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ABSTRACT

ABSTRACT

Pigeon-inspired optimization algorithm as a swarm intelligence algorithm
proposed in recent years. Because of its good performance in multi-objective
optimization problems, it has been widely recognized by academia and industry.
In recent years, practical engineering problems have become more and more
complex. When solving many-objective optimization problems that are not
favored by decision-makers, with the increase of the number of objectives, the
algorithm has problems of insufficient performance, intensified conflict between
diversity and convergence, and lack of selection pressure. Aiming at the above
problems, the following research work has been done to address the above
Issues:

1. When the existing many-objective pigeon-inspired algorithm solves the
many-objective optimization problems that are not preferred by decision-makers,
although other strategies are added to the traditional Pareto mechanism to
improve the solution selection ability of the algorithm, with the increase of the
number of objectives. The solutions in the population are almost non-dominated
to each other, so improving the algorithm selection pressure and convergence
ability has become an urgent problem to be solved. Aiming at the above
problems, considering that the knee point is a bias for a larger hypervolume, its
performance is inherently better than other individuals in the population. This
paper proposes a knee point-driven many-objective pigeon-inspired algorithm.
By introducing the environment selection strategy based on knee-oriented
dominance, the selection pressure of the algorithm is effectively improved; by
combining the velocity and position update strategies with different distributions,
the population evolution direction is dynamically adjusted in different stages of
iteration, thereby improving the overall search performance of the algorithm.
Experimental results show that the proposed algorithm has good performance in
individual selection and approximation to the true Pareto Front.

2. In view of the deficiency of the existing many-objective pigeon -inspired
algorithm in balancing convergence and diversity when the number of objectives
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increases sharply, and to further improve the solution performance of the
algorithm when dealing with many-objective optimization problems. This paper
proposes a KIGD indicator based many-objective pigeon-inspired algorithm.
The algorithm realizes the identification of the solution of the knee point and its
surrounding area through the environmental selection strategy based on KIGD
indicator, thereby improving the diversity of the solution set covering the knee
point region. A population renewal strategy based on competition is introduced
to improve the selection pressure of the algorithm and ensure its convergence
performance. The simulation results also prove the superior performance of the
proposed algorithm based on KIGD indicator.

3. In order to further solve the problem of algorithm convergence and
diversity conflict caused by the increase of the number of objectives in the
many-objective pigeon-inspired algorithm, this paper proposes a many-objective
pigeon-inspired based on multiple selection strategies. From the perspective of
concurrent integration, an elite retention strategy based on multiple selection
strategies is designed. By integrating a variety of excellent selection strategies,
different operators can be selected according to the characteristics of different
problems to improve the solution efficiency, and at the same time, convergence
and diversity of population can be guaranteed to a certain extent. In addition, an
external archive set is also used to store the elite non-dominated individuals. The
experimental analysis shows that the many-objective pigeon-inspired
optimization algorithm based on multiple selection strategy proposed in this
paper has relatively good comprehensive performance.

Keywords: Many-objective pigeon-inspired algorithm; Many-objective
optimization problem; Environmental selection; Selection pressure;
Convergence; Diversity
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J& SR SRR M R 0 DLSORE O A 3 SR TV R R T AT R S R
o ABHT 2 B IR B S i RN 08 2-3 M OL, 8 HAELT JUAE A 58 b
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B—BWEA, PR T V2 SR A MaOPs [FIFH G SVER O ATt Fe o 78 k3 mly b 3dk
THY, T LR RS I FU N A, AT B S A SGH — L g SCHEAT TR A 4

FHORE AT
€ X 1.1 Z HARALI B MOPs € Xy
min F (x)=min(f,(x), f,(x),--, fy (x))' (L.1)
9,(X)=0,i=12,....k
_ (1.2)
h(X)=0,j=12,...,p
subjectto X =(X,,%,,--+,X,)€QcR" (1.3)

Horbr, X=X, %0000, X, ) A2 n 4ERER (B Q IR A o X, =Xy, Xip0e oo Xip | IRELEH M
ANEFRERE B EARREUE . A3 1.2 Dy a7 R A R & A . MaOPs s27E |
WA T B AR e 20U K& BB RIS AL
5E X 1.2 (Pareto STAC) = X TRIREH MR AR X, =[X0, X500 Xip | A1
Xi =[Xip Xigoe -+ Xip |+ 262 FHIZAE, WIFR X Pareto 3CFL X°, FxA X2 <X,
Vie{l,2,...m}, f(x)<f(y)Aje{l2...m}, f(x)<f(y) (1.4)
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€ X 1.3 (Pareto seffif) = =4 HAC i 2 LA 56, R X e QN2 Pareto

A -
AXeQ:x<X (1.5)
5E X 1.4 (Pareto AiyYTHI) : MOPs #1, Pareto RI#IH PF [15E X UIF:
Xi =g Xigr 2 %o ] (1.6)
1.2 FERSREE

RO BEEEIO (Pigeon-inspired optimization algorithm, PIO) A& —Fhie AT M RE R fE
H%,  AE 2014 4 H BORE AR SR OT TS ANLER AR R e @ ol BEADL S 1 H
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Hiy PR B AT AR TR, T RSB AEEE B B B HbBOT T, R A R A0 OK B v FE
BERAT A ), AT SEIE 4R H R EAT N I 25 H BB, SRR Sa ) R e A
SehiYgy, BEMZ AT HU R SR S 0 A W AT R R KB B R — B R R AT
). TREAE A HE B H A ORI, K FHAIRE 7565 RS T A F) S M BRI B/

2) Hibr5F (landmark operator)

PR ERAE SR U T RS HEAE R & B B EGISS, FFH BT bR R R AT T R R
B bR (S R ARIIAS T, WTURE K H M B0, ASRER IR AR HbR (S
BHIRS T AT, mAFILHKH.

CERSFERAL RR A Y vy, M R ADM R 8 7~ AN ARASDUM 3R PR b R4 51 1) 0
AT . B AT B e AT R SR T AT R, WA AR b R ) B
X =[Xs Xigoee+ Xip | IR BEV, =[Vig Vg, o+, Vi | FeHT, 1=1,2,., N, BIFHER/N AN, B
RANAYEE N D o FER— UGS, FERRS T IA EAE T

RO HR AN 0 3l B2 A7 B SE T T R s
Vi (t) =V, (t=1)-e ™ +rand (X e — X; (t-1)) (17)

Xi ()= X; (t=1)+V,(t) (1.8)
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[T BEH AR/ BIA BIPRIE . BARCA R T — Ltk 38 Pareto SCRCHLE B
e, AEAMAIE B AR SO A 1S EIRIE, JF B A AR SCRCAR )= R 14 7E MaOPs H
TmRH. B 2.1 R 7HEE BB, A m4E2 B ARG R AE A B R 2
AR SO AR 5 AR SN O EL A
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—#—MAPIO
0.8 ¥
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05
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B 21 ;%% BRI EE A BARROE ho e 75 B MK R A _E 6 3F £ BLAF & b
Fig 2.1 The non-dominated solution ratio of many-objective pigeon-inspired algorithm on different test
problems with increasing number of objectives
ME 2.1 AT, BEE H ARSI, AR SZEC AR RO P & BT i, 1X
S B 2 BT AR ThOR MR AT 3E— 28 B IR P A AT IR A, T BE A A AR 1 T,
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B ) Pareto SCECHLH CeToiR AR (2 W IR FE K 77 o XA 60 N Bl 282 B U SR A
W R 2641 R AE— A B br BT S A A 2= /b — A Bz BIERER ) , &S 30l
A EET Pareto SCHACH VAL H A5 18] Ao DA 23 7] T~ ELSK Pareto HITVA 1M
& 2.1 F WY H B R
Table 2.1 Research on common dominance strategies
RKE SCHC SR JR
SEH T AOHIIE RIESCRCR AR, MMz B HERY
BOR Pareto SCACH2 | J7vEAARAREE . AEXFR. ARAHIC T A B S oA
JEA AR R &
M2 2% RSO 30, A i MA I
BT ARKZ%E 5, NFEET NS5 5 %N
MABEAT 0 STRCHERR o 0 J 10k 36 25 7 v i L 2 A 4
e R, ORAIE P I A AE X 8% TP R AT RE XS 51 70T
MR 2% 5 i, (EARTF Pareto SCHCHER 1 [F]I
UL 4t Pareto y SCHCREW AR I R SR O R 15 R 51 5 3
SCHE T 3 y XAk Pareto Fif{TE L HIEE 7y, R HEIE S R
Tig. WA ASF HIBCE [ &, AT RLSEILN K
e H BRI ZE .

H bR A %A, R TIN T =R T A% 1 ik 4%
grid Pt AEN: grid SZHC WIASHERR . WURS ARAR R, ELER
AMRLE SRR B B R T AL S
IR T IR o SCECHER, SR
o IR FERIPr R X3, LBRPUSCICHE, 5 1% R F)

2L I RUIX 35

— BE:T Pareto STHCHTILEEAEN A BEE RUX R T5 %, MOEAs AEAE MK AT E
HEN, NS 3] — 2 2 AR PR IR R 7 5618 ), (R IX 2 iR 9T 2 Pareto SRR .
PRI, — LB v SRV a6 9 T 1 AT RE AR WA SO F) SCIE SR e BE e A1 192t N3k 2.1 s
Forr, K Pareto SCHAC /2 TEAL 4t Pareto SCHLOC & il I 51 NN B SCRCHE FE o0t Fh itk
ITREARHEFE, MR ik 1. 6 XIS y STRCHIR I T 255 ORISR T ) ST
Jras A R MA B S BB B AL S5 R AR Rl o B AN A 2 9 AN R (7%
A 0 STECAFE N AMAREATHE— D #8538 MR 5 BTk SR i, (8 MA R

=

FAith Pareto 7 it
J

6 e

P8 73 DX A A
b (3 7 3K
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WA T 2% a7 ik, s R ASF B [ & SN 3L AR 2% .
grid SCECRTEXT H bR 23 A4 2 5, ) FH AL I RS SCICTE P I = AN 22 v T Sk 4t v
TR AMRE R ST o o ST U AT 38 23 010 35 DX A A 3R AT 146 4538 1) 0 R P42 L R 190 32
MC NS o I 2R P9 AL, SEIRE BRSO MR DA S 3 SR AT 4 E SR £ K

R — B O T e AR EE R R ), R T —NE R B
SREWE R AE S0 J5 S LS S I 00 T, SR i SRR IR e i i 70 S5 U SRe )« (HBE G = 4
Z BhrthiAl el i B AR A RGN, AP b 1AM LU AR K IR A, R
% JEONT MR o 1) JB) BN R X AT 1 — A 0 AT, R R TR P9 R R R
X3 R BATA W . 45 AR XA Pareto RIVR I T4, B REME A R MIKpT 2
LA RS o [RIL, 40 6 2 AP THE 1) L 2 DRt 38 DXk AN AR P 43T 5 B A AT i
SRS R R IE 1 USRS G T Pareto S FT WS 1 BE /1 O 75 B pR R P A S
AR ik, AFELE Pareto SCHCAFERE BT T — AN TH AU = 4E 2 H ARG
W, ISR T P9 UCRC I PR BT I 46 SR KA e SRR I B AR R £ s ), [RIINE 1 R AN [
IIAT IRV RS = FE A AN IE A R A R VR, (E e S — P IE T Pareto 5
SR o
2.2 A THRXEHEH S BIrSREE L

FEARTTH, VEARRER BT i I 5 T-90 i) & 4E 2 BRI (KnMAPIO)
B, TE 220 W T P R AR R . SRS, TE 2.2.2 AT IR KnMAPIO
RSARRESE . R BAFE LRI T T T40) AT (1 PR 53 126 438 S SR 2 e AR 1) i
PEIEJ0: 7 O B A7 8 T AOR B iy BVATE H AR 2 AR A8 R MR RE . 4 I TE R ST (1Y)
2.2.3 F1 2.2.4 HTHHATVEAIIR B J5 , AT SR B IR BEAE 2.2.5 T T AR BT
2.2.1 ETFHSNHEIRRR SR

FEAR PSR ey 1) @ rp, B ) Pareto SCRCTE H bR A8 e, &8 ) SR T R,
NI = 4E 2 BAREIER R AR REATIE £ 7T, $2 7 K& MOEAs 25 34K Pareto
B A AT VTG 47 481 (10 o s DX 3 B RN BB IH) o TE S Al o, 47 508 A & Pareto
FRACHTVE B BEGER 5, OR B A 78 CAE 300 T -4 00 s mled) i X8 (33 s R A [X 45
Pareto f5 fLHIVH F473 /48 )2 FAT S ORI BRI s SR AR IR TT 58, IR R XM 7 5
fE—AHbs BN SoEE, 2FBERAMZ DA B B ERN. P75 nE RO
HRMER W E , & 0T REE — & 1 0 B0 T HARAMA, Btk B J L3 s oK. R,
W mUR ] BBl A A e R 00 1 B AR, R R A 5 ARAE RO B IR ST T 1) () B
Bk AN R, HRG A ARG R, YRR S S A OE LU
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€ X 2.1 (551 knee points) = 3 5k & SCAMNAMENR /N (CHIMD B R(E
ST FS AR~ T 1 B ezt i 490
k =argmax(d(K,H)) 2.1)

Horb K ORI INMA, d (K, HY) BRI A B AR B8R AEL B P B R T H A R
B. K21 %8757 Pareto FIHTHIPE AL, Hd AMIC 28B4 AR ERISRME =, HIK T 1
P H . d A& Pareto B RS K BT H KRR

f, A
O HE S
E, Q. @ Knee point
. y Pareto Front
K H)?perplane H
E f,

2

B 2.2 B &P A
Fig. 2.2 Example of knee point
SE X 2.2 (5 pSCRED U9 o T T AR AME ™ XA A MM AN, 2R A
PRM 15 RSCEEAMA N U8 i 2 LA 2% A

u(M, N):<W,W>—r(max{d(M )}+min.{5i (M )}jq

i=l...m i=l..m

5 (M) arctanL\/ZTlm( f,(M)—f, (Na)) } (22)

|f,(M)—max f (E)-¢]

sl u(MON) <O HRFEAAEM BAZRAEN . (NGMMN) FormA4 i BN M
NN Z I8 . 7 sl A KN 2, Br e[1/21F . s(M) Rk

P EPRREE. ¢ &2—MEFEDRPIEFEE, DR AN 0. Ny EAMEES, HA
N 2.4 EN:
f; (Ng)=min f; (E)-¢ (2.3)

HAE={E[i=12,..m} RWMEASARNES, ¢ B LM RBN R IET S
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] 2.3 45 T4 AR ISR, ok M ATN JoRh B P MA, ELE, E, N
f5 A F AR ERORRAE 5. @ AR R N M A MIN R RIS . 5, = max (& (M)} A
5,=min{s (M)} F524 6 AN T £(5,+6,) i, KM BCRAMEN o 1A, ANk M
AN 76— 42 b SR 2. 4 s, TR R AR R )t 2 S e X 0.

f
g O Ml
E, @ mAs
; 4 @ it
LN \
Y /I,f’”’ W
M ‘ S
/ _E

K 2.3 #HaLBXERETY

Fig. 2.3 Example of knee-oriented dominance
A
O s
O mas
@ Mt

O
v

E,
B 2.4 AR M Fo N BT X BLay X5
Fig 2.4 Dominance region of individuals M and N
2.2.2 KnMAPIO H3EH F ZEHESE
KnMAPIO HIERNERINSE 2.1 Fron. 5k, MiE P AIAMBIAREEE ABIantt,

[ R A AL TR A A S F AR Y, S0 E X, o A5, HFEBE R RO
K5 Pgnier ASCEEANGE TMA p, B9 B AR BREUE . 2550 Bl RE b B AN REAT FE ST R PP 94
AT BITRESE Ak, XMBUEEREEAT 8. e AT EEM SRR . 18
IEAE 2.2.4 755 TR 0 T8 P 7 B S SR SR BIAT (R R AT B A B SR AR, 453
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B FAE P OF TS HOE N AR, [ I A5 R 1 ) 1 5 D8 A4 phest, A JR) 3 H A4
Pover o FEEXTHIFIHEE P o SRS ALK pbest, . B OAME Py, FIAMTIAREEE A B
R ACARRIAE Q HEAT 2.2.3 15 T $E AU PR S 00 6 SIS A 1T 45 08T P 98 5 P8 FE BB i PR PR
SNJE, IR SN IR AR B PAT AR kA 22 S(SBX) A3 T 2 T 2L A AR 57 (PM) P A i

o, 320 —ANF MRS o ELRIIEIEARE R, 13255 AL P AAMBIAREEE A .
Algorithm 2.1 KnMAPIO [ MkHELE

ViR
WILRHATRE P, MIEAMBIHEEEE A
for i=11t0 N
WIIEAREEEY, . fLE X,
THERRE AN p KIE S AR, JRFRE AL E pbest, ;
THEMRE R BB 0 B Py s
end for

I FH I PSR AN TR AR A, FETT B RS £ AN R AR
while T<T_
for i=1 to N
MRAE 2.2.4 7R AT B FOB RIS R MR LY, (LE X
THELRREE AN p RGN A, SR RS IL L E pbest, ;
end for
THELRIE IR O A Py 5
Q= (P, Paner R, Archive, R)
FAAR Q AT 2.2.3 FHFRBEHERE b (B FBE P +
XAMER ARG T BT A, R AT AL SRS A5 BHT A RE S
THECHTARE S i M4 AR N A
BRI IARI AR A
end while
Wit FhEE P, AMEIERYLE A
4
2.2.3 ETH R BRI IMEIR T R
AN EEVEAIS A T T RSO AR 6 5K . £E Pareto SR BRJa — E2RH
P 5 S SRS 3B G 7 SR, 2 T Pareto SCRC RIS FELHIERRE AL, TR S
BRIV BARRFERE 1. B 2.5 TP RSO A B BRI s . AR A (RS
)5 R TR, S A AN ST B 2510 S, RS, o 43T Pareto SZRCHERE G MM R4 =
EL, LAL o R 5 R — 2 AR 95 5 SCBC A AT A A3 8 28 8 1 1
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e BB AB,C,D AL = LI, Hrb, R4 2.2.1 F a4 5 L, T2 RS,
PR AT RS R B, TAE] S, i C Asi D Z 2 BARA SRS . BltE, M AL CHI
s DAEYAR SR AL FEFE B 74K BT IE PR R T LR 2.2 A 2.3,

f,A

j:%l‘
Sl Ii?; .
\ | ) e .
SN / |
'l / s VC”“CaI Front

»
v > f
Pareto Front

B 25 AT 48 L ACA) R i 45 R %
Fig. 2.5 Environment selection strategy based on knee-oriented domination
BT AR AR AN SE 2.2 Fos. |G, TP It oy . K,
XFSARBEAT Pareto ARSCECHEFRIDZ L, L, -4 o a2 L ZHTHTA B MR 80K
FTARPH. X ZERMEATH SR (B35 R 23) , Ba =T
[y 1 — [P A A5 AR AE TAR P .
8L 2.2 ETH SRR ERRE

