Conditioned Elliptic Function

f(x)Zi(loé )D11 X
i=1

f,,(x): Sphere Function with Noise in Fitness

oS oo
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o.=2,fori=1,2,....D
A=[10; 5/20; 1; 5/32; 1; 5/100; 5/50; 1; 5/100; 5/100 |
M. are all rotation matrices, condition numbers are [100 50301055432 2];

25. F»s: Rotated Hybrid Composition Function without Bounds
All settings are the same as F,, except no exact search range set for this test function.
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"8 =

Ve [ Ve v 2__ 7
CEC’05 25 & test functions & %8 & i fZ i
Y PN
NP FEFEEEGRE
Function X] X2 X3 X4 X5 X6 X7 Xg Xg X]o f(x)
1 -39.312 58900 46322 -74.651 -16.8  -80.544  -10.594 24.969 9.838 9.1119| -450
2 35.627  -82912  -10.642  -83.582 83.155 47.048  -89.436  -27.422 76.145 -39.06| -450
3 -32.201 64.978 383 23258 -54.009 860.629  -6.3009  -49.364 5.3499 52.2421 -450
4 35.627  -82.912  -10.642  -83.582 83.155 47.048  -89.436  -27.422 76.145 -39.06| -450
5 -100 -100 -100 8.3897 17182 -83147 100 100 100 100] -310
6 81.023  -48.395 19232 -2.5231 70.434 47177 -1.8358  -86.669 57.853  -9.95331 390
7 27627 -11911  -578.79  -287.65  -84.386  -228.68  -458.15  -20221  -105.86 -96.49 | -180
8 -32 14977 -32 9.5566 -32 -17.19 -32 0.8511 -32 10.793 | -140
9 1.9005  -1.5644  -0.9788  -2.2536 2499 -3.2853 0.9759  -3.6661 0.0985  -3.2465] -330
10 19005  -1.5644  -0.9788  -2.2536 2499 -3.2853 0.9759  -3.66061 0.0985  -3.2465| -330
11 -0.1367 0.1186  -0.0968 0.0237  -0.2933  -0.0478 0.3518 0.3579  -0.0586  -0.0375] 90
12 2028 -1.5589 0.7774  -2.0752  -0.1601 1.0811 1408  -1.6129 2419 22171 -460
13 0.2471  -0.8497 0.5629 0.2673 0.6874 0.1395  -0.2764 04172 -0.5007  -0.5204] -130
14 -73.603 2355 21774 18.134 32.724 34413 80.946 48.147 19.151 10.103 ] -300
15 33253 -1.2835 1.8984  -0.4095 0.0881 2.758 0.9776 -1.809 24957 2.7367) 120
16 33253 -1.2835 1.8984  -0.4095 0.0881 2.758 0.9776 -1.809 24957 273671 120
17 33253 -1.2835 1.8984  -0.4095 0.0881 2.758 0.9776 -1.809 24957 27367 120
18 1.5953 2.644 1.8047 0.9389  -3.0486  -1.1571 3.5582 24246 -0.3767 446371 10
19 1.5953 2.644 1.8047 0.9389  -3.0486  -1.1571 3.5582 24246 03767 4.4637 10
20 1.5953 S 1.8047 S -3.0486 S 3.5582 S 03767 S 10
21 1.2141 -0.01 1.8804  -4.1124 2.0627 1.1535 40653  -1.0213 1.1986  -4.1795] 360
22 1.2141 -0.01 1.8864  -4.1124 2.0627 1.1535 4.0653  -1.0213 1.1986  -4.1795] 360
23 1.2141 -0.01 1.8864  -4.1124 2.0627 1.1535 4.0653  -1.0213 1.1986  -4.1795] 360
24 -2.933 3034 -43583  -4.2851 3505 -14618  -3.7277 20445 3317 256371 260
25 -2.933 3034 -43583  -4.2851 3505 -14618 37277 21445 30317 -2.5637| 260
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=

PSGES *7if 3| ¢hd & f22 B A8 P 1% &
Hig e
Function X] Xz X3 X4 X5 X(, X7 Xg Xt) Xm f(x)
1 -39.312 89 46322 -74.651 168 -80.544  -10.594 24969 89.838  9.1119 -450
2 35627 82912 -10.642 83581 83155 47.048 89436  -27422  76.145  -39.059 -450
3 32202 64972 38305  -23254 54008 86.624  -63001 49365 53484 52244 -449.9997
4 35627 82912 -10.642 83581 83155 47.048 89436  -27422  76.145  -39.059 -450
5 -98.621  -10047  -10096  9.1238  7.5893 82788  99.773 9992 100.15 10026 ] -306.1513
6 §1.023 48395 19232 -25231 70434 47177  -7.8358  -86.669 57853  -9.9533 390
7 27627 11911 -57879  -287.65 84386  -228.68  -458.15  -20221  -105.86  -96.49 -180
8 14822 64420 13193 -1517 13442 169.83 3384 13636 54566  -1644| -119.2047
9 1.9005  -1.5644 09788  -2.2536 2499 32853 09759  -3.6661  0.0985  -3.2465 -330
10 16761  -1.896  -0.5549 27395 31458 25447 1.0481  -37332 04833  -3.7566| -325.0252
11 -1.2241 54806 0.0062 91931 -03377 11227 -3.0906  4.6003 19495  0.6940 | 100.4350
12 28729 18728 13848 27814 59342 45934 94103  -20.666 51941 83913 -460
13 02471 0849 05629 02673 06873  0.1394  -02764 04172  -0.5007  -0.5203 -130
14 -30.866 24227 55578 22898 13774 2315 62072 68.05 51405  -12.73] -296.1653
15 43258 -1.2844 18966  -04018  0.0865 37498  1.9703  -2.8003  -2.5032 27341 198.5147
16 -2.8095 42572 -0.3487  -38883  -2.6367 -45978 21842 24808  -1.1638  -2.4208 | 239.7859
17 48851 03257 1131 06134 -00592  3.0273 24899  -19942  -4041  34901] 303.5610
18 287121 08312 41507 43428 -4.2097 395 37506 -3.1893 34647 04615 310
19 28727 -08312 41507 43428  -4.2007 395 37506 -3.1893 34647 04615 310
20 28727 08312 41507 43428 -42097 395 37506 -3.1893 34647 04615 310
21 26039 -2.1802  -3.1792 20201 24322 15009  -0.7393 02911  -14312 27447 660
22 -8327 14859 42057 30181 24143 71897  -17964  -13.582 15755 6l3l6| 889.3623
23 41802 20668 17308 3.0332  -14411 -1.06l6 34114  -33833  3.0469 343588 919.4683
24 07973 26471 42808  -3.1835 17367  -23262  -0.8345  -29156  3.6308  3.8112 460
25 59106 83375 15801 -8.6864 1107 -6.091  -2.3272 -1.99 16058 15.939] 641.5032
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