IR
WA P, Z2HHER, MERSE
FESZIHEF (QR, ) ={L, L} 5
foreach L e{L,L,, -}
if [P|+|L|<n then
P=PUL
else
XF R — SR MR BT R S
P = PUKDSelection(L,,n—|P|,E,R.):
end if
end for
. FRHEP

+
&
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L 2.3 VEUIY A T 505 2.2 TR T 03 RO SRS . e AT WA R AR . RS
R el o3 N A FE 7S 0 R i B O B RS T R R R R AR
HHBEHILNZHEE R AAKEK. X TEANT2E C; P iAME, RS Rl R &Rt
T IR JZ S o PR JEIRYE ) R SCBC R JOR AN A 722 o] o MR R AL & BT R S &
u 1o SR G T BEZRALT NAGA- NP AE SRR HEFR T 72, o il 572 4 BT 4% |2 0T Pk
Fe, JREUHF AR ST B BB Fr Ry, ELRE R AN BA B D w, ey A
HEP o

Bk 2.3 1 AIE RS

VARG
HIgaREEwW , MR D w, ZHLER, WEREE;
U={0y, Ly Y AL =Bl =B, 1% u i — 225 5113 %
C:{C,,C, --C,} =Grouping(R.)
foreach C, eCdo
PATTRRULFE SRR C = {S],S! -

u={s'Ue,s!Uc,, -}
end for

foreach ¢, eunlP|<l do
if |P|+[¢|<1 then

P=PU,
else

P = PUCrowdingDistance(¢,,| -|P])
end if
end for
s e
ghR
224 BETENHREPEEMEEH AN
ARATA LT — PR (R B A TR e, A e AL AP AR Levy 43
B3RP R A B A R B ). o, TP 20 A0 ROy HREBOR K, B A
HIFACE B, TR 2R TELE, s Rt Bk, JATER RS RS 5]
ARTPGIAT, PR EAE R IA S T 2 R REET) . 456 Levy A % RAE
BT A R e e B MR SRS B, T ERAIE 1 AT AN R BR TN R X
B, TSGR R 2R, ORI RV AR 0 S AR AR A e MR R R A
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IR TT 1A o e A ] AR SRS ) A R X N R /N B AR A . BRI, AR R
ARSI AT, RES IR R EAN R AR G F7, X AR 73 IR 5 B [ 7t s
MR R Eﬁuﬁ):ﬁ’hj“ SEHT TR PR

Vi (thou) =€V, (1, =1) + 1, - Cauuchy tr - (1—logi™ ) (X go = X; (treu ) ) +
r,-Levy-tr- IogtTWW~(XCen - X, (tnow))+ r.-G ~(Xg,0 - Xcen) 24)
Xi (tiow ) = X; (toow =1)+V, (L) (2.5)
Hrt,, Fon HArsARE, T ARG KIEMAXRE, ROAVBESHEEE T, tr 2

MHE B 5 4 B A TP AR Y BIMAR T 2 [R I FL R F- . Cauchy, Levy , f1G 73513k
AT AT S Levy A Al B o A6 R

Xgo NNEERBIALE, X WA AEAH LA R PO B S, PTRYE L
X (2.6) 15 .
Ssy
Xcen = = X Slx nlX (26)

S o BRI MRIBTERIOR S, n) SRSt S iR ML

R RS T, T
0,0<rand()si

_ M

-

1,i <rand() <1 @7)

M

HA rand 0 A2 T [01] Z A HIBENLE . M AR BRI 2 n oy 0 if, A3 25
A A S TR AT B . 4 i 1, B BASHERE M RN, V(L) tF3)
AT
2.2.5 KnMAPIO B8] & Z+FE 534

AT EE T AR B KnMAPIO B0 B (8] 5 4% o 2B T B 20 fE 3 BRI

T T SO A PR BT R S TR B T T SR AT A S T SR o T S
PR 6 £ S NE B4 Pareto 3 SCRCHERF A5 S FCHER o AR RN AN, B AR (] 4E
FEJIM IS, AESCBLHE TS SN O(NPM ) o 3 i STRLHLA . F] 21 Pareto JF S ACHE
Feor B e e —BAE L, SHMERE AR, THREI AR Z 8] e A I ) 2 2% BN
O(N) . BIR M BT FIREER —)Z, SR SOL T 15 55 S B T S 44 N
O(N*M ) o A% ST A (9 90 55 FE AL 2 LT NSGA-IL, [ e iy I 1) 52 2% ¥ Ay
O(M x N log N ) o 34 /3 i B 55 SR (R 1) 4 BE S O (M) o RS SR BB 1) T 542 2
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T FGR IR P R S RS B R AR S MR EAT LU B RO A EE A RS
SRR PRI/ RBUE Y, BRI RS0 IR AR 2N O(NPM ) &5 LT
&, AT RZERI T, KnMAPIO Hi: (It B (R A 5 2 O(N*M ) o

2.3 HESE

AT EASEP RN L SLES o 55— 807 FL S AE T 7] 3 A ) B HE DI S PMOPs |
XFFTHEH ) KnMAPIO B A LAt 4 Ryt ATk, 3840F T BT ot £ s 43
Bl DX IR R R B R T 58 R LS IR AE AR HE A SE DTLZ F1 WFG |5 TL Rl & L1 /=
% 2 H ARG SEE R = Fh R e I BT T Lo, el i i S e B R A I RTE 31
11 Pareto Front H (7 SZECHUAZ ORE B,  BGUE 1 B i By iE 1 LS Pareto RV AE 77
2.3.1 Benchmark i &

AR B R PRI AENNA SR : &) R AE 7T 1) PMOPs Ml S ANy & 5050 I 5
5 Pareto BT DTLZ 1 WFG MIliR4E . Frt PMOPs A BE v Al 52 kG 1 1031
P A JTIbRHENNASE, B S 0040 MU XA, WA @B A & 28 Al
5 2% PoF 2845k . A% 2 % B b () PMOPL - PMOP3. PMOP5 -PMOP6. PMOPS - PMOP9
F1 PMOP11 - PMOP14 {4y Il F 451l ok i & S 1A Ve i« DTLZEB®IAN WRGES 2 % 1 Ik
Pl 42 AU ENE R D bR e RS, b A B R AL, 2. JBE
T VR /TR G ) e A5 B R R . ASCiE$E DTLZ1-DTLZ7 A1 WFG1-WFGY i) j#t
VR i B S8 I L5 Pareto BTV AE T AN . IR MIAER (O REIE 20 A sk 2.2 i
o Horr, U PMOPs ] AR i A7 AE BASES [ /L, 10 HK 22 2501 PMOPs A R 1 2 AT
SR PoF, IXASASIRATAT BT A7 L S0 56 R A% BT 4 (U SR TR R

k2.2 MRE ST

Table 2.2 Properties analysis of test functions

i i B
st PMOP1, PMOP5, PMOP7, PMOP10, PMOP13, PMOP14,
- DTLZ1, WFG3, DTLZS8
A— PMOP2, PMOP4, PMOPS, PMOP11, DTL2, DTL3, DTLZ4,
WFG4-WFG9
B PMOP1, PMOP2, PMOP5, PMOP6, PMOP7, PMOP9, PMOP11,
;%;m\
PMOP13
PMOP1, PMOP5, PMOP7, PMOP9, PMOP10, PMOP11, WFG2,
ANA] oy fifE
WFG3, WFG6
PMOP1, PMOP2, PMOP3, PMOP4, PMOP5, PMOP7, PMOPS,
241 PoF
PMOP10, PMOP11, PMOP12
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PMOP2, PMOP3, PMOP4, PMOP6, PMOP8, PMOP12, PMOP13,
nJ o3 i
PMOP14
- PMOP3, PMOP4, PMOP8, PMOP10, PMOP12, PMOP14,
A
DTLZ1, DTLZ3, DTLZ4
An] kot PMOP4, PMOP5
PMOP3, PMOP6, PMOP9, PMOP12,
P T
WFG2
PR R IX PMOP6, PMOP9
B S IX 5 PMOP13, PMOP14
it 221 DTLZ4, WFG1,WFG5, WFG7, WFG8, WFG9
EEME WFG2, WFG3, WFG6, WFGS8, WFG9
B DTLZ5, DTLZ6, DTLZ7, WFG3

2.3.2 BHILE RIFN 1B
(LD ML E

Bt PMOPs W i) @b (1 Fr A 28055 T3k 2.3 e H, M AR BRI N
RERFLFENL K(X) DI REL (AB,s, p,l) J& I m XL ARFNH =
B, Horp BARSE 3 G WSCER . DTLZ AT WFG 38 ) f o () 2 305 B ik 2.4
Fi7R

XFTANE ) B AR BIYERE,  Froot MM 2 2038 . % 2.5 M4 T HE BRI
M e B AN [E] ) B RN, BRATH R B AR Horbr, X% PMOPs i
WEBRMWERMOEE N3, 5, 8, 10, KT DTLZ Al WFG R4, FA1H B AxA
¥4, 6, 8, 10. 15 H LI R FEN T8N R 2 12 4T 30 IR

4% 2.3PMOPs MiX % 69 23k &

Table 2.3 Parameter setting for the PMOPs test functions

e o PRFATE N HL " I XIS A
WIS EARAM(M) ( Ni) k(X)(AB,s, p.I) 5% "
PMOP 1 3,5,8,10 m+9 (4,1,-1,1) [Ar2]™"
PMOP m-1
3,5,8,10 m-+9 4, 1,2,1) [A/2]
2,3,8,11,12
PMOP 5 3,5,8,10 m+9 (1,1,2,1,12) [2%A]""
PMOP 6,9 3,5,8,10 m-+9 (21,2,1) [A-1]""
PMOP 13 3,5,8,10 m-+9 (2,1,-2,2) °
PMOP 14 3,5,8,10 m-+9 (2,1,-1,2) o
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# 2.4DTLZ = WFG X & 24k &

Table 2.4 Parameter setting for the DTLZ and WFG test functions

______

B PHEEAN (N) -~ Bﬁj‘iﬁ“
DTLZ 1 M -1+k k+5 700
DTLZ 2 M -1+k k=5 250
DTLZ 3 M -1+k k=5 1000
DTLZ 4-DTLZ 6 M -1+k k=5 250
DTLZ 7-DTLZS8 M -1+k k=20 250
WEG 1 k+1 k=M-11=20 1000
WFG 2 k+1 k=M-11=20 700
WEG 3-WFG 9 k+1 k=M-11=20 250

Kk 2.5 BARZ W) B 69 A B ALAR

Table 2.5 Population size corresponding to the objective space dimension

s 7 ) 4 TR
3 105
4 120
5 126
6 132
8 156
10 275
15 135

(2) MAFZS L E

TR R EA 2o, AU3E KnEA 9 LA-MOEA ®1 [ BD-MOEA 9 MAPIO

BSIAE Py (1 DU A B BRFRAT T T2 KnMAPIO 7E1RU45 25 BE 71 5 THIHEAT 1 HLi . FTls S50
B IR R SO VGHEAT R E . Hoh 7E KnEA B0 i i bR E N 0.5, £ LA-MOEARY
H, SR a LIRS EEEN o =0.75. £ LBD-MOEA 5%, 244wt v H kx4
N3, 5. 8110 KIZHER, ZH(H,H,)7 &N, 5), (1, 3),1, 2),M(1, 3), H
fth 2 K W SCHRES . X T TR ) KnMAPIO 8035, 45 A S FR S5 ms h ( 2 8 « (% B A
LBD-MOEA Sy 2fl. Rl A 7T, BATRE 75 MAPIOBIHFEI IS4, #
WA T tr 08 1, HEFERE E T R WEN 0.3.

KA E SIS AR AR 4E DTLZ f1WFG AT . o, i 4 ER L5 NSGA-111 8],

20

GrEA ] MOEA/D B4 RVEA B8 i1 VaEA BOIZE Py i) i Fh 2 By b AT 1 bR, Rt R
BT =SE AT R 45 CSEA B hpaEA B8 FT MaPSO-MC BOE )y [ = Fh 21047 T B
. Hrf, CSEA & Pan 25 ADTIE 2019 EHE K, A Al 138 A FH N T4 458 X 4% f T
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MAEE RS RZ M PRA KR, A HIWT A 1R B AR s BUE & IE R . Tian %5
NBBIFE 2020 4E42H T hpaBEA Sk, ZHVE S — /MBI Pareto L ATIRRIAZE H
iR ) FH A A2 S PH ES TR [X 23 AR S BC AR Y 5% MaPSO-MC 2 Hu &8 ABRIZE
2021 SEFEHIIN, AP R AR R 0E S VT AN W) 45 & 22 A 14 1 5% (GBFE-DE) 5 i
ISDE + 3 R EAli A A e TR B A AR A AT SR A

DTLZ 1 WFG MASE (1 B H R FH M S0 2% AR 0 SO T IR E . K,
ik 05556 STLSR P Ry Rl — 3t 1) 2 S IBVARN 22 T A e LB A AR, T A2 SRR S (9 43 AT 48 b
WHEAN=20F1 n =20, & XFEFHMERRE N p, =1.0R1p, =1/D, Hr D RIRFFER
EIHH X T GrEA, X TS8R bR oA 3 div 150 B SkIET- SRl MOEA/D
AR AN SR B N0, M HABM S HS PR E . 75 SCEREoI & R A AR
W o W 2, HiENSHE AR HEN T =01, % T CSEA 5%, %k FNN [ K
WP T 2}y 500, FEs#Ze A4 H N 10, ZHMRIANECH 6. RIBFRTRIEE «
7E hpaBARRI & 6, Ak BT NSGA-II &k, SCERPIF, %3] 3H-F
C,,C,,C; /T XIRI[15,2.5], LLKM KT 0 (¥4 £ MaPSO-MC HEH i &4 2.

AT I A 45 L2 IR 2 AE MATLAB 2016b #fdrb it Tian 258 NSO H1 11
PIatEMO V- & LigfT 1. [ABH 1 5t 64-bit Microsoft 10 HIERE 248, Intel Xeon
Gold 5222CPU @ 3.80 GHz HJ4b#EZE, LLK 64 GB A 17
(3) RS

N THTEARTER B NEE KnMAPIO FIH M EVELERRHEN XA PMOPs FiF 4
PARAMAIE BRI T, ARSCAER T AR 355 ROk AABREE 25 (KGD) BN s 8K 3l
A AR FREE RS (KIGD) R, 1y 13— P i & % AE DTLZ A1 WFG M4k b5 35k Pareto
RIVRIEIT RS, ASCRH T 3% CoveragelPU4Ehs .

KGD FnH ik Pareto AT X IR 225 MR FERE, I PEAN B2 1
ISl BE . KGD BB/, ISV REBR T . KGD AT LU LT A 3 iH 5

1
KGDZKﬂZNOmR) (2.9)

HiQ NHFE/RRIL RS, RER - DNED A XSS % 54,
d(v,,R) FoxjETIELE Q Pl v, HEE R thFRE HIL )27 1 L 1A A K IRBE
P

KIGD Wt 5345 2 7 iR o017 X REE . KIGD fE#h, SRS,
WARRZFIEE MR L) 2B A XK. KIGD it T
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KIGD :ﬂzd (v, Q) (2.10)

Hrb QR AFME XF 2.9 P AHE, d(v,,Q) REMNBTSH LR KM, 3|
VT ALh R £R Q HH I s 1) F A BR PR

Coverage 1RFrERELE S Pareto RIVRIISCACIC R, AT LA MR I 78 S5 Pt RE
Coverage tH5H 1R
‘{u e PF[3v e Pop :vdominanceu}‘

|PF|

Hr PR R Pareto Ry, POp Fonif kb BT AN HFRME. 7 T4R3R Pareto AT
Z/DMEE Pop 1) —MAMAFT SRR AN E . 7 BERORAE PR AR IR AR
2.3.3 EETHSMNRE LRSI R O

TEARTH, % 2.6 f1K 2.7 094 H T KnEARYL, LA-MOEAM, LBD-MOEAI,
MAPIOPIFI#2 i 1) KnMAPIO 7E PMOPs Ml FJLLELE R . & 2.6 45H T PMOPs
M G 5 PP KGD ., MR SRR S BRI AT VRAl . R 2.7 (i T 1
VAT R KIGD B VA 45 5, AT LUK SR W SO REIEAT VR o TEIX LESEIG 45 R
IR AR R OR FE R R AR B AR AR, <+, <= FRoR A EEM R T, AT
B % T i KnMAPIO 53k W3 2.6 AT LUE H, KnEA. LA_MOEA. LBD_MOEA.
MAPIO Al KNnMAPIO 735747 0. 9. 7. 8. 20 ML R, NWE 2 Mfja—17 7l A
Eith, 5 KnEA ML, KnMAPIO 7& 37 Ml ek £ E A IR L H . LA_MOEA (1)1
it LBD_MOEA #ifel, Hrf 15 Hift T KnMAPIO 5y, {H/2 LA_MOEA 7£ 21 Ml
WA KnMAPIO 2, LBD _MOEA 1 23 Mlliat A @i b KnMAPIO . £ 53
) MAPIO Sk th i 45 R eF i LAE . MAPIO RAE 7 /NI ) @ A B KnMAPIO 47,
M7 18 A A SRS 22 XL LR 25 R R W], AT ELIEAE KGD Hh BT —E L% .
M 2.6 FEANF] PMOPs [l 503k Bk g vERE T DU H . KnMAPIO H%4E PMOP2, 3.
5. 6. 9. 11, 13 Al 14 X LeiiK e % A A RIFmfsitt e, RUNZERAR R BAA W0
M, RS ANAT o SR R 1) R R AR R e . XT PMOP3 WA r) @, i 5
PAEVUANA R ) B Ar E#EUS T RAFRPERE . T4 T PMOPL, KNnMAPIO Sy TE M BEAH
X 28— pi, R HIRATH BIELE SR AR L M I AR [ /1 53R A 1 — 2P i itk . (AfE
MAPIO KL ZE S, Frdef] KnMAPIO BEE A BRI EE . 3 BRI TiZEE
A BFE SREBSIERA bR FH 0 25 49 i S0 I PR 58 128 498 S SR i x93 A IX e
IR RESE DL ROR SRR AR R B ) B4R T
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% 2.6 PMOPs M iX || 2 + A% H ik 2 R F) B 47 T 49 KGD 14
Table 2.6 The KGD value of five algorithms for different objectives in the PMOP test problems

Problem | M | D KnEA LA_MOEA | LBD_MOEA MAPIO KnMAPIO
3 | 12 1.8469e-3 1.4322e-3 1.4016e-3 1.9981e-3 1.9213e-3

(2.44e-4)= | (1.35e-4)+ | (1.19e-4)+ | (3.36e-4) = (2.06e-4)

s |14 2.2393e-2 1.6326e-2 1.6990e-2 4.4279%-2 3.3608e-2

PMOPL (2.79-3) + | (1.38e-3)+ | (1.33e-3)+ (7.95e-3) - (3.59%-3)
g | 17 7.7401e-2 5.3710e-2 5.5873e-2 1.8405e-1 1.8334e-1

(2.00e-2) + | (4.16e-3) + (4.30e-3) + (4.14e-2) = (1.78e-2)

10 | 19 9.6444e-2 6.1521e-2 6.2354e-2 1.6543e-1 2.3085e-1

(6.09e-2) + | (5.47e-3) + (6.76e-3) + (8.11e-2) + (3.96e-2)

3 |12 1.9565e-3 3.1685e-3 2.9804e-3 7.0534e-4 7.6479%-4

(2.90e-3) - (9.44e-4) - (8.07e-4) - (4.91e-5) + (3.33e-5)

& | 14 1.8891e-2 5.7350e-3 6.1427e-3 1.1061e-1 5.2127e-3

PMOP?2 (9.17e-3) - (5.81e-4) - (7.61e-4) - (4.73e-1) - (1.35e-4)
8 | 17 2.8814e+0 1.2864e-2 1.2421e-2 1.1515e-2 1.1769e-2

(1.26e+0) - | (2.02e-3) - (2.69%-3)= | (1.62e-3) = (9.64e-4)

10 | 19 3.2156e+0 2.0847e-2 1.8909e-2 1.3402e-2 1.2415e-2

(2.12e+0) - | (9.18e-3) - (5.68e-3) - (1.77e-3) = (1.81e-3)

3 | 12 9.3679-2 1.4563e-2 1.3153e-2 2.8556e-3 2.0614e-3

(1.39-1) - (1.49e-2) - (1.07e-2) - (5.07e-3) - (2.36e-3)

s | 14 3.0432e+0 1.5511e-2 1.6246e-2 6.3091e-2 6.3105e-3

PMOP3 (1.07e+0) - | (1.05e-2) - (8.44e-3) - (2.58e-1) - (1.41e-3)
8 | 17 7.1034e+0 1.3408e-2 1.2494e-2 1.3903e+0 1.1617e-2

(1.90e+0) - | (7.58e-3)= | (4.78e-3)= | (2.96e+0) - (3.31e-3)

10 | 19 5.0461e+0 1.0155e-1 1.0363e-1 1.3361e+0 7.0070e-2

(2.71e+0) - | (4.52e-2) - (4.98e-2) - (2.10e+0) - (1.30e-1)

3 | 12 3.3007e+0 7.2112e-1 1.0358e+0 3.8080e+3 1.1629%+0

(8.58e+0) = | (9.60e-1)= | (8.92e-1)= | (1.4le+td)= (1.90e+0)

5 |14 1.3326e+1 9.3691e-1 9.2124e-1 1.7550e+4 1.2684e+0

PMOPS. (2.28e+1) - | (5.21e-1)= | (9.94e-1)= | (3.47e+4) = (2.09e+0)
g | 17 1.4201e+3 2.1125e+0 1.5023e+0 1.6264e+4 9.1905e-1

(1.43e+3) - | (1.93e+0)- | (1.23e+0)= | (5.02e+4) - (4.46e-2)

10 | 19 3.2018e+4 2.2011e+1 2.443%+1 5.8693e+4 1.7880e+0

(9.13e+4) - | (1.15e+1)- | (1.10e+1)- | (6.72e+4)- (3.44e+0)

3 | 12 1.3213e-1 2.3207e-2 4.3035e-3 1.3016e-3 1.5043e-3

(1.82e-1) - (4.64e-2) = (1.21e-2) = (2.73e-4) = (2.97e-4)

5 | 3.5210e+0 1.1492¢-1 5.9528e-2 5.5949¢-1 1.0083e-2

PMOPE (2.35e+0) - | (1.38e-1) - (7.52e-2) - (2.46e+0) - (8.70e-4)
g | 17 5.5865e+2 1.0850e+0 5.9012¢-1 3.7760e+1 3.6419%-1

(2.08e+2) - | (1.31e+0)- | (4.69e-1)= | (5.93e+1) = (8.06e-2)

10 | 19 8.2870e+3 2.3691e+2 2.7826e+2 1.8033e+3 1.6698e+3

(8.01e+3) - | (3.48e+2) + | (3.94e+2) + | (1.95e+3) = (1.23e+3)
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3 | 12 2.7807e-3 1.1518e-3 1.1338e-3 5.6264e-4 5.8972e-4

(3.44e-3) - | (1.57e-4)- | (2.18e-4)- | (4.57e-5)= | (2.91e-5)

5 | 14 2.6941e-2 3.1981e-3 3.2131e-3 3.0957e-3 3.6720e-3

oMOPS (7.77e-3) - | (3.56e-4)+ | (3.49e-4)+ | (4.65e-4)+ | (1.36e-4)
g | 17 1.9409e-1 3.2794e-3 3.1164e-3 6.3988e-3 8.3614e-3

(4.40e-2) - | (7.56e-4)+ | (4.23e-4)+ | (1.28e-3)+ | (3.57e-4)

10 | 19 1.4787e-1 2.1042e-2 2.0419e-2 1.2530e-2 9.6205e-3

(2.45e-2) - | (8.72e-3)- | (7.14e-3)- | (6.13e-3)= | (1.59-3)

3 | 1 1.9194e-2 1.3688e-2 1.1580e-2 4.5841e-2 9.9630e-4

(8.43e-3) - (8.53e-3) - (6.50e-3) - (6.16e-2) - (7.80e-4)

5 | 14 2.8807e-1 1.5171e-2 1.6958e-2 2.4622e-2 7.3974e-3

PMOP9 (7.58e-2) - (8.83e-3) - (7.94e-3) - (2.68e-2) - (5.26e-3)
8 | 17 9.5797e-1 2.6375e-2 2.8023e-2 8.7855e-2 6.1833e-2

(2.50e-1) - | (9.77e-3)+ | (1.66e-2)+ (1.35e-1) - (3.97e-2)

10 | 19 1.5176e+0 8.3021e-2 7.6761e-2 2.8071e-1 5.3258e-1

(2.8%-1)- | (3.72e-2)+ | (257e-2)+ | (2.81e-1)+ | (3.03e-1)

3 | 1 4.0225e-3 6.6403e-3 1.2664e-2 7.3591e-4 8.1330e-4

(4.92e-3) - (6.89¢-3) - (1.33e-2) - (2.46e-4) = (5.06e-5)

5 | 14 6.8024e-2 1.3109%-1 2.8282e-1 1.1223e-2 1.3067e-2

OMOPLL (3.37e-2) - | (1.03e-1)- | (3.11le-1)- | (2.35e-3)+ | (4.65e-4)
8 | 17 9.0247e+0 3.5381e-1 3.5049¢e-1 4.5320e-2 4.4666e-2

(3.39e+0) - | (1.68e-1)- | (1.50e-1)- | (6.83e-3)= | (1.31e-3)

10 | 19 8.3257e+0 8.7800e-1 7.0604e-1 7.5371e-2 5.0304e-2
(4.67e+0)- | (4.76e-1)- | (3.59%-1)- | (1.76e-2)- | (3.50e-3)

3 | 12 1.7102e-2 1.9103e-4 7.7803e-4 1.3622e-4 1.7267e-4

(2.89e-2) - | (1.03e-4)= | (1.94e-3)= | (4.20e-5)= | (6.93e-5)

5 | 14 4.8386e-1 3.2192e-3 2.535%e-3 1.1588e-1 3.5954e-4

MOPL2 (1.13e-1) - | (6.61e-3)= | (4.66e-3)- | (3.80e-1)= | (1.35e-4)
8 | 17 4.7259%-1 2.8734e-4 3.6082e-4 3.6956e-1 1.3624e-3

(1.93e-1) - | (1.37e-4)+ | (1.85e-4)+ | (5.34e-1)= | (3.13e-3)

10 | 19 1.7012e-1 1.3372e-3 1.3964e-3 1.2453e-1 4.1743e-2

(1.93e-1) - | (4.90e-4)+ | (4.7%-4)+ | (2.73e-1)= | (4.13e-2)

3 | 12 4.2588e-2 2.3506e-2 2.7068e-2 4.9823e-2 1.7025e-3

(2.72e-2) - | (1.23e-2)- | (1.83e-2)- | (1.06e-1)- (3.19¢-4)

5 | 14 1.3874e+0 3.0477e-1 2.9364e-1 4.3872e-1 9.7955e-2

SMOP1L3 (457e-1)- | (2.06e-1)- | (2.21e-1)- | (5.27e-1)- (9.70e-3)
8 | 17 4.4765e+1 1.9912e+0 2.1635e+0 2.5893e+1 1.0305e+1

(3.14e+1) - | (1.93e+0) + | (1.45e+0)+ | (1.89e+1)- | (1.03e+1)

10 | 19 1.0412e+2 1.0088e+1 8.9263e+0 8.7474e+1 2.3184e+2

(1.61e+2) + | (4.96e+0) + | (5.66e+0) + | (6.42e+1) + (1.38e+2)

3 | 12 2.6551e-2 3.4955e-2 1.7731e-2 1.0437e-3 1.0194e-3

PMOP14 (6.55e-2) - | (5.01e-2)- | (2.12e-2)- | (3.77e-4)= | (2.84e-4)
5 114 | 2.2893e+0 1.8049e-1 1.6238e-1 1.4398e+0 2.4340e-2

24




R T RSO 4R L H AR RO

(1.51e+0) - | (L.46e-1)- | (1.92e-1)- | (6.31e+0)- | (3.11e-3)
g | 17| 427721 | 2193%1 | 19790e-1l | 6.888levl | 4.138de-1
(2.48e+1) - | (L1le-1)+ | (1.64e-1)+ | (5.90e+1)- | (7.81e-2)
Lo | 1o | 46106e+1 | 95097e-1 | 8.858le-l | 12108e+2 | 24970+
(5.45e+1) = | (6.28e-1) + | (4.0le-1)+ | (1.28e+2)= | (2.31e+1)

+-I= 413713 15/23/6 15/21/8 7/18/19

PMOPs i i) @ 1 T b B AEAN[F] H A% T 1) KIGD fH4n13% 2.7 s, KnMAPIO #£
20 AN E 3RS T AL, LBD_MOEA X375 T 10 4, KnEA K137 8 4,
LA_MOEA 3Kf3 T 6 /1>, A 1 MAPIO Sy ATEAT Ar] Wl 17 850 HH B A S e A e 7 2
ERXF AR K, KnMAPIO BIEEpfitkae B RA BFE MRS, ik 2.7 A
PMOP it a) #_FS0 i PERE T LA Y, AR SCHRUEALE PMOP 20 3. 5. 8 A1 11 /M e
B BRI AitERE . XHF PMOP2 £ PMOP11, FRATHIEELEPUAS AR H br EH
AT T RFHITERE, RINZEIETEMR LR A I PEAN S 44 PoF REAE 1Y) 1] B H A & e 1t
MR R KNnMAPIO SELEfR Y PMOPL3 i) #l I (R BIAFAE — B R Bk, [HNFE
2.6 F1 2.7 LIk LS ae 25 AR B, BB (0 T4 s SCTC I A S e 1 SR M ] LA 5 1R
VEIR A3 SRR R ORI — 25 5 i R AE A AR e 43 LA R s W S50 T 114
AP

& 2.7 PMOPs MK |9 A2 % & A H- % £ R B 47T 49 KIGD {4

Table 2.7 The KIGD value of five algorithms for different objectives in the PMOP test problems

Problem | M | D KnEA LA _MOEA | LBD_MOEA MAPIO KnMAPIO
3 |12 2.6853e-1 5.9505e-1 5.4260e-1 6.0434e-1 2.7254e-1
(1.18e-1) = | (1.26e-1)- (2.34e-2) - (1.83e-1) - (6.58e-2)
5 |1 1.0157e+0 1.1116e+0 1.2159e+0 1.8858e+0 1.0083e+0
PMOPL (3.23e-1) = | (7.93e-2) - (1.90e-1) - (5.11e-1) - (2.01e-1)
s | 17 2.6883e+0 2.0252e+0 2.0805e+0 3.8210e+0 2.5159%+0
(5.57e-1)= | (2.47e-1)+ | (2.47e-1)+ | (1.05e+0) - (5.98e-1)
10 | 19 3.3227e+0 2.4065e+0 2.4333e+0 3.8954e+0 3.1598e+0
(8.43e-1) = | (5.82e-1)+ | (6.86e-1)+ | (1.49+0) - (5.70e-1)
3 | 12 8.2361e-2 1.9643e-1 1.8918e-1 1.2218e-1 5.1144e-2
(3.27e-2) - (3.91e-2) - (2.89¢-2) - (8.63e-2) - (2.77e-3)
& | 14 2.1464e-1 2.5161e-1 2.6696e-1 2.7517e-1 1.2601e-1
PMOP2 (3.66e-2) - (1.95e-2) - (9.84e-3) - (6.38e-2) - (3.83e-3)
8 | 17 1.0408e+0 2.9526e-1 2.8723e-1 2.5802e-1 1.7112e-1
(5.95e-1) - (1.57e-2) - (2.72e-2) - (4.53e-2) - (8.86e-3)
10 | 19 4.2602e+0 2.5368e-1 2.3400e-1 2.4022¢e-1 1.6852e-1
(1.36e+1) - | (6.42e-2) - (3.19-2) - (3.94e-2) - (1.82e-2)
2.5274e-1 5.8548e-1 5.8268e-1 8.7264e-1 3.6911e-1
PMOP3 | 3 | 12
(1.05e-1) + (1.85e-1) - (1.48e-1) - (4.08e-1) - (9.86e-2)
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& | 14 3.7703e+0 4.1051e-1 4.1513e-1 7.1453e-1 4.5518e-1
(1.77e+0) - | (7.52e-2)= | (5.60e-2) = (3.25e-1) - (1.38e-1)
8 | 17 5.2670e+0 8.0183e-1 7.6525e-1 9.3674e-1 6.3808e-1
(2.46e+0) - | (1.05e-1) - (1.22e-1) - (2.51e-1) - (1.92e-1)
10 | 10 2.2139e+0 7.3272e-1 7.5130e-1 9.2550e-1 4.6871e-1
(6.92e-1) - (1.70e-1) - (1.58e-1) - (3.80e-1) - (1.52e-1)
3 | 1 2.8170e+0 | 3.3324e+0 4.7727e+0 4.2699e+0 | 9.5969e+0
(2.13e+0) + | (4.19e+0) + | (3.75e+0) + | (2.29e+0) = | (1.49e+1)
5 | 1.482%+1 | 4.3223e+0 4.6777e+0 7.0438e+0 1.0108e+1
PMOPS (1.11e+1) - | (2.12e+0) + | (4.05e+0) + | (3.45e+0) = (1.56e+1)
g | 17 3.3853e+2 1.5657e+1 8.5184e+0 3.9376e+1 7.4689e+0
(3.25e+2) - | (1.85e+1)- | (7.50e+0)= | (4.42e+1)- (4.63e-1)
10 | 19 6.8345e+2 | 8.8091le+1 1.0208e+2 9.3403e+1 1.0832e+1
(1.12e+3) - | (4.85e+1) - (5.66e+1) - (1.19e+2) - (1.14e+0)
3 | 1 1.7601e-1 5.4568e-1 4.6391e-1 6.2970e-1 2.7046e-1
(1.60e-1) + | (1.47e-1) - (1.20e-1) - (1.49-1) - (5.56e-2)
5 | 4.3831e+0 7.6308e-1 7.3838e-1 1.1036e+0 8.8021e-1
PMOPE (3.47e+0) - | (2.75e-1) + (9.21e-2) + (4.67e-1) - (1.21e-1)
8 | 17 7.5155e+1 1.7853e+1 1.8490e+1 2.1558e+1 2.1015e+1
(3.37e+1) - | (1.73e+0) + | (1.59e+0) + | (1.77e+0) = (2.21e+0)
10| 10 2.5178e+3 | 4.4665e+3 4.4723e+3 4.6534e+3 1.9794e+3
(6.14e+2) - | (8.82e+1)- | (9.92e+1)- | (1.26e+2)- (3.05e+2)
3 | 12 7.0425e-2 1.4075e-1 1.4191e-1 8.2930e-2 4.8745e-2
(1.13e-2) - (1.58e-2) - (1.35e-2) - (4.10e-2) - (3.21e-3)
5 | 14 1.3441e-1 1.0892e-1 1.1311e-1 1.2163e-1 8.2575e-2
PMOPS (4.09e-2) - (1.08e-2) - (1.21e-2) - (2.07e-2) - (4.88e-3)
8 | 17 8.8452¢-1 9.0989¢-2 8.9956e-2 1.0620e-1 1.0402e-1
(2.18e-1)- | (7.80e-3)+ | (8.29e-3)+ | (9.73e-3) = (6.56e-3)
10| 10 7.603%-1 2.4150e-1 2.4283e-1 1.4406e-1 9.2146e-2
(1.50e-1) - (9.75e-2) - (7.85e-2) - (4.79-2) - (7.88e-3)
3 | 1 1.3906e-1 2.0702e-1 2.2717e-1 2.2026e-1 1.6904e-1
(4.50e-2) + | (1.61e-2) - (3.69¢-2) - (8.45e-2) - (3.37e-2)
5 | 5.8132¢-1 3.1323e-1 3.0794e-1 3.6916e-1 3.898%-1
MOPY (1.71e-1) - | (3.14e-2)+ | (3.15e-2)+ | (1.07e-1)= | (7.01le-2)
8 | 17 1.9717e+0 1.2528e+0 1.1900e+0 1.2311e+0 1.0381e+0
(5.31e-1)- | (1.56e-1)- | (1.28e-1)- | (4.38e-1)= | (1.91e-1)
10| 10 2.7666e+0 | 2.1324e+0 2.2090e+0 2.5009e+0 | 3.0383e+0
(7.77e-1) = | (8.83e-1)+ | (8.58e-1)+ | (8.30e-1)= | (8.21e-1)
3 | 1 1.3908e-1 4.333%-1 4.347%-1 2.8026e-1 7.7811e-2
(8.77e-2) - | (2.27e-1)- | (1.63e-1)- | (1.97e-1)- (5.72e-3)
PMOP11 5 | 14 5.2547e-1 1.1296e+0 1.4137e+0 5.1416e-1 3.1333e-1
(1.04e-1) - (3.85e-1) - (5.62e-1) - (1.38e-1) - (8.19¢-3)
8 | 17 | 3.9618e+0 | 2.5680e+0 2.2941e+0 7.8853e-1 5.4073e-1
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(9.52e-1) - (6.86e-1) - (6.27e-1) - (1.37e-1) - (1.93e-2)

10 | 19 4.7537e+0 3.0703e+0 3.0707e+0 1.0975e+0 5.753%-1

(2.20e+0) - | (1.01e+0)- | (1.07e+0)- (2.18e-1) - (4.82e-2)

3 |1 2.4202e-2 7.5334e-2 7.1418e-2 6.6945e-2 3.9892e-2

(3.05e-2) + | (1.25e-2) - (9.85e-3) - (2.24e-2) - (6.91e-3)

5 | 14 1.9901e-1 2.2920e-2 2.3061e-2 4.4371e-2 1.9186e-2

PMOPL2 (6.55e-2) - | (6.16e-3) = (4.56e-3) - (2.65e-2) - (4.65e-3)
8 | 17 1.115%-1 1.4485e-2 1.3576e-2 1.8497e-2 1.4013e-2

(3.93e-2) - | (2.07e-3)= | (L.71e-3)= | (2.18e-2) = (3.24e-3)

10 | 19 3.7249¢-2 1.0771e-2 1.0078e-2 2.5190e-2 1.4129e-2

(1.58e-2) - | (2.31e-3)= | (2.02e-3)= (9.69e-3) - (9.13e-3)

3 | 12 3.0682e-1 5.7992e-1 6.0788e-1 5.6996e-1 4.1210e-1

(1.41e-1) + | (6.52e-2) - (8.69e-2) - (1.19-1) - (1.29e-1)

5 | 3.0814e+0 2.1149e+0 2.0965e+0 2.7325e+0 2.1606e+0

PMOP13 (9.15e-1) - (2.81e-1) = (3.49-1) = (9.71e-1) = (3.61e-1)
8 | 17 2.8672e+1 2.3196e+1 2.2053e+1 2.4960e+1 2.4559e+1

(9.63e+0) = | (1.97e+0)= | (2.06e+0)= | (6.15e+0) = | (7.42e+0)

10 | 19 8.9153e+1 7.4262e+1 7.3543e+1 0.6421e+1 1.1515e+2

(3.43e+1) + | (1.87e+1)+ | (1.53e+l)+ | (1.48e+1)+ (3.09e+1)

3 |1 1.7942¢-1 4.1954e-1 4.0260e-1 3.6961e-1 2.6477e-1

(3.12e-1) + | (9.96e-2) - (6.51e-2) - (9.20e-2) - (7.99%-2)

& | 14 2.5583e+0 5.2732e-1 4.9098e-1 7.5403e-1 5.5255e-1

PMOP14 (1.75e+0) - | (1.64e-1)+ | (1.28e-1)+ | (5.47e-1)= (6.78e-2)
g | 17 1.2453e+1 1.5843e+0 1.3726e+0 1.8290e+0 1.4863e+0

(6.48e+0) - | (3.46e-1)= | (2.94e-1)+ | (7.60e-1) = (1.95e-1)

10 | 19 2.1500e+1 5.7148e+0 5.9720e+0 4.6215e+0 2.2220e+0

(1.49e+1) - | (1.23e+0)- | (1.45e+0)- | (3.41e+0) - (7.37e-1)

+-I= 8/30/6 11/26/7 12/26/6 1/31/12

2.3.4 7£ DTLZ 1 WFG frAENit & I SEIE 45 RO #h

FEARTTH, F 2.8 fIFE 2.9 X} GrEAPL, MOEA/DP4, NSGA-111E, RVEABS], VaEALS
CSEADB, hpaEADPE, MaPSO-MCPUFIFE Hi ) KNnMAPIO 7E DTLZ ik p& £ b i 78 25 1%

AT TSI AT, 3R 2.10 B 1 BEAE WRG IHeR % 178 s M Lh 25 5. i
#* 28 WTLIEH, GrEA. MOEA/D. NSGA-Ill. RVEA. VaEA FlEH ) KnMAPIO 4>
ATE 5+ 5. 1. 0. 0 F1 14 AN e b A4 1 s 42 H AR %0 6. 8. 10 () DTLZ4
A, BATMEEA R T 5 MOEA/D MHFEIIZE R . WK 28 ME/E — 1T LLEH, 5
RVEA #HEt, KnMAPIO 7t 28 MR £ b BA B3 1R . NSGA-II &HiE R A=A
AR 8] B _E . KnMAPIO 5HE4F, GrEA Fll VaEA 4 4 Tk fLfif, MOEA/D 7£ 6 Ml
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A1 6 M pR 2 EAARIFIPERE, FRUGIE I 1 AR SCEERAE SRR U] R K50 22 06 [ (7 18 1)
AR TERE. SR, MEHPHETTUIE L, KnMAPIO 7£ DTLZ7 LRI IRdT, JHEP
TEZ I R B ) 22 1A e 1 DL B DR AR S, A4S A I BRI BB A 2 - R 2.9
(R bb g R, AR SOV PR RE AL T A = R R . 4y e R 7 AR RN
0.00e+0, i PF Hr AT AR 1A Bl &AM EE P B/ MABTSCIC . T VaEA £ DTLZ7
78 T #3405 1.0000e+0, 1A PR A K A fif s d 2 PR vh R S e AR BT SRS . |
IR S5 25 A — IR T TR L 1) 5K Pareto HIVA IE VTR
% 2.8 DTLZ MHALE ENFhEVELEAIE H A% T 1) Coverage &

Table 2.8 The coverage value of six algorithms for different objectives in the DTLZ test problems

Proble KnMAPI
o M| D GreA MOEAD NSGAIII RVEA VaEA o
4 8 4.5879%-1 7.3624e-1 | 4.2250e-1 5.8777e-1 5.9782e-1 | 4.0408e-1
(2.47e-1)- | (3.82e-1)- | (2.24e-1)- | (3.10e-1)- | (9.49e-2)- | (7.60e-2)
6 | 10 1.0480e-1 4.4028e-1 2.9848e-1 6.2092e-1 2.9040e-1 | 4.5758e-1
DTLZ1 (6.87e-2) + | (4.51e-1)= | (1.78e-1) + | (3.24e-1)- | (7.16e-2) + | (9.46e-2)
s | 1 8.1838e-2 2.7124e-1 2.1132e-1 6.0749-1 1.2778e-1 | 2.8715e-1
(8.28e-2) + | (4.47e-1) + | (1.52e-1)+ | (3.15e-1)- | (3.20e-2) + | (7.22e-2)
10| 14 2.2461e-1 4.6631e-1 1.8267e-1 5.4869e-1 1.7188e-1 | 1.0364e-1
(1.20e-1) - | (5.06e-1)= | (1.03e-1)- | (2.85e-1)- | (2.77e-2)- | (3.77e-2)
4| 13 2.7778e-2 1.4866e-1 1.2389%-1 1.3906e-1 3.0722e-1 | 4.0556e-2
(1.96e-2) = | (8.81e-2)- | (7.35e-2)- | (8.42e-2)- | (8.93e-2)- | (2.11e-2)
6 | 15 2.3737e-2 7.6515e-2 7.9293e-2 4.4275e-2 2.0505e-1 | 7.5758e-3
DTLZ2 (1.80e-2) - | (5.05e-2)- | (5.58e-2)- | (2.91e-2)- | (5.50e-2)- | (8.44e-3)
g | 17 2.7244e-1 5.4060e-2 1.5000e-1 3.9978e-2 2.0385e-1 | 8.9744e-3
(1.61e-1) - | (3.86e-2)- | (9.74e-2)- | (2.94e-2)- | (6.50e-2)- | (8.52e-3)
10| 19 1.2412e-1 2.6935e-2 2.1867e-1 1.6254e-1 3.4267e-1 | 1.5152e-2
(6.98e-2) - | (2.17e-2)- | (1.59e-1)- | (8.95e-2)- | (4.24e-2)- | (1.04e-2)
2| 13 1.9675e-1 6.9837e-1 1.0463e-1 | 4.7460e-1 1.3375e-1 | 2.3634e-1
(1.05e-1) = | (3.45e-1)- | (6.17e-2)+ | (2.56e-1)- | (6.81e-2) + | (1.27e-1)
6 | 15 2.1212e-2 6.0294e-1 1.2980e-1 4.7319%-1 1.2828e-1 | 1.7407e-1
DTLZ3 (2.42e-2) + | (3.76e-1)- | (7.83e-2)= | (2.54e-1)- | (4.84e-2) + | (8.36e-2)
g | 17 4.1239%-2 4.4444e-1 9.1026e-2 4.6503e-1 6.3034e-2 | 7.9915e-2
(3.22e-2) + | (4.53e-1)= | (7.93e-2)= | (2.48e-1)- | (3.51e-2)= | (4.77e-2)
10| 19 3.4873e-1 3.5065e-1 9.939%4e-2 4.6986e-1 1.2703e-1 | 1.0667e-2
(1.85e-1)- | (4.16e-1)- | (7.29e-2)- | (2.04e-1)- | (2.98e-2)- | (1.02e-2)
4 | 13 2.0556e-2 3.9313e-3 7.7500e-2 1.1776e-1 2.7000e-1 | 2.8333e-2
(1.97e-2) = | (1.56e-2) + | (5.89%-2)- | (8.04e-2)- | (9.80e-2)- | (1.88e-2)
DTLZ4 6 | 15 5.5556e-3 | 0.0000e+0 | 3.7879%-3 8.9628e-3 1.0480e-1 | 0.0000e+0
(6.87e-3) - | (0.00e+0) = | (4.77e-3)- | (9.70e-3)- | (4.90e-2) - | (0.00e+0)
8 | 17 | 9.8291e-3 | 0.0000e+0 | 1.4957e-3 5.8110e-3 1.6453e-2 | 0.0000e+0
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(9.33e-3) - | (0.00e+0) = | (2.76e-3)- | (6.64e-3)- | (1.38e-2)- | (0.00e+0)
10| 19 1.2121e-4 | 0.0000e+0 | 0.0000e+0 | 2.4287e-4 1.9394e-3 | 0.0000e+0

(6.64e-4) = | (0.00e+0) = | (0.00e+0) = | (9.24e-4)= | (2.82e-3)- | (0.00e+0)

4 | 13 2.2583e-1 3.4251e-1 5.5667e-1 5.8905e-1 2.6556e-1 | 1.911%e-1

(3.47e-2) - | (1.13e-1)- | (1.20e-1)- | (8.79e-2)- | (2.88e-2)- | (3.38e-2)

6 | 15 1.3359-1 3.8518e-1 3.6869e-1 3.1238e-1 2.7778e-1 | 1.9444e-2

DTLZS (4.08e-2) - | (9.84e-2)- | (8.50e-2)- | (1.00e-1)- | (3.54e-2)- | (1.03e-2)
g | 17 1.6346e-1 4.4867e-1 3.2650e-1 4.9464e-1 4.1303e-1 | 1.3889%-2

(5.65e-2) - | (9.84e-2)- | (9.61e-2)- | (1.52e-1)- | (5.79e-2)- | (8.76e-3)

10| 10 2.027%-1 5.1906e-1 3.7382e-1 5.6948e-1 5.1479%-1 | 4.7273e-3

(7.03e-2) - | (1.03e-1)- | (7.12e-2)- | (1.3%-1)- | (8.46e-2)- | (2.17e-3)

4 |13 1.6361e-1 2.2552¢e-1 3.8056e-1 4.6218e-1 3.8667e-1 | 3.5278e-2

(8.29¢-2) - | (2.69e-1)- | (2.08e-1)- | (1.91e-1)- | (1.67e-1)- | (2.49-2)

6 | 15 3.1061e-1 4.6105e-1 7.2020e-1 4.008%-1 8.9672e-1 | 1.3889-2

DTLZ6 (1.40e-1) - | (2.73e-1)- | (2.42e-1)- | (1.45e-1)- | (2.11e-2)- | (8.92e-3)
g | 17 7.7885e-1 5.1588e-1 6.2329¢-1 6.0568e-1 8.7073e-1 | 6.623%-3

(2.31e-1) - | (2.58e-1)- | (1.55e-1)- | (1.26e-1)- | (1.50e-2)- | (1.17e-3)

10| 19 7.8085e-1 5.433%-1 5.6812¢-1 6.8867e-1 9.1576e-1 | 3.6364e-3

(1.28e-1) - | (2.16e-1)- | (1.27e-1)- | (1.44e-1)- | (1.62e-2)- | (1.32e-18)

4 | 23 7.3917e-1 1.0312e-1 9.5750e-1 9.3947e-1 1.0000e+0 | 1.4083e-1

(3.14e-1) - | (6.12e-2) + | (9.92e-2) - | (1.41e-1)- | (0.00e+0)- | (5.86e-2)

6 | 25 6.5227e-1 | 4.6063e-3 9.2626e-1 8.5340e-1 1.0000e+0 | 1.2500e-1

DTLZ7 (2.72e-1) - | (4.78e-3) + | (1.71le-1)- | (3.10e-1)- | (0.00e+0)- | (7.00e-2)
g | 27 6.3718e-1 | 4.2735e-4 | 8.7842-1 8.3217e-1 1.0000e+0 | 1.2158e-1

(3.02e-1) - | (1.63e-3) + | (2.78e-1)- | (2.87e-1)- | (0.00e+0) - | (4.92e-2)

10 | 29 8.3709e-1 | 0.0000e+0 | 8.7455e-1 8.3392¢-1 1.0000e+0 | 3.7188e-1

(3.71e-1) - | (0.00e+0) + | (2.86e-1)- | (2.92e-1)- | (0.00e+0) - | (1.74e-1)

+-/= 4/20/4 6/16/6 3/22/3 0/27/1 4/23/1

% 2.9DTLZ MK % Ewib ik £~ F) B /=T # Coverage 14

Table 2.9 The coverage value of four algorithms for the last years on the DTLZ test problems

P::nbl M | D CSEA hpaEA MaPSO-MC KnMAPIO
4 | g 2.0738e-1 5.6677e-1 1.9483e-1 3.5385e-1
(8.19e-2) = (9.87e-2) = (4.16e-2) + (1.55e-1)
6 |10 1.2194e-1 2.6597e-1 2.2651e-1 4.3182¢-1
DTL (9.48e-2) + (5.13e-2) + (8.42e-2) + (1.13e-1)
Z1 8 | 12 1.3484e-1 3.4003e-1 6.0640e-1 2.7949¢e-1
(9.03e-2) + (4.40e-2) = (2.34e-1) = (7.91e-2)
10 | 14 1.2299¢-1 3.237%-1 7.3257e-1 1.0691e-1
(8.45e-2) = (5.84e-2) - (6.57e-2) - (1.88e-2)
4.3457e-2 2.3866e-1 2.1864e-2 3.3333e-2

DTL | 4 |13
- (4.55e-3) = (4.99¢-2) - (1.14e-2) = (8.33e-3)
6 |15 1.4294e-2 1.4643e-1 0.0000e+0 9.0909e-3
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(2.44e-3) = (2.05€-2) - (0.00e+0) = (8.30e-3)

s |17 6.9210e-3 3.3982¢-1 2.5641e-2 6.4103e-3
(2.48¢-3) = (4.71e-2) - (1.76€-2) = (6.41e-3)

10 | 10 6.2743e-3 4.9282e-1 6.64066-2 1.7455e-2
(3.62¢-3) = (1.03e-1) - (5.61e-3) - (1.13e-2)

s |13 1.6000e-1 1.1421e-1 1.1682e-1 2.3337e-1
(1.02¢-1) = (1.21e-1) = (6.00e-2) + (5.68¢-2)

6 |15 7.7102e-2 6.5152¢-2 2.0237e-2 1.3333e-1
DTL (2.25€-2) = (6.78e-3) = (1.50e-2) = (7.64e-2)
23| | 3.0030e-2 1.6785e-1 3.7703e-1 8.0769-2
(1.76e-2) = (2.52e-2) = (1.09e-1) - (6.50e-2)

0 | 1 3.6201e-2 2.7883¢-1 4.6611e-1 2.0364e-2
(2.04e-2) = (7.72¢-2) - (9.24e-2) - (1.38e-2)

s |13 4.0185¢-2 7.6634e-2 1.8333e-2 1.5000e-2
(6.46e-3) = (7.43e-2) = (2.24e-2) = (2.07e-2)

6 |1 4.5612¢-3 1.8417e-2 0.0000e+0 0.0000e+0
DTL (3.49¢-3) - (1.95€-2) - (0.00e+0) = (0.00e+0)
Z3N IR 8.9403e-4 7.88366-3 0.0000e+0 0.0000e+0
(8.68e-4) - (7.69-3) = (0.00e+0) = (0.00e+0)

0 | 10 1.2099-4 0.0000e+0 0.0000e+0 0.0000e+0
(1.49-4) = (0.00e+0) = (0.00e+0) = (0.00e+0)

s |13 1.5942¢-1 3.0333e-1 4.1731e-1 1.8667e-1
(3.6%-2) = (4.51e-2) - (3.99¢-2) - (3.75€-2)

6 |15 1.4225¢-1 3.5606¢-1 4.2605e-1 2.1212e-2
DTL (3.11e-2) - (4.25¢-2) - (6.48¢-2) - (6.34¢-3)
25| o | 1.3577e-1 3.1923e-1 2.6525e-1 8.9744e-3
(3.13¢-2) - (2.85€-2) - (1.11e-1) - (5.73¢-3)

0 | 10 1.3757e-1 3.4473e-1 3.4531e-1 4.36366-3
(2.50e-2) - (3.81e-2) - (1.16e-1) - (1.63¢-3)

s |13 2.1035e-1 4.3833¢-1 3.2251e-1 4.3333¢-2
(2.81e-2) - (1.85e-1) - (8.11e-2) - (4.10e-2)

6 | 15 2.8056¢-1 7.5748¢e-1 5.5960e-1 1.0606e-2
DTL (3.47¢-2) - (2.16e-2) - (1.25e-1) - (4.15e-3)
26 | o |y 1.5116e-1 7.6537e-1 5.6244e-1 6.4103e-3
(1.84¢-2) - (4.408-2) - (1.60e-1) - (0.00e+0)

0 | 10 1.3233e-1 8.3200e-1 7.0163¢e-1 3.6364e-3
(2.91e-2) - (2.92¢-2) - (7.34¢-2) - (0.00e+0)

s | 4.1363e-1 9.8833¢-1 9.6988¢-1 1.2000e-1
(6.31e-2) - (1.83¢-2) - (4.70e-2) - (3.89%-2)

DTL | o | 2.63366-1 9.9394e-1 9.7871e-1 2.3485e-1
Z7 (6.63¢-2) = (9.88e-3) - (4.266-2) - (1.16e-1)
o | 27 2.4612e-1 1.0000e+0 9.7183e-1 1.0256¢-1
(5.60e-2) - (0.00e+0) - (5.55€-2) - (2.94¢-2)
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10 | 2 4.4943¢-1 1.0000e+0 1.0000e+0 4.4873e-1
(1.51e-1) = (0.00e+0) - (0.00e+0) - (8.48¢-2)
+/-I= 2/11/15 1/19/8 3/16/9

7 2.10 &7~ T KnMAPIO 5 5 Fra L 535 AE WG I ek 25 _E Coverage i 1 LL A 4

B Hrh GrEA. MOEA/D. NSGA-IIl. RVEA. VaEA FIJT#E K KnMAPIO 73 HI7E 9. 4.
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fE T SCIC, IR B F R SR SR A O B il B EL A AR RN PR RE . MOEAVD BVAETE 5 Al
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Table 2.10 The coverage value of six algorithms for different objectives in the WFG test problems

AEZLL T3
R R I AN ] 2 1) P42 BT S s xe

Prgqble M| D GreA MOEAD RVEA NSGAIII VaEA KnMAPIO
4|13 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0

(0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0)

6 | 15 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0

WEGL (0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0)
8 | 17 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0

(0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0)

10| 19 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0

(0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0) = | (0.00e+0)

4|13 6.6375e-1 9.5170e-1 8.6233e-1 9.0833e-1 9.2458e-1 | 9.6625e-1

(1.48e-1) + | (8.27e-2)= | (8.80e-2) + | (6.43e-2) + | (4.67e-2)+ | (1.80e-2)

6 | 15 2.0833e-1 3.9986e-1 3.6283e-1 3.4508e-1 7.0492e-1 | 1.6288e-1

WEG? (1.08e-1) - | (3.53e-1)- | (1.37e-1)- | (1.34e-1)- | (L.12e-1)- | (1.45e-1)
8 |17 1.4103e-2 7.0152e-2 8.3573e-2 7.2756e-2 4.2051e-1 | 1.6346e-2

(1.56e-2) = | (1.59%-1)= | (1.06e-1)- | (5.60e-2)- | (1.05e-1)- | (2.52e-2)

10| 19 2.2982e-1 7.9488e-2 2.8001e-1 2.9600e-1 5.4618e-1 | 3.6727e-1

(8.50e-2) + | (2.22e-1) + | (1.21e-1) + | (9.08e-2) + | (1.34e-1)- (1.13e-1)

4 |13 2.0833e-1 9.7711e-2 2.9012e-1 2.1667e-1 1.7708e-1 | 8.0833e-2

(4.42e-2) - | (3.76e-2)= | (4.78e-2)- | (3.05e-2)- | (3.05e-2)- | (2.21e-2)

wres | 6 | 15 6.4773e-2 5.6818e-3 5.9463e-2 5.7576e-2 8.5227e-2 | 2.0076e-2
(1.52e-2) - | (5.43e-3)+ | (2.44e-2)- | (6.22e-2)- | (3.18e-2)- | (7.88e-3)

8 |17 6.2500e-2 0.0000e+0 2.7750e-2 7.7244e-2 5.9615e-2 | 1.2500e-2

(1.50e-2) - | (0.00e+0) + | (1.95e-2)- | (3.38e-2)- | (2.37e-2)- | (5.29%-3)
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10 | 19 1.9636e-2 0.0000e+0 1.8235e-2 6.5636e-2 3.7636e-2 | 8.0000e-3

(4.78e-3) - | (0.00e+0) + | (9.73e-3)- | (2.36e-2)- | (1.15e-2)- | (5.73e-3)

4 |13 6.4500e-1 9.8609e-1 9.4731e-1 9.3625e-1 9.5708e-1 | 6.3625e-1

(5.67e-2) = | (2.66e-2)- | (2.79-2)- | (3.26e-2)- | (2.25e-2)- | (6.78e-2)

6 |15 3.0720e-1 4.8399-1 4.6930e-1 4.7652e-1 4.4659%-1 | 2.0341le-1

WEGH (3.87e-2) - | (8.44e-2)- | (6.09e-2)- | (1.24e-1)- | (6.51e-2)- | (4.36e-2)
8 |17 1.7051e-1 6.2188e-1 3.3488e-1 2.7692e-1 1.9712e-1 | 1.2853e-1

(3.23e-2) - | (1.00e-1)- | (6.29e-2)- | (6.80e-2)- | (2.93e-2)- | (2.18e-2)

10| 19 4.5636e-2 7.2709e-1 3.1210e-1 9.1273e-2 1.1309e-1 | 1.0345e-1

(2.06e-2) + | (1.34e-1)- | (7.07e-2)- | (3.61e-2)= | (2.20e-2)= | (2.0le-2)

4|13 8.4042e-1 9.8041e-1 9.7353e-1 0.7833e-1 9.7750e-1 | 7.3167e-1

(3.20e-2) - | (1.90e-2) - (1.53e-2) - (1.56e-2) - (1.51e-2) - (3.18e-2)

6 | 15 2.9924e-1 8.0567e-1 5.0910e-1 4.7727e-1 4.8485e-1 | 1.3712e-1

WEGS (5.21e-2) - | (5.30e-2)- | (6.64e-2)- | (6.26e-2)- | (4.66e-2)- | (2.30e-2)
8 | 17 1.7821e-1 9.0509¢e-1 4.511%-1 3.3718e-1 2.4519e-1 | 7.3397e-2

(2.95e-2) - | (2.3%-2)- | (8.53e-2)- | (5.29e-2)- | (2.40e-2)- | (1.11e-2)

10| 19 1.3327e-1 9.1205e-1 5.1249¢-1 2.9145e-1 1.9418e-1 | 3.9636e-2

(1.75e-2) - | (3.68e-2)- | (9.85e-2)- | (6.95e-2)- | (2.17e-2)- | (1.07e-2)
4 |13 9.7458e-1 9.9680e-1 1.0000e+0 | 1.0000e+0 9.9917e-1 | 1.0000e+0

(3.90e-2) + | (7.04e-3) + | (0.00e+0) = | (0.00e+0) = | (3.73e-3)= | (0.00e+0)

6 |15 5.9280e-1 9.6534e-1 6.8979%-1 7.2538e-1 7.0909%-1 | 5.5530e-1

WEGE (7.74e-2) = | (4.40e-2)- | (L.2le-1)- | (7.50e-2)- | (7.81le-2)- | (3.62e-2)
8 |17 3.5449e-1 9.6251e-1 6.5698e-1 5.599%4e-1 3.7115e-1 | 2.4231e-1

(5.43e-2) - | (3.44e-2)- | (1.19e-1)- | (5.22e-2)- | (5.57e-2)- | (3.04e-2)

10| 19 2.2491e-1 9.7176e-1 6.0188e-1 4.3164e-1 3.2073e-1 | 1.1436e-1

(3.50e-2) - | (2.97e-2)- | (1.02e-1)- | (8.20e-2)- | (3.76e-2)- | (1.52e-2)

4 |13 3.4333e-1 9.5430e-1 9.3964e-1 9.5125e-1 9.6292e-1 | 3.9292¢-1

(3.40e-2) + | (5.36e-2)- | (3.31e-2)- | (3.26e-2)- | (2.03e-2)- | (7.26e-2)

6 |15 2.2462e-1 5.2022e-1 4.5206e-1 5.8030e-1 4.9697e-1 | 1.6856e-1

WEGT (4.44e-2) - | (1.24e-1)- | (7.56e-2)- | (6.29e-2)- | (8.59e-2)- | (2.84e-2)
g |17 1.9359-1 5.9153e-1 3.7343e-1 3.4135e-1 2.7821e-1 | 1.2436e-1

(3.13e-2) - | (1.35e-1)- | (9.09e-2)- | (1.02e-1)- | (5.8%e-2)- | (2.37e-2)

10 19 4.4000e-2 7.0603e-1 3.9081e-1 1.7545¢e-1 1.8218e-1 | 1.5636e-1

(7.82e-3) + | (L.21le-1)- | (7.28e-2)- | (6.85e-2)= | (2.98e-2)- | (3.83e-2)

4 |13 9.6208e-1 9.9957e-1 9.9640e-1 9.9500e-1 9.9625e-1 | 9.7042e-1

(1.68e-2) = | (1.93e-3)- | (6.79e-3)- | (7.84e-3)- | (5.04e-3)- | (1.52e-2)

6 | 15 8.3068e-1 9.9955¢e-1 9.3790e-1 8.6250e-1 8.6894e-1 | 6.2652e-1

WEGS (3.65e-2) - | (2.01e-3)- | (3.45e-2)- | (7.71e-2)- | (3.36e-2)- | (5.08e-2)
8 |17 7.4712e-1 1.0000e+0 8.8322¢-1 5.5481e-1 7.0737e-1 | 3.6218e-1

(3.23e-2) - | (0.00e+0)- | (1.10e-1)- | (2.11e-1)- | (4.17e-2)- | (4.56e-2)

10 19 6.5455e-2 1.0000e+0 7.6137e-1 4.8055e-1 6.3436e-1 | 3.9364e-1

(4.27¢-2) + | (0.00e+0)- | (6.90e-2)- | (1.02e-1)- | (3.65e-2)- | (4.09-2)

WFGY9 | 4 | 13| 6.4167e-1 9.9246e-1 9.8242¢-1 9.8917e-1 9.7250e-1 | 7.4917e-1
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(6.78¢-2) = | (1.50e-2)- | (1.87e-2)- | (1.51e-2)- | (2.89%-2)- | (1.86e-1)
6 | 5| 33068e-1 | 972531 | 7.0578e-d | 6.7727ed | 737121 | 2.325e-1
(1.03e-1) - | (4.65e-2)- | (L.22e-1)- | (L.27e-1)- | (L.1le-1)- | (1.53e-1)
g | 17| 2080le-l | 97050e-1 | 50030el | 4.3590e-l | 3.7340e-1 | 8.7500e-2
(6.03e-2) - | (4.67e-2)- | (L40e-1)- | (1.63e-1)- | (1.05e-1)- | (3.12e-2)
1o | g | 53091e2 | 9.8128e1 | 3651led | 2338%-1 | 2149%e-1 | 3.181e-2
(2.20e-2) - | (3.52e-2)- | (1.03e-1)- | (1.00e-1)- | (3.55e-2)- | (1.33e-2)

+-I= 7/20/9 5/24/7 2/29/5 212717 1/29/6

BEAh, JYIRAEHE T AN [F) 73 A Sl S FE PR RERI UM, (E DTLZ MllAE _EdbAT 7 AN

HITH RS o, 23502 EAUE A — oA

+-
i

P 73 A SR A ]I 45 5 = o A

SPRETERE MR, LIS EE RaE 2.11 FiuR. MAPIOC HCR TG 4046 . MAPIOG
Sk R S Wi 4 . MAPIOLC B2 MR {1 ] Levy A1 Cauchy 43 i ) 52,

MAPIOGC 3% 2 [F] it FH = 740 4 A Cauchy 2) A (5. R 211 |5 — 4T LUE
H, MAPIO 7£ 9 NI ) #_I L KnMAPIO 882, (H¥& A Lk KnMAPIO 14 B4 I o
AL, B8 KnMAPIO Sk AE SR eI i) EAAAEAN L, (RS AR RRAL T HoAth LA B IE
HASE F —Fh A B SR R 22 058 T A 40 A R SRk It e A FH P ol 23 A 0 B
REWE 22 T = Fh o3 A 20 & B LR RE
TR S U H AR
% 211 DTLZ MK B A B B AR TR ak A ka9 B 218

PRIE, 3 (R 45 5 AN (R A R A2 1) ool P A7 L 5

Table 2.11 The Coverage value of algorithms for different objectives in the DTLZ test problems

Pr(r)nble M MAPIO MAPIOC MAPIOG MAPIOLC | MAPIOGC | KnMAPIO
4 5.4567e-1 4.5275e-1 5.8506e-1 3.9092e-1 5.7206e-1 4.5156e-1

(1.50e-1) = | (2.63e-1)= | (1.92e-1)= | (1.6le-1)= | (1.74e-1) = (1.06e-1)

5 5.6970e-1 5.6970e-1 6.6818e-1 7.0455e-1 5.939%e-1 6.3030e-1

DTLZ (6.63e-2) = | (5.75e-2)= | (1.10e-1)= | (1.54e-1)= | (1.45e-1)= (1.78e-1)
1 8 6.0333e-1 6.3333e-1 5.9103e-1 4.8718e-1 5.1410e-1 5.2607e-1
(9.14e-2) = | (1.20e-1)= | (2.00e-1)= | (1.88e-1)= | (1.40e-1)= (6.96e-2)

10 6.2109%-1 4.5309e-1 4.5382¢-1 4.6327e-1 4.6182e-1 3.7382e-1
(4.86e-2) - (1.17e-1)= | (5.85e-2)= | (6.92e-2)= | (1.04e-1)= (8.74e-2)

4 9.5000e-2 3.1667e-2 3.6667e-2 4.5000e-2 3.3333e-2 3.1667e-2

(3.21e-2) - | (1.09e-2)= | (2.25e-2)= | (2.54e-2)= | (8.33e-3) = (2.07e-2)

6 4.6970e-2 1.9697e-2 1.0606e-2 7.5758e-3 3.0303e-3 1.0606e-2

DTLZ (2.10e-2) - (8.64e-3) = | (4.15e-3)= | (7.58e-3)= | (4.15e-3) = (8.64e-3)
2 8 3.3333e-2 2.3077e-2 2.5641e-2 1.9231e-2 2.0513e-2 1.9231e-2
(9.51e-3)= | (1.85e-2)= | (1.63e-2)= | (9.07e-3)= | (1.05e-2)= (1.20e-2)

10 6.9818e-2 8.1455¢-2 7.6364e-2 6.2545e-2 5.0182e-2 4.6545e-2
(2.11e-2) = (1.58e-2) - (2.37e-2) - | (2.46e-2)= | (2.20e-2) = (1.90e-2)

DTLZ | 4 | 2.019%-1 8.3043e-2 1.1681e-1 1.2603e-1 7.2601e-2 1.2543e-1
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3 (6.44e-2) = | (6.64e-2)= | (8.6%-2)= | (7.89%e-2)= | (4.8%e-2)= | (1.18e-1)
o | 402221 | 38485e-1 | 348dge-l | 4212led | 27917e-l | 31667e-1
(9.77e-2) = | (L.14e-1)= | (L.3le-l)= | (1.25e-1)= | (L.12e-1)= | (8.66e-2)
g | 36597e-1 | 40000e-1 | 384621 | 391501 | 398721 | 4.0000e-1
(9.46e-2) = | (1.18e-1)= | (8.64e-2)= | (1.86e-1)= | (L.3le-1)= | (1.10e-1)
lo| 4209le-l | 42182e1 | 381821 | 35636e-1 | 40727e-l | 1.9636e-1
(8.06e-2) - | (1.00e-1)- | (8.88e-2)- | (7.56e-2)- | (7.47e-2)- | (9.58e-2)
, | 71667e2 | 40000e-2 | 11667e2 | 333332 | 25000e-2 | 2.8333e-2
(2.80e-2) - | (3.25e-2)= | (2.6le-2)= | (1.02e2)= | (3.73e-2)= | (1.73e-2)
5 | 0-0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0
DTLZ (0.00e+0) = | (0.00e+0)= | (0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)
4 | 4| 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0
(0.00e+0) = | (0.00e+0)= | (0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)
Lo | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0
(0.00e+0) = | (0.00e+0)= | (0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)
, | 26067el | 318331 | 36167e-1 | 37833l | 30167e-l | 3.4000e-1
(8.25e-2) = | (1.16e-1)= | (3.36e-2)= | (4.66e-2)= | (6.91e-2)= | (1.13e-1)
o | 69697e2 | 133331 | 17424e-1 | L1136del | 12273e-1 | 742422
DTLZ (3.14e-2)= | (3.92e-2)- | (6.15e-2)- | (7.74e-2)= | (8.8le-2)= | (4.09¢-2)
5 | g | 1928le2 | 217952 | 14103e-2 | 423082 | 307692 | 269232
(4.53e-3)= | (1.16e-2)= | (8.36e-3)= | (4.36e-2)= | (L.05e-2)= | (2.19e-2)
lo| 101822 | 43636e3 | 16727e2 | 12364e2 | 13818e-2 | 152732
(3.98¢-3) = | (1.63e-3)+ | (7.09e-3)= | (4.15e-3)= | (5.3%-3)= | (1.22e-2)
, | 2733l | 21167e-1 | 23667e-1 | 38167e1l | 253331 | 6.1667-2
(1.49-2) - | (154e-1)= | (L.37e-1)- | (3.54e-l)= | (2.30e-1)= | (4.74e-2)
o | 37424e-1 | 363642 | 11970ed | 16970el | 4697082 | 9.8485e-2
DTLZ (1.85e-1) - | (3.32e-2)= | (L.34e-1)= | (1.50e-1)= | (3.45e-2)= | (7.93e-2)
6 | 5| 54744e1 | 20000e-1 | 18718e-1 | 401281 | 36282%-1 | 3205Le-2
(1.66e-1) - | (1.13e-1)- | (L.35e-1)- | (1.07e-1)- | (2.66e-1)- | (4.44e-2)
lo| 702551 | 8.109led | 7.8100l | 7.2655-1 | 8189le-l | 23564e-1
(9.286-2) - | (6.69e-2)- | (2.96e-2)- | (8.72e2)- | (7.34e-2)- | (7.25e-2)
, | 98500e-L | 10000e+0 | 10000e+0 | 1.0000e+0 | 1.0000e+0 | 9.9667e-1
(3.35e-2) = | (0.00e+0)= | (0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (7.45e-3)
5 | 10000e+0 | 10000e+0 | 1.0000e+0 | 1.0000e+0 | 10000e+0 | 1.0000e+0
DTLZ (0.00e+0) = | (0.00e+0)= | (0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)
7 | g | 10000e+0 | 10000e+0 | 1.0000e+0 | 1.0000e+0 | 10000e+0 | 1.0000e+0
(0.00e+0) = | (0.00e+0)= | (0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)
Lo | 10000e+0 | 1.0000e+0 | 10000e+0 | 1.0000e+0 | 1.0000e+0 | 1.0000e+0
(0.00e+0) = | (0.00e+0)= | (0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)

+-I= 0/9/19 1/5/22 0/6/22 0/3/25 0/3/25

UL SV AT PR AN [F) SR S P REFR 52, fE DTLZA-3 MR/~ L HEAT 7 A0 B
BhSzEg, W 2.12 B, Hrd' KnMAPIO _noEnviroment &0 AX A% B 3 T AN [543 46 1 Fh
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FE R B g, KnMAPIO_nodistribution 5032348 F 2 T4 S SO RO BRI B30 0% . I GF bk
I EE AT U, B 2 T A ST 0 P B 300 3 SR W o SRR PR R (R B A R R
FRMS ] — b SR () B M RE B 22 T TR () KnMAPIO $3%, Al sRii 25 ARSI T Fr
SR M SRl T SRR RE TR T I B A

4% 2.12 DTLZ WX AL &+ R B AR T 7~ B SRk F ak H ik 49 1IGD 1A

Table 2.12 The IGD value of different strategies for different objectives in the DTLZ test problems

Problem | M | D | KnMAPIO_noEnvironment | KnMAPIO_nodistribution KnMAPIO
4 8 2.2865e+0 (7.76e-1) = 2.9545e+0 (1.31e+0) = 3.1591e+0 (1.20e+0)
DTLZ1 6 | 10 2.5599e+0 (1.08e+0) = 2.4759e+0 (1.15e+0) = 2.4969e+0 (8.04e-1)
8 | 12 3.7462e+0 (9.79%e-1) = 5.0489e+0 (2.02e+0) = 3.4867e+0 (8.13e-1)
10 | 14 6.9550e+0 (2.16e+0) = 7.9030e+0 (1.80e+0) = 7.2111e+0 (2.03e+0)
4 | 13 1.5041e-1 (3.92¢-3) - 1.4604e-1 (3.35e-3) = 1.4562e-1 (2.93e-3)
DTLZ2 15 2.7629¢-1 (2.58e-3) - 2.7045e-1 (1.64e-3) = 2.6919-1 (2.92e-3)
17 3.7173e-1 (1.65e-2) = 3.5996e-1 (2.43e-3) = 3.6188e-1 (2.44e-3)
10 | 19 4.4176e-1 (7.92e-3) - 4.1808e-1 (4.88e-3) = 4.1485e-1 (2.47e-3)
4 | 13 1.2492e+2 (1.25e+1) - 1.2534e+2 (1.07e+1) - 1.1658e+2 (1.39e+1)
DTLZ3 6 | 15 1.1404e+2 (8.52e+0) = 1.1921e+2 (1.27e+1) - 1.1549e+2 (1.97e+1)
8 | 17 1.3592e+2 (2.26e+1) - 1.2952e+2 (1.66e+1) = 1.3688e+2 (2.07e+1)
10 | 19 1.7229%e+2 (6.91e+0) - 1.6626e+2 (8.07e+0) - 1.4713e+2 (2.19e+1)

+/-I= 0/6/6 0/3/9
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FEX 31 WEMII(, ) SET R EA D b, EAHEANIE R, B
e TEHHN . (63250 > N B, VI xeD . 84|, (x)- f (x)|<e. MFREALS]
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Fig 3.1 IGD values of many-objective pigeon-inspired optimization algorithm on DTLZ1 and DTLZ2 with

the number of objectives increases
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mdE 2 BRI EIELE R m 4 2 H AR R R, 7 uE SRS i3, T
SIMEIE I, 2 SBUEVER LR NAREE T ReAFAEVF Z M R RIME, WM S BRI 2 R
AP A HMUER ZRVERRTE, RN AR R 2 0 HAHAE ST, X e T B S
7. W31 T EdEL B bR #ESVEAE DTLZL 1 DTLZ2 W8 2 H b N0 4-16
550 R 1GD 18, IGDEY R & vk s A RE I 4abs, HAEB/ MR BRI . H
BIRf LR, BEE B bR N30, B 1GD (EZE s, R 7 e St Fn 22 A
P S 2 340

T4 Z B ENE IR b, A2 LRI TV 28R R R SO
fabr, WREIAER 1IGDIY, A fbr HVID, tHRREES GDI3, ot th AR EE 25
IGD+, g+ BRI K R2WCIZE , Fif i L bnfir s BA S ME . 2 FEME RS 47 6 1 e
IERS, AR ENITERER RIS RIR TR S EE I BRI — B R
FIREEE S E M Z R SR A TERE . R 3.0 AREE UL 3E T RS 0 B AN S
Fo

%31 FRE TG AT

Table 3.1 Common research on indicator-based algorithms

PR R bR ot o J 3
IR AR TR AMA S
B HyPE[", SMA-EMOAI®e], ) o
EARFR PR HV S ST AR, =
MOCMA-ESI®] i N N
kR A YERE
SEIT A PF &, it
. MOEA/IGD-NSII, P .
REEHACEE S IGD HREE P AMA S PR R B R
AR-MOEA[™ e N
i WL A TR
i . MaOEA-ITSI"2, MOEA/IGD+ | _ ) »
ok i HARER 25 IGD+, JE I ) T fF A 5 TUSE Pareto I
S IBEA, Two_Arch2l™l, | . e et o
IGD*S, le+ T T R ACURE P iy s SRy 1 g
MOEA/IGD+ S[78]
R2-MOEAI'l, R2-MOGAU8], | @il 3T H# A 5 52% S 115
R2 MOMBI MOMBI-IIE | 515 m&, et
R2-MOPSO-I1181 [82] N2 e

WK 3.1 Fron, 2T HV bR REVAETH S P AN 2L Pareto fifde, HAT REFI
Pareto A7 1. 2T IGD ANkt tHACEE B IO SR AE e REE bdd v 1 AL, EX)
FAUL PR B TR AP EAR RN XE, FLSE Pareto BUVT/EIR ZAH 0L T RSN, XAE1G1%
VIS AR SR AAFAE — B BB . BT R2 BFRMEIE T R E R EEACT HY
fabr, EERTHEFRZE A ANSHRE, ZUEREEVEREZIR T H L Pareto
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= HT KIGD fabriIse 4 4t 2 HbragiE A

AR FRENEE— @R B3t m T RS Re A AR VERE, (L EIR WL 2 0] Fh
FEH B BT MAAT LU S 18, R0 BRIl I Fhr P R o A dE AT 38— 2D 1 ik
HRAE . T BEAE PSR 1) S bR b ) AR AR OR AR AT 2, O%oF 2 FR) e 2% 1) ) 24 P52 R R
i PRI LIRS AR AR R X, DR PR ) R O R X e, AR T
JRIF X I B 23 M (R HE FR BTN 4k 2 H AR RS R L M Bk Bl AR b i s R I TR e
FTLL, ARFESEH T HT KIGD FEFRISE 4 Mgt 2 HARRS#E L. il 2T KIGD $8H511
PRI B SR W LE DR UE — g WSS () [ B i v SRV IR 2 R, R 28 TS L R P B
T M SR LRAUE T2 s Sk
3.2 £T KIGD #sir S 4 % BFrSRE R

FEARF F, VIR T HTR BT KIGD fabr 384 w4k 2 H AR RS RS E
(CMAPIO_KIGD) . B4, 7F3.2.1 Wi iEdnffid 7 CMAPIO_KIGD [FEfAES . &
TAFELL I HET KIGD FEFR A BEik 8 R W ke s L 2R B T35
S AL ()P B T SR R B BRI Skt o A BRI SO Y 3.2.2 T 3.2.3 T IEAT 4N
k. w5, ZEVEREE AR 3.2.4 1T TN IR,

3.2.1 CMAPIO KIGD B AT EiESR
Algorithm 3.1 CMAPIO_KIGD H i fEHELE

AR/
VIR ATRE P, HIEAIMBIHEEE A, B DAMSHE HER
WIS P AMATRE Y, , ALE X,
THEME P ANMA p G N EE, RO E pbest, , RO M Py, ¢
FIF A FOEEEB AN AR E A, T SIE RS SR AMAOE BB A 5
while T<T_,
AR 3.2.3 753 B A7 B B SR S A 75 T AT B
A B E A MAREEZ Y, , E X,
THERPRE R AN p, BE N BEAE, SRR AR AL & pbest, » JRifil 0 15 Py 5

Q =(P, Pyper » Pt Archive, R) ;
SR Q AT 3.2.2 TR BEAE £ MK A5 B P P
XPAMERVARGEE AT BB A, FEXS H AT HEAL SR AS BT AT S
VHEUERIEE S s AMAR I IE R AA
RN A

end while

i FREE P, AMEARYLE A

+
&5
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CMAPIO_KIGD W= ZAEZR AN 5% 3.1 fo. [R50 2.1 AR, BT H)
IEAERAE . PIEE P L ANEDAREE A TGS A IS KR R EIAAAL, RIS A aa A R
FREAS T AMAREEY, 568 X, . 5, WEIEFEERR O 8P, DA
BTN p, 6 AR R U o R A EAT AR SCRCHE P S5 R AL 35 R TS R 1R U
AT, NIAPREIATER . NEPITEEN IR, @l 3.2.3 FTiRK
T FE AT B S SR WA A R 15 TR AT TR, X RE AR AT SR E AR B 0 M
BEP I OGS, DASFREE 1 5 i e LA 4 pbest, AR EBH O MK P o SR
HH R AN R 28 SRR B Q HEAT 3.2.2 T BT HR 1K B SSE e 5 SR WS I 75 38T 1 fi 4
VERETHAF (M AE . SAJS, B AESMTARY AR EAAT AL k58 SU(SBX)FJE T 2 T
(1173 S (PM) P Pt AL SR, A3 38— ASBTIFIRE s o BRI B R, 19 3055 AP
P AIZME ARG EE A
3.2.2 EF KIGD 18FrH IR R SR B

5 32 A T AT KIGD $RFREIIBHE R HNE . o ST WAL B AE, 135 Fd
B ZFE QLU RSH R RE, R R AMAAT IR SO, Bk = 2%
L, L, RSB MRIECE, 102 B T 7 HE P R OCK o 2 4% 1) MR T8 R 1
Rdre IMAFEERZE— BEAMEE TARANEORT N I, ZERUN R . R E xR )E
EAMEREAT KIGD HEF, B K NMEENB B . XTRIFI3ET KIGD HEF i+
FME AN % 3.3 Fis o

B 3.2 #T KIGD $RIRKIFREELEFE SR
VI P, ZESER , SHAEY , MEANHN ;
PELEHRF (QR ) ={L, L}
foreach L e{L,L,, -}
if |P|+|L|<n then
P=PUL

else
X R = AMR AT KIGD fabnflifr ik £/
k=N-|P|;
R, = KIGDranking(L,,n—|P|,V,R);
P=P+R;

end if

end for

Wit FhEEP

40



= HT KIGD fabriIse 4 4t 2 HbragiE A

KIGD 5 ks Al AT &4 w5 XIS 1 2 R, 2000t 8 )L XS I 21 0 A6 1 2 26 1
ER SIS NEE Q i, KIGD (Hilli/h, FEMZHERENLr, BARIZEES
B ST U2 B P A X ke KIGD (19723000 2.10 frzs . Hdrd (v, R) wAy, e R I3
AL Q W s B R IR 2, WA 3.1 Fon. BN R ENENS% S8 Rk
RO A2 5 AN A T g R R

4(4,0) - [Smex(a, v, @

BRE 3.3 AR T HE T KIGD HEFP IR MR SR M o X T EEEAT 1 KIGD HE 714 A R s () P
P, SIAXNKIZH KR . BRSNS H MR A MER KIGD fE. 2854
R R B d /N MR SCHR BT R 228 55 b o SR S i U I 2228 ki SR IR SR (1 2
BEATHE ORI R HRAT . Horh, SRR MRS H R — AN, iz MR ket A 1A
AAZNMERIRBIRE S G, BT IX AR S5 iR BAE, B A
AR RN T AAME T . A BRI F S 1 MEEA T

Bk 3.3 ETF KIGD HEFG R ER
IN: MEER, T KIGD FES% AR,

for i=1 to |R| do
for j=1 to |R| do
KIGD, ; = Calculate—KIGD(R,R));
end for

c=arg minje{ KIGD, ;;

L |Rl}
if |c|==1 then
S, =c;
else if |c[>1 then
for n=1 to |c| do
PRSI P SRER B2 75 [ B PR
D =ver—dis(R,R));

S, =c(D);
end for
end if

end for
P|KIGD — P| (S) .
itk 5B KIGD fRFREH I RN
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3.2.3 BTSN FIRFEE EHREE

AT T —PICHT (0 T A B R S, @I BN S L O SR e R i Sl
BE. WI5IL 3.4 Fn, WARVIGLAEEP*, JEMRIE AR 3.2 iHEMEE P AR A
(RIE R o K5 MBI P AR R SR AN ANA (p,q) P ABAT TGS IS (0385 17 o 250
S FEAE /N BRI S FE R 28 SR P 11 T8 A5 B8 B 3 SR s b N — AR, T L B A A R K
(I R 5 22 S IR R 3 1A B AT A L A TR FE AL B S0 . #5, RER ™ AR
FirE P R FH 22 1 308 S 0 A SREmE SR B 1 BV P N iR s ple o S B 37 SR —
T BB FP A )]

Bk 3.4 BT R4 RIMETE R HRng

VARG
N FPEEP
WIEAAPHE P>
THEARA RS AR 1 38 N B AE
while |P|>1 do
BEHUARRRE R (g
P« P-{p,a};
if Fitness(p) < Fitness(q) then
Xy P} IR

X, <q; [*Loser M S5 2] IR G 06
else

X, <q; IR 1

X, < p; [*Loser M EL27 2] IR 4 06
end if

X, B3] X, AT E
H (X,, X, ) BATHEALHRAF

P* P*U{X,, X, }:

end while
fi: HREEPS
iR
Fitness(p)= qerykigip\/_z::(max{o, f (a)— f; (B)})Z (3.2)

Hor, () RAVE p T A AT LI BARER A, MR B AR AR . A SR
SDE SeM iy it M A/E R BEcR (RS PE AN 2 R 1
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X TR A (A B B S Ay R R, 0TS G IR 3R 0 R R R R A s
THTR:
Vi (b +1) =€ 0V (0, )+ 1t -(1— loge )-(xgllo =X (tow))+

now

(3.3)
r tr- |ogf|[‘°W.(Xcen - Xi (tnow))+ I '(Xglo - xcen)
Xi (tnow +1) = Xi (tnow)+vi (tnow) (34)
Hopt, FoR GANEAR L, TAREROEARE, R VMBI SHEEHE T, tr 2HfRN
E SHEEH AT RE R MR E T B REB R T X AR RRIALE,
X oy J Y HTIEAR A FELAR R O B S, TR YE A X (3.5) 15
S8y
Xcen = j::IL,]x Slx an (35)

Horb 3 SX RIS BAMARFA IR X, 0’ RIS SX BRI 1, 1,
Mr, BR=AFET, 2 BAR 2.7,

T 252 R RS AP, et 5 MR (5 BT e L . BT A S
W . SEd, o o AR [04] 2 1514 AR B L.

Vi (tnow +1)=C0 'Vi (tnow)+cl.(xw_xi (tnow)) (36)

X (Lo 1) = X (tro ) + Vi (trow 1) +Co (Vi (Lo +1) =V (toow)) 3.7)
3.2.4 CMAPIO_KIGD A8 & 24 3 4R
KA EEAN4 CMAPIO_KIGD FE IS [H 5 4% CMAPIO_KIGD Sk [A] 5
JRJEFEOR A THT KIGD FEFR IR BEILFEFENE BT 58 S ML I SE 37 SR mE AN S0 T A
ST HrrE T KIGD Fibr A S £ o 3= ZEAHE Pareto - SCHCHE P BEAI L T
KIGD #EFRIEMENS . SMHER/IN N, HERZSM4EE M B, 3 HT T E S
JKEEAO(N’M ) o HET KIGD bRt SEns # 2 1) O (N*M ) ITH P4 . R HI SE4HLt
ROl BT SRS b, B R S rp R LR R 2 RS EE M TIE R LU, R B I
142 %418 9 O (2N xlog (2N)) , kg2 J A F ok 5 B8 507 7 22 O (N ) FRO R 1) 52 4%
FE o VARG EE ST AV B8 02 2% B SR e R R A 5 VAR B R IR S MR R AT L
BAFRNM o PR IR R I R/ INE R AR P (0 /N R B e 1, DRI R ZE 1 100 & OIS
AR O(NM ) o L7 EATIE, 24 T-HEH UL T, CMAPIO_KIGD Sk iy B it 1]
HIAKFENO(NM) .
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3.3 HEXW
NTWAEAZEFTIER CMAPIO_KIGD 5L I sEIe M RE, A3 20 % 42 11

CMAPIO_KIGD #1255 NSGA-111B, GrEAP, MOEA/DBY, RVEAPSTHI MAPIORSIZE
PRAEMAAE DTLZEA WRGE i PERESEAT T 408, HFIAH 1IGD A HV X BRI 8L
YA Z FEME S SR G I RE AT 1T &
3.3.1 B E RIFMIEHR

MR L AR S HO A sh — % 2.3.1 5 2.3.2 AlvR . A S FH B 0 S 5 tHAR I
IGD AHMAFRTEFR HV X 5ELE DTLZ F1 WFG Ml 8 _E st 5 2 pe ik 2544t At
BEATHTER . T AR PP FR PR AT TR N4

(1 PR

SRR 25 1GDIHNR IR AN 238 1 21 5l 1) A (9 QU 25 (P50 . 1IGD {7k
N, BRI GE A BRI GT. 1GD {E T X 3.8 1A
ZXEQ* min,_, dis(X,y)

Q'

Horh Q2 VAR BRE . Q" FIRIERSK Pareto HIVA Y51 /0 A JER AL 2
# ik, dis(X,y)RESH LS Q rh i x BT MRS Q th S y IRKIE B . IGD
ERTHE, MO REEE, T H AR & RS 2

AT AR HVIO B0 SR 15 1) Pareto fR4E 5 HIA T3 25 fi7E H Ar 2% 18] o B2
R BRI . HV B, BIERZRE R . HV BTHE W 3.9 s, Hh s &
ANVRARICED DRI o |s| /2 Pareto FIY _EARSCECAR N4 v, 72 Pareto g a5 i >
522 08 AR RUE .

IGD(Q,Q") =

(3.8)

HV = 5( f_lvi) (3.9)

3.3.2 7£ DTLZ #REMIRNEE ERISKIGEE R R 4

RATN T IAUEFTIZT) CMAPIO_KIGD HykMItkge, K ATk BT i 5k 5 1
fih FFP 2 B AR TEVELE DTLZ MR 30 Bt 4T 7 LA, @ HV Fe bt Skt it
177 VM. % 3.2 SR T T CMAPIO_KIGD 5 GrEA. NSGA-III. RVEA. MOEA/D
A MAPIO FLFP£E dL 575 4E DTLZ MR %0 L 1GD $84r i Lk g . Horpr, s ot
SRR R IOE R R EE SR IR AR, <+ < Rle=" R R A SE RN T 5T
S % T T CMAPIO_KIGD #ik, M3 3.2 g —1TWLLEH, 7£ 35 MR 4L
11, CMAPIO_KIGD 5 NSGA-II FHEL HA BRI, NSGA-IT FEAT A bR £ b ()R 2
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= HT KIGD fabriIse 4 4t 2 HbragiE A

A Ho A R 2 o AE 2 AN R) & b L T SRR AT, (HAE 25 A e PR R EE IR ATT P
PeHE2 . GrEA Al MOEA/D 5 A SCEEAM LU EREAHT o 78+ 22 /NI in 8 PR B ZE L
T3 I SR BT, AH R AENT 20 A i) @ b SRR SR IS I PE BE A i CMAPIO_KIGD .. MOEA/D
SHRAE DTLZY MR £ B v Re A T HAt SR, 32 PR 9k ek 25 B A 2 B R AL
HAEDERFUSUR, 3T 50 MOEA/D SUEATERARIX A M@ - B A BUF ik ge. 78
5 RVEA 1 MAPIO (LS SR, ASCHEIRA AR BIF L, ££ 11 ANt & E
bt BIR S ZE, (HAE 16 AN a) @ L e AT L i . R s XIBUE 7R T CMAPIO_KIGD
HETE DTLZ3 F1 DTLZ7 LRtk fE.
% 3.2 AP H kA DTLZ MK B A4 LR B B 4769 HV 15

Table 3.2 The HV values of these algorithms for different objectives in the DTLZ test problems

Prob CMAPIO_K
M| D NSGAIII GrEA MOEAD RVEA MAPIO
lem IGD
4| s 2.4987e-1 4.3383e-1 5.6713e-1 8.6552¢-2 6.0588e-1 5.9330e-1
(3.15e-1) - | (3.67e-1)= | (3.79e-1)= | (1.87e-1)- (3.64e-1) = (1.95e-1)
6 | 10 8.1696e-3 6.5264e-2 5.7604e-1 1.6731e-1 5.1964e-1 2.4100e-1
(2.81e-2) - | (2.08e-1)- | (3.27e-1)+ | (3.00e-1) - (3.16e-1) + (1.36e-1)
DTL 8 | 12 0.0000e+0 | 2.5136e-2 6.4355e-1 1.4608e-1 4.5773e-1 2.0132e-1
Z1 (0.00e+0) - | (9.74e-2)- | (1.85e-1)+ | (2.46e-1)= | (4.25e-1)= (1.56e-1)
10 | 14 0.0000e+0 | 0.0000e+0 | 5.5328e-1 4.4173e-2 1.1114e-1 2.1378e-1
(0.00e+0) - | (0.00e+0)- | (2.38e-1) + | (7.77e-2) - (2.48e-1) - (1.43e-1)
15 | 19 1.6624e-3 1.1296e-4 | 3.2212e-1 2.1322e-1 3.2073e-1 3.2636e-1
(3.57e-3) - | (4.37e-4)- | (1.92e-1)= | (2.85e-1) = (3.13e-1) - (1.58e-1)
4 |13 6.8748e-1 7.0030e-1 | 6.9127e-1 6.8873e-1 6.0147e-1 6.8241e-1
(2.82e-3) = | (2.01e-3) + | (2.49e-3) + | (3.44e-3) + (1.86e-3) - (1.13e-2)
6 | 15 7.9817e-1 8.3432e-1 | 8.2938e-1 8.3300e-1 7.5481e-1 7.762%-1
(1.02e-2) + | (4.08e-3)+ | (8.07e-3)+ | (3.43e-3)+ | (1.75e-3) = (1.75e-2)
DTL 8 | 17 8.1977e-1 7.178%-1 8.5604e-1 8.9172e-1 9.2370e-1 9.5447e-1
72 (5.28e-2) - | (3.77e-2)- | (1.42e-2)- | (8.11e-3)- | (1.98e-3)- (5.52¢-2)
10 | 19 6.4772e-1 8.9061e-1 8.4887e-1 9.0243e-1 9.4098e-1 6.8727e-1
(8.17e-2) = | (1.09e-2) + | (2.88e-2) + | (1.16e-2)+ | (1.03e-2)+ | (3.70e-2)
15 | 24 5.9916e-1 9.0921e-1 8.4452e-1 9.4734e-1 9.2210e-1 7.2191e-1
(1.26e-1) - | (1.79e-2) + | (7.49e-2) + | (1.07e-2)+ | (2.6%¢-2)+ | (4.3%-2)
4 |13 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 1.0757e-2 1.4249e-1
(0.00e+0) - | (0.00e+0) - | (0.00e+0) - | (0.00e+0) - (4.17e-2) - (8.20e-2)
6 | 15 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 0.0000e+0 5.3963e-2
DTL (0.00e+0) - | (0.00e+0) - | (0.00e+0)- | (0.00e+0)- | (0.00e+0) - (1.45e-2)
Z3 8 | 17 0.0000e+0 | 0.0000e+0 | 3.1919e-3 | 0.0000e+0 0.0000e+0 2.2046e-2
(0.00e+0) - | (0.00e+0)- | (1.24e-2)- | (0.00e+0)- | (0.00e+0) - (2.74e-2)
10 | 19 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 0.0000e+0 2.4628e-2
(0.00e+0) - | (0.00e+0)- | (0.00e+0)- | (0.00e+0)- | (0.00e+0) - (2.39%-2)
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15 | 24 0.0000e+0 | 0.0000e+0 | 0.0000e+0 | 0.0000e+0 0.0000e+0 1.6297e-2
(0.00e+0) - | (0.00e+0)- | (0.00e+0)- | (0.00e+0)- | (0.00e+0) - (2.23e-2)
4 |13 6.6791e-1 6.1176e-1 4.4427e-1 6.8930e-1 6.8510e-1 6.9324e-1
(5.15e-2) - | (1.12e-1)- | (1.60e-1)- | (3.03e-3) = (3.65e-2) - (2.34e-2)
6 | 15 7.6976e-1 8.3899%-1 6.3242e-1 8.2512e-1 8.4377e-1 7.9625e-1
(5.08e-2) = | (1.45e-2)+ | (2.05e-1)- | (2.59e-2)+ | (2.50e-2) + (3.78e-2)
DTL g | 17 7.7534e-1 8.6872e-1 5.5327e-1 9.0785e-1 8.9905e-1 8.4477e-1
Z4 (9.98e-2) = | (9.94e-3)= | (1.97e-1)- | (4.45e-3)+ | (2.68e-2)+ (5.80e-2)
10 | 10 7.1626e-1 9.4886e-1 7.3938e-1 9.3879%-1 9.6648e-1 8.1124e-1
(1.47e-1)- | (4.47e-3)+ | (1.62e-1)= | (6.63e-3)+ | (5.47e-3) + (4.48e-2)
15 | 24 5.2456e-1 9.6283e-1 5.4150e-1 9.8686e-1 9.7557e-1 9.7748e-1
(1.95e-1) - | (9.42e-3)+ | (2.53e-1)- | (1.83e-3) + (1.13e-2) - (2.24e-2)
4 | 13 1.3299%-1 1.0815e-1 1.4219e-1 1.0436e-1 1.4684e-1 1.4694e-1
(5.83e-3) - | (9.91e-3)- | (5.78e-3)- | (8.21e-3)- (1.03e-3) = (2.52e-3)
6 | 15 1.7835e-2 4.0316e-2 1.1400e-1 8.3881e-2 9.4523e-2 9.8472e-2
(2.65e-2) - | (2.40e-2)- | (3.66e-3)+ | (7.23e-3)- (1.25e-2) = (1.56e-2)
DTL 8 | 17 3.0468e-2 1.0438e-2 1.0167e-2 8.4322e-2 4.4816e-2 6.6378e-2
Z5 (2.26e-2) - | (1.65e-2)- | (7.3%-3)- | (7.24e-3)= (2.48e-2) - (2.86e-2)
10 | 10 1.2473e-2 1.4574e-4 1.0012e-2 6.0826e-2 1.2795e-2 5.3035e-2
(1.69e-2) - | (2.15e-4)- | (2.86e-4)- | (2.20e-2) = (1.86e-2) - (2.70e-2)
15 | 24 1.2193e-2 1.2243e-3 3.4433e-2 9.0720e-2 1.7419e-2 5.0478e-2
(1.84e-2) - | (4.74e-3)- | (3.07e-4)- | (7.0le-4)+ (2.81e-2) - (3.46e-2)
4 |13 1.7674e-2 9.9364e-2 9.2965e-2 4.3035e-2 1.2480e-1 1.7938e-3
(3.62e-2) + | (2.81e-2) + | (5.65e-2) + | (4.76e-2) + | (1.18e-2) + (5.10e-3)
6 | 15 0.0000e+0 2.0102e-2 5.1676e-2 2.4672e-2 7.6863e-2 8.2790e-7
(0.00e+0) = | (3.48e-2) + | (4.85e-2) + | (3.58e-2) + | (3.34e-2) + (2.18e-6)
DTL g | 17 0.0000e+0 | 0.0000e+0 | 4.0468e-2 1.8880e-2 1.0199-2 3.5297e-5
Z6 (0.00e+0) - | (0.00e+0)- | (4.89e-2)= | (3.89e-2)= | (2.48e-2)= (1.37e-4)
10 | 19 0.0000e+0 | 0.0000e+0 | 7.3147e-2 7.9835e-7 1.4594e-2 2.8273e-11
(0.00e+0) = | (0.00e+0) = | (4.25e-2) + | (3.09e-6)= | (2.86e-2) + (1.10e-10)
15 | 24 0.0000e+0 | 0.0000e+0 | 8.8308e-2 8.2508e-3 0.0000e+0 3.5111e-16
(0.00e+0) = | (0.00e+0) = | (2.40e-2) + | (2.44e-2)= | (0.00e+0)= | (9.27e-16)
4 | 23 1.7591e-1 2.5182¢-1 7.7522e-2 1.6122¢-1 2.1291e-1 1.8422¢-1
(1.55e-2) = | (3.8%-3)+ | (3.31e-2)- | (2.20e-2) - (2.13e-2) + (8.09e-3)
6 | 25 4.6760e-2 1.9753e-1 5.5480e-3 6.0811e-2 1.8972¢-1 1.4776e-1
(2.15e-2) - | (1.26e-2) + | (6.32e-3)- | (2.65e-2) - (1.33e-2) + (2.14e-2)
DTL 8 | 27 4.1204e-4 1.1902e-1 1.5906e-3 8.5652e-3 1.1631e-1 1.2856e-1
z7 (3.68e-4) - | (1.52e-2)= | (2.85e-3)- | (1.15e-2)- (5.77e-2) = (1.44e-2)
10 | 20 0.0000e+0 1.2833e-3 4.3639%-5 5.7808e-4 5.6912e-2 1.1519e-1
(0.00e+0) - | (2.48e-3)- | (8.83e-5)- | (1.27e-3)- (8.18e-2) - (9.56e-3)
15 | 34 4.9492¢-6 1.4263e-4 3.0682e-5 2.3282¢-4 1.0849¢-1 1.1041e-1
(1.91e-5)- | (5.52e-4)- | (1.16e-4)- | (8.06e-4) - (6.16e-2) - (9.64e-3)

+/-I= 2/25/8 10/20/5 12/19/4 11/16/8 11/16/8
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Fig 3.2 Pareto Front obtained by different algorithms on the 8-objective DTLZ test function
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Table 3.3 The IGD values of these algorithms for different objectives in the WFG test problems

Prob CMAPIO
M| D| NSGAIII GrEA MOEAD RVEA MAPIO -

lem KIGD
4 1| 1.5518e+0 1.2905e+0 1.2916e+0 1.4477e+0 1.4104e+0 1.2671e+0

3| (1L.16e-1)- (8.29¢-2) - (1.27e-1) - (9.90e-2) - (1.06e-1) - (1.57e-1)

6 1| 2.0901le+0 2.2836e+0 1.6287e+0 1.9057e+0 1.8756e+0 2.1601e+0

51 (8.86e-2) = (1.50e-1) - (1.30e-1) + (1.33e-1) + (2.83e-1) + (1.95e-1)

WF 8 1| 2.6203e+0 2.7812e+0 2.1583e+0 2.4009e+0 2.5350e+0 2.6235e+0
Gl 71 (6.97e-2) = (1.06e-1) - (1.56e-1) + (9.30e-2) + (2.61e-1) = (1.50e-1)
11| 3.1301e+0 2.9242e+0 2.6303e+0 2.8686e+0 2.9163e+0 3.0605e+0
09| (5.17e-2)- (9.29¢-2) = (1.89-1) + (4.10e-2) + (1.82e-1) + (7.83e-2)

12| 3.8450e+0 3.3825e+0 3.8656e+0 3.5159%+0 3.3532e+0 3.8763e+0
514 | (1.18e-1)= (2.38e-1) + (9.78e-2) = (1.78e-1) + (2.12e-1) + (1.92e-1)

4 1| 3.1840e-1 3.932%-1 6.0453e-1 3.3052¢-1 6.3609e-1 5.8138e-1

3| (8.86e-3) + (1.52e-2) + (1.08e-1) = (8.69e-3) + (9.54e-2) = (6.01e-2)

6 1| 6.363%-1 6.4244e-1 1.2128e+0 6.3815e-1 9.3665e-1 6.4478e-1
WF 5| (2.41e-2) + (1.42e-2) = (6.28e-2) - (3.78e-2) + (8.51e-2) - (7.37e-2)
G2 8 1| 1.0594e+0 1.1414e+0 1.9168e+0 1.0403e+0 1.3265e+0 1.1228e+0
7| (1.38e-1)+ (5.10e-2) - (1.18e-1) - (5.96e-2) + (1.20e-1) - (9.52e-2)

11| 1.1085e+0 1.2089e+0 2.0675e+0 1.0821e+0 1.2233e+0 1.0244e+0
09| (3.09-2)- (4.49-2) - (6.30e-2) - (4.43e-2) - (5.93e-2) - (1.37e-1)
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12| 1.9984e+0 1.9990e+0 3.0205e+0 1.8206e+0 2.2451e+0 2.4605e+0
514 | (1.34e-1)+ (9.06e-2) + (1.03e+0) - (2.23e-1) + (1.50e-1) = (3.17e-1)

4 1| 3.6760e-1 2.7881e-1 7.6089%-1 4.1933e-1 4.5796e-1 4.1710e-1

3| (3.83e-2) = (3.77e-2) = (2.18e-1) - (5.03e-2) = (7.23e-2) - (2.88e-1)

6 1| 9.9488e-1 7.6777e-1 1.9050e+0 1.1612e+0 8.5191e-1 7.7047e-1

51 (1.5%-1)- (8.64e-2) = (4.79-1) - (4.20e-1) - (2.19-1) - (3.93e-1)

WF 8 1| 1.0249e+0 1.1818e+0 3.9880e+0 1.8534e+0 1.1875e+0 1.0474e+0
G3 7| (2.05e-1)= (1.64e-1) - (2.76e-1) - (2.35e-1) - (9.19-1) - (5.37e-1)
11| 1.2624e+0 1.7785e+0 7.0569e+0 2.3225e+0 1.4278e+0 1.3309e+0
09| (2.21e-1)- (1.51e-1) = (1.08e+0) - (2.70e-1) - (5.71e-1) - (7.00e-1)

12| 4.7936e+0 1.6715e+0 1.2841e+1 6.0546e+0 9.3734e-1 8.6488e-1

5| 4] (2.19+0) - (6.00e-1) - (1.56e+0) - (6.66e-1) - (5.32e-1) - (1.39e+0)

4 1| 6.1291e-1 6.3740e-1 6.9058e-1 6.1374e-1 7.1877e-1 6.9717e-1

3| (1.72e-3) + (9.66e-3) + (4.96e-2) = (3.34e-3) + (2.14e-2) - (2.47e-2)

6 1| 1.7292e+0 1.6779e+0 4.1476e+0 1.7222e+0 1.8231e+0 1.5718e+0

5| (8.97e-3)- (9.83e-3) - (1.47e-1) - (8.66e-3) - (3.85e-2) - (2.06e-2)

WF 8 1| 3.0409e+0 3.1098e+0 7.3078e+0 3.1875e+0 3.0196e+0 3.0145e+0
G4 7| (8.74e-2) = (1.55e-2) - (1.40e-1) - (8.42e-2) - (3.17e-2) = (3.53e-2)
11| 4.3673e+0 4.2941e+0 9.7027e+0 4.3689%+0 4.0347e+0 | 4.1428e+0
09| (1L3le-1)- (1.76e-1) - (1.07e-1) - (7.42e-2) - (2.87e-2) + (1.10e-1)

12| 9.3316e+0 1.0959%¢+1 1.6413e+1 9.6766e+0 1.0178e+1 8.5028e+0
54| (3.87e-1)- (5.81e-1) - (2.35e+0) - (9.61e-1) - (8.99%-1) - (1.40e-1)

4 1| 6.0306e-1 6.3213e-1 7.9625e-1 6.0498e-1 7.2503e-1 6.7785e-1

3| (5.19-3) + (1.18e-2) + (6.61e-2) - (3.14e-3) + (1.89¢-2) - (2.16e-2)

6 1| 1.6927e+0 1.6628e+0 4.0096e+0 1.7115e+0 1.8640e+0 1.6567e+0

5] (1.36e-2) = (1.36e-2) = (8.30e-2) - (9.46e-3) - (3.66e-2) - (3.91e-2)

WF 8 1| 3.0236e+0 3.1343e+0 7.0838e+0 3.2583e+0 3.1108e+0 3.0453e+0
G5 7| (3.24e-2) = (1.93e-2) - (1.00e-1) - (5.65e-2) - (4.13e-2) - (4.44e-2)
11| 4.3405e+0 4.1189%+0 9.5070e+0 4.2358e+0 4,069%+0 | 4.1993e+0
09| (823e-2)- (3.72e-2) = (8.77e-2) - (7.46e-2) = (3.85e-2) = (1.74e-1)

12| 89175e+0 1.0204e+1 1.6344e+1 8.7013e+0 8.6472e+0 8.3762e+0
54| (1.70e-1)- (6.13e-1) - (2.03e-1) - (3.2%-1) - (1.3%e-1) - (1.80e-1)

4 1| 6.3944e-1 6.7282e-1 8.776%e-1 6.5187e-1 7.4504e-1 6.8897e-1

3| (L.44e-2)+ (1.74e-2) + (1.12e-1) - (1.43e-2) + (1.74e-2) - (1.87e-2)

6 1| 1.7389%+0 1.7162e+0 4.6833e+0 1.7576e+0 1.9368e+0 1.8058e+0

5| (1.11le-2) + (2.10e-2) + (2.00e-1) - (3.89-2) + (3.57e-2) - (3.93e-2)

WF 8 1| 3.0745e+0 2.9925e+0 7.6905e+0 3.3860e+0 3.2434e+0 3.1413e+0
G6 7| (3.54e-2) + (2.19e-2) + (1.50e-1) - (9.58e-2) - (6.48e-2) - (5.96e-2)
11| 4.4110e+0 4.1775e+0 9.9721e+0 4.1852e+0 4.1382e+0 | 4.0208e+0
09| (7.83e-2)- (6.43e-2) - (1.49e-1) - (4.46e-2) - (5.11e-2) - (1.28e-1)

12| 9.2870e+0 9.3418e+0 1.6497e+1 8.6798e+0 8.7727e+0 8.5983e+0
54| (4.3%:-1)- (4.78e-1) - (1.98e-1) - (3.87e-1) = (1.46e-1) - (2.50e-1)

WF | 4] 1] 6.2690e-1 6.6200e-1 8.9402¢e-1 6.3178e-1 7.4925¢e-1 6.8864e-1
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G7 3| (7.77e3)+ | (L1le2)+ | (15le-l)- | (L12e-2)+ | (1.94e2)- | (1.73e-2)
o | 1| 1723240 | 16858e+0 | 4.2802e+0 | 17350e+0 | 18948e+0 | 17836e+0

5| (9.86e-3)+ | (1.18e-2)+ | (2.1de-1)- | (L.24e-2)+ | (2.47e2)- | (2.63e-2)

g| 1| 31107e+0 | 209316e+0 | 7.4892e+0 | 3.1384e+0 | 31181e+0 | 30643¢+0

7| (128e-1)= | (1.94e-2)+ | (L47e-l)- | (5.33e2)- | (4.39%-2)- | (5.59%-2)

1| 1| 44780e+0 | 4.2454e+0 | 9.8617e+0 | 4.3652e+0 | 4.0736e+0 | 4.0112e+0
0|9| (7.44e-2)- | (654e2)- | (2.00e-1)- | (8.28e-2)- | (3.43e-2)= | (3.13e-1)
1]2| 1.0013e+1 | 9.6124e+0 | 1.716le+1 | 9.4819e+0 | 9.3895e+0 | 9.1556+0
5|4| (5.31el)- | (4.36e-1)- | (2.71e-l)- | (9.67e-1)= | (5.90e-1)= | (5.13e-1)

,| 1| 68084el | 684891 | 7.6460e-1 | 6.8785el | 74702-1 | 8795le-l

3| (5.66e3)+ | (1.3le2)+ | (7.93e-2)+ | (6.41e-3)+ | (2.82e2)+ | (6.63e-2)

o | 1| 18342e+0 | 17974e+0 | 3.8504e+0 | 18220e+0 | 18980e+0 | 2.0573e+0

5| (1.00e-1)+ | (1.29e-2)+ | (3.74e-1)- | (2.8%-2)+ | (3.63e-2)+ | (7.60e-2)

WF | | 1| 34843e+0 | 32700e+0 | 6.6055e+0 | 3.3255e+0 | 3.3113e+0 | 3.4216e+0
G8 7| (237e-1)= | (2.38e2)+ | (3.73e-1)- | (5.46e-2)+ | (3.86e-2)+ | (L.lde-1)
1| 1| 49372e+0 | 53624e+0 | 8.8565e+0 | 4.7890e+0 | 4.4653e+0 | 4.4204e+0
09| (1.43e-1)- | (287e-1)- | (4.85e-1)- | (1.43e-1)- | (3.56e-2)= | (2.08e-1)
1]2| 1.0466e+1 | 1.0850e+1 | 1.3805e+1 | 9.4807e+0 | 9.1089%+0 | 8.5188e+0
5|4 (845e-1)- | (2.3le-1)- | (2.99e+0)- | (9.25e-1)- | (5.94e-1)- | (2.78e-1)

,| 1| 60505el | 6029%e-1 | 801991 | 6221lel | 6.6667e-1 | 6.4695e-1

3| (1.36e-2)+ | (8.88e-3)+ | (5.3le-2)- | (2.16e-2)+ | (1.39e-2)- | (1.40e-2)

o | 1| 16978e+0 | 16433e+0 | 38950e+0 | 17004e+0 | 17523e+0 | 16398e+0

5| (2.35e2)= | (8.73e3)= | (2.72e-1)- | (1.80e-2)= | (2.31e2)- | (2.01e-2)

WF | | 1] 31480e+0 | 29803e+0 | 7.0005e+0 | 31324e+0 | 29020e+0 | 2.8993e+0
G9 7| (8.8%-2)- | (3.78¢-2)- | (2.30e-1)- | (5.71e2)- | (2.41le2)= | (3.71e-2)
1] 1| 45021e+0 | 4.1576e+0 | 9.4300e+0 | 4.2537e+0 | 4.0845e+0 | 4.0373e+0
0|9| (158e-1)- | (3.38e-2)= | (3.48e-1)- | (L.02-1)- | (275e-2)= | (L.15e-1)
1]2| 9.2951e+0 | 9.9950e+0 | 1.5122e+1 | 8.4879%+0 | 8.4018e+0 | 8.3512e+0
5|4 (4.02-1)- | (4.00e-1)- | (1.83e+0)- | (3.90e-1)- | (L.17e-l)= | (2.76e-1)

+/-/= 14/20/11 15/21/9 4/38/3 18/22/5 7/28/10

3.3 XF WFG3 MR EE I 4 /N HARMEN T _FiRdH L5 1) Pareto fREEHE TN 4. H

FT] %0, GrEA. RVEA FiE43 3 Pareto BIHT 73 A0 AEXT 8 % . NSGA-II1 f1 MOEA/D &
EAR BRI A BT, VA T E M P bR 1] B o A P BE . CMAPIO_KIGD Hyk #4014
5 MAPIO H kRt geAlir BT EIRWSRE MR 2 0], WUl 7 e ik e Bkl

S5 T R A BRI
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Fig 3.3 Pareto Front obtained by different algorithms on the 4-objective WFG test function
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Table 3.4 The IGD value of different strategies for different objectives in the DTLZ test problems

Problem M D MAPIO-KIGD CMAPIO CMAPIO_KIGD

oTLza | 10 | 19 | 41816e+1(8.92e+0)- | 3.2414e+2(3.24e+1)- | 2.0587e+0 (1.95e+0)
15 | 24 | 1.8909e+1 (4.44e+0) - | 2.0108e+2 (1.06e+2)- | 1.4139+0 (3.26e-1)
8 17 | 2.1223e-1(l.11le-l)= | 2.4839%-1 (3.12e-2) - 8.4433¢-2 (2.28¢e-2)

DTLZ5 10 19 3.9314e-1 (7.68e-2) - 2.9520e-1 (5.33e-2) - 9.6701e-2 (3.47e-2)
15 | 24 | 7.8517e-1(8.75e-2)- | 2.8530e-1 (4.37e-2)= 4.2488¢-1 (1.79-1)
8 17 | 6.7340e-1(3.81e-1)= | 5.0413e+0(5.36e-1)- | 1.2713e+0 (7.59%-1)

DTLZ6 | 10 | 19 | 5.3444e-1(2.03e-1)+ | 5.5970e+0 (8.87e-1) - 2.3568e+0 (6.74e-1)
15 24 1.7763e+0 (4.42¢-1) - 3.9147e+0 (5.70e-1) - 1.1027e+0 (3.27e-1)

/= 1/5/2 0/7/1
3.4 Ihgh

ARE e OUE 42 B bR SR RIATE SRR = 4 2 B bR U4k in) SR IS S fn 2
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PEAS IR AR, 25 RO ORI A — 2P ik 5 i, it T 25T KIGD $845 11
g i L H R HEEE (CMAPIO_KIGD) , FIF T KIGD $8 4R I 5% 5 5 7F
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T3 X 2R o 55 R FH 5 T 5 e Lol 0 T8 A7 5 S S o P o A A gt
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Table 4.1 Analysis of different types of test problems
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XSS, R SE ARSI R SRS . I, BT IUE @42 A ARaS i ERSR IR A FH
R ) FEVEREAS A2 (R A, DA R S 9 vy SR ARSIV E AN S AR S R B TR R, A E SR
H 73T 2 PRI 1 R 42 HARASRERE, B3 D IR AR R AR M S AN 2 R A%

e tge.

42 ETHZEFRENSYHE 2 BRSHEE

KRR AT TR BT 2R BRI 1) m 4E 2 B AR HEEE (MSMAPIO) |, 18
A A R T 22 R R SR (1 128 R MR T, R A DR B AE AR A A B R AT — 2P R i
B R, REEIENLE SR B EVE R R EAE AT N RJETE 4.2.2
T HOT TR ) T 2 e R SR (R S OR BRI BEAT VELE IR . FRORJEAE 4.2.3 F14.2.4 75
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B JGTE 4.2.5 5 ST R BB () B2 2% B JEAT T AR RLR 434
4.2.1 MSMAPIO B xFEES

Algorithm 4.1 MSMAPIO K] B fAHELR

WIRATRE P, RIEAMBIHEIEE A, XD AMSHE SR
WIGEACRIRE R MATREE Y, , ALE X, M p RGN MR, JRRm A B pbest, , JREH LA Py
FF IUA PR SR SIS 5 A, FETE R RS A b AN N A
while T<T,,
HRAE 4.2.3 75 A A7 B SR A EAT SR
TR R MARIRZ Y, , L X,
THEME P ANMA p (IE R EAE, SRR E pbest , JRFBHL R Py, s
a3 PR 20 A 108 450 SR 2L ol PR e A5 SR
M HEME I TP FORS MATE A
XPHMIAREEE A BEAT SR, JEX HApAT EAL S 43 20T AP E S
THECET AR S AN R & Y AR
EHHMBIARIE A
end while

. MEEP, AMEIERYEE A
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TREA NS, RERS (L MRAETEN S PE . ZREE . Y ST M RIS RS 75 TR R A AE T B8 47 R R

PRI SCBCIL AN KIGDEML Eapeea IV U ONRE ojibid N

Pl PZ P3 P4

i " L E

v

SRERIARSE A

%

B 4.1 AF ARG ALkl il AL
Fig 4.1 The main procedure of elite individual retention
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B A DR FF SR ) DA W 5% 4.1 BoR. B, Py, By, P, A2 R DU AN [ e 5 S i e
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Ik
W FHEEP, FIHER/DN, ZELER, PINEAR K, JMTHNE A;
P = P EERE(P);

P, =KIGD #BHrIEFE(P);
P, = PIsliEE(P);
P, = MEMIEE(P);
S=RURURUR,;
for i=1 to 3|
for j=1 to [A
teb = CheckDominance(S,, A, ); /* ELEAMA R Pareto SZHid o< 2*/
if teb=—1
A BRI ST
else if teb=—-1
s, WekFie AL AR
end if
end for
MIFRSEE A H IR BT Fm T R A R 5
if s, isnottagged
KR s, TSI ENARSEE A 1
if |[Al>N
T+ BFE & N A1 ;
MR BT G AR 5 B B 22 B A4 5
end if
end if
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Fig 4.2 Determining knee points for two objectives minimization problem
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a F'(x)F (%) |
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SRR E NS, AE 20 MK T R S KnMAPIO SVEPEREAHIT, WA 2
EMZESR. M5 CMAPIO_KIGD FERI LA, Frie Bk N2 2, £ 17 Nl
B E TR FE R PERE SR A, TANAE 5 Al BEMERE 295 T CMAPIO_KIGD. *f
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Table 4.3 IGD values compared with the algorithms in the previous two chapters under different objectives

in the WFG test function
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Problem | M | D KnMAPIO CMAPIO_KIGD MSMAPIO
4 | 13| 1.8231e+0 (2.61e-2) - | 1.8857e+0(7.94e-2) - | 1.8174e+0 (9.19%-2)

6 | 15 | 2.3096e+0 (8.64e-2) = | 2.3340e+0 (7.16e-2) = | 2.2603e+0 (9.62e-2)

WFG1 | 8 | 17 | 2.7409e+0 (9.15e-2) - | 2.7569e+0 (4.85e-2) = | 2.7153e+0 (4.69-2)
10 | 19 | 3.1379e+0 (3.02e-2) = | 3.1108e+0 (3.85¢-2) = | 3.1246e+0 (6.28e-2)

15 | 24 | 3.9560e+0 (1.28e-1) = | 4.0373e+0 (9.53¢-2) = | 4.0333e+0 (7.83¢-2)

4 | 13| 5.3550e-1(5.42e-2) - | 5.7791e-1(6.87e-2)- | 4.7624e-1 (3.22¢-2)

15 | 8.3714e-1(8.94e-2) - | 8.3512e-1(6.67e-2) - | 7.4392e-1 (5.33-2)

WFG2 17 | 1.3091e+0 (9.08-2) - | 1.3340e+0 (9.88¢-2) - | 1.1134e+0 (4.84e-2)
10 | 19 | 1.2451e+0 (6.19e-2) = | 1.4569e+0 (8.54e-2) - | 1.2876e+0 (7.20e-2)

15 | 24 | 2.3738e+0 (2.09e-1) + | 2.7200e+0 (2.82e-1) = | 2.6684e+0 (1.77e-1)

13 | 2.4470e-1 (3.36e-2) = | 5.8162e-1(3.37e-1)- | 2.6792e-1 (2.50e-2)

WEG3 15 | 5.6360e-1 (5.18¢-2) - | 8.0822e-1(5.18e-1)= | 5.5622e-1 (4.26e-2)
17 | 8.9614e-1 (7.50e-2) = | 1.0051e+0 (3.50e-1)= | 8.5325e-1 (1.30e-1)

10 | 19 | 1.1065+0 (1.36e-1) = | 1.7403e+0 (6.81e-1) = | 9.8637e-1 (1.22e-1)




BT ST B IRFERIE N 2 H AR L

15 | 24 | 2.1813e+0 (1.77e+0) - | 2.4976e+0 (1.12e+0) - | 9.9972e-1 (1.34e-1)

4 |13 | 7.0124e-1 (1.70e-2) = | 6.7711e-1 (1.94e-2) = | 6.9702e-1 (1.88e-2)

6 | 15 | 1.8020e+0 (1.46e-2) - | 1.7589e+0 (1.84e-2)= | 1.7707e+0 (1.87e-2)

WFG4 | 8 |17 | 3.0287e+0 (2.71e-2) = | 3.0309e+0 (4.06e-2) = | 3.0286e+0 (3.76e-2)
10 | 19 | 4.2479e+0 (2.15e-2) - | 4.2532e+0 (5.17e-2) - | 4.1602e+0 (4.04e-2)

15 | 24 | 8.4525e+0 (1.54e-1) + | 8.6205e+0 (9.16e-2) = | 8.6573e+0 (7.13e-2)

4 |13 6.7817e-1 (1.38e-2) = | 6.6636e-1(2.23e-2)= | 6.6845e-1 (2.58¢-2)

6 | 15 | 1.7508e+0 (1.82e-2) = | 1.7439e+0 (2.48e-2) = | 1.7357e+0 (2.33e-2)

WFG5 | 8 | 17 | 2.9921e+0 (2.72¢-2) + | 3.0738e+0 (3.60e-2) - | 3.0181e+0 (3.25¢-2)
10 | 19 | 4.0826e+0 (2.37e-2) + | 4.3794e+0 (6.65¢-2) - | 4.2112e+0 (5.98e-2)

15 | 24 | 8.5133e+0 (6.97e-2) + | 8.5197e+0 (1.29e-1) + | 8.7479+0 (9.02e-2)

13 | 7.8118e-1(1.91e-2) - | 6.9921e-1 (1.81e-2)= | 7.2330e-1 (2.68e-2)

15 | 1.9224e+0 (2.91e-2) - | 1.8381e+0 (3.15e-2) = | 1.8405e+0 (4.56¢-2)

WFG6 17 | 3.2014e+0 (3.82¢-2) = | 3.1886e+0 (5.49-2) = | 3.1667e+0 (2.66e-2)
10 | 19 | 4.2032e+0 (1.35e-2) + | 4.3429e+0 (8.12¢-2) - | 4.2636e+0 (5.16e-2)

15 | 24 | 8.7889e+0 (9.22e-2) - | 8.6206e+0 (1.78e-1) = | 8.6187e+0 (L.02e-1)

4 | 13| 7.1925e-1 (1.14e-2) - | 6.7747e-1(1.40e-2)= | 6.8679%-1 (1.35¢-2)

6 | 15 | 1.7811e+0 (2.43e-2) = | 1.7899e+0 (2.78e-2) = | 1.7945e+0 (3.03e-2)

WFG7 | 8 |17 | 3.0581e+0 (3.81e-2) = | 3.1063e+0 (5.18e-2) - | 3.0371e+0 (4.00e-2)
10 | 19 | 4.28426+0 (2.71e-2) - | 4.6107e+0 (2.14e-1) - | 4.2133e+0 (4.11e-2)

15 | 24 | 8.6314e+0 (2.27e-1) + | 9.2198e+0 (2.82e-1) = | 9.2548e+0 (4.52e-1)

4 | 13| 7.2805e-1 (1.50e-2) = | 9.3366e-1 (5.96e-2) - | 7.3999-1 (1.16e-2)

6 | 15 | 1.8703e+0 (1.44e-2) = | 2.1234e+0 (5.47e-2) - | 1.8851e+0 (2.80e-2)

WFGS8 | 8 | 17 | 3.3825e+0 (2.06e-2) = | 3.5334e+0 (6.19e-2) - | 3.3807e+0 (2.84¢-2)
10 | 19 | 4.6489+0 (5.06e-2) - | 4.9249e+0 (9.19¢-2) - | 4.5434e+0 (4.61e-2)

15 | 24 | 8.9238e+0 (2.98e-1) + | 8.6370e+0 (3.74e-1) + | 9.2776e+0 (3.83e-1)

4 |13 | 6.3942e-1 (1.51e-2) = | 6.3837e-1(9.18e-3) = | 6.3630e-1 (1.32¢-2)

6 | 15 | 1.7083e+0 (2.45¢-2) = | 1.6935e+0 (2.19¢-2) = | 1.6962e+0 (1.13e-2)

WFG9 | 8 | 17 | 3.0817e+0 (4.63e-2) = | 3.0308e+0 (3.06e-2) + | 3.0853e+0 (2.43e-2)
10 | 19 | 4.1874e+0 (7.23e-2) + | 4.2442e+0 (8.22e-2) + | 4.3492e+0 (4.94e-2)

15 | 24 | 8.8531e+0 (1.50e-1) + | 8.9243e+0 (1.07e-1) + | 9.1019e+0 (1.36e-1)

e 10/15/20 5/17/23

P 4. 3 %t BT LR ER BT S 25 B4R 19 KnMAPIO 5 CMAPIO_IGD $E1E HARZEE K
3 4Eff) DTLZ2 1 DTLZ6 Wliak [ 3 _E 7= A= ) Pareto FT#SHEAT T AR AR R . il 4.3 fF
s B @ B/ (o). B (e) N KNMAPIO. CMAPIO_KIGD 54 i 5i3:4E DTLZ2
TR ) A ) Pareto FTHSE, ATLAEH, F DTLZ2 WA a8 B2 1 43 A 1k EL AT A AL
PRI 5 o AR A UL 5 5 A ST 3R B 20 AT PR -5 A AN B2 L PR RR ARG 8L« B (b))
K (d) . | (F) A KNnMAPIO. CMAPIO_KIGD 54 #5948 DTLZ6 P ja) il
[t Pareto FTHYE, MEH AT LLE H, KnMAPIO 5 ik 6 N ) 5535 o A Mk #e 2

CMAPIO_KIGD &g )&, 1 FrEH MSMAPIO S35 170 A M ¢ 4« i % T- MSMAPIO
61



e H AR 5 RS HEWT T

BAF R ATIERE, P HR A2 T 2 00 58 S0 ARG 58 O B SR DL B 33 SR Hh R I 2
R ARSI R T A

© KnMAPIO

DTLZ2

@ CNIAPI(}KIGD

@ MSMAPIO

(€)MSMAPIO on DTLZ2 (HPMSMAPIO on DTLZ6
B 4.3 =AY B AR A 3 /A DTLZ2 #= DTLZ6 MK, & 4 &9 Pareto 7734

Fig 4.3 Pareto Front obtained by three algorithms on the 3-objective DTLZ2 and DTLZ6 test function
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Fig 4.4 Pareto Front obtained by different algorithms on the 10-objective DTLZ test function
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* 4.3 Bor TR MSMAPIO 5 GrEA. NSGA-IIl. RVEA. MOEA/D 1 MAPIO
FobpiR Se it FEAE DTLZ A3 F IGD B4R LA EE R . WK 4.3 | fa — AT AR H,
7 40 MR, MSMAPIO 5 NSGA-II F GrEA A EL B B R %, NSGA-III
TEARAT R £ _E R ILAAS LE Al pR 2T, 17 GrEA 5 A SCHVEAR b R AE — AN ) @ |
At 45 R . 5 MOEA/D 1 RVEA I ELASS i, MOEA/D #£ 14 ANk a] v AL 1
AL, T RVEA TE 8 MK A # H It T MSMAPIO &% . MOEA/D HiA7E DTLZL,
DTLZ3 A1 DTLZ7 ik ek £ b v ge e - HAh %, 102 R O I oR S B A 2 RS
m, HAECLIRIS USSR, JET 70 A1) MOEA/D S48 SR Rax 35 1 L BAT Bt (R 1
£ 5 MAPIO LRSS i, ASCREE RIS, A 9 MR & MAPIO 2%,
EAE 10 Ik e @ B e A R R X IR 7R T MSMAPIO 8954 DTLZ2, DTLZ4
A1 DTLZ8 itttk fe. DTLZ2 [ Pareto HVHTHZMTHI, HIERH T BrHe iR

T i) AP 1 i

k A3 A H ke DTLZ WX P A LR B AR T 49 IGD 14

Table 4.3 The IGD values of six algorithms for different objectives in the DTLZ test problems

F;;;b M NSGAIII GrEA MOEAD RVEA MAPIO IMMAPIO
4 2.3888e+1 2.4071e+1 7.2175e+0 1.9722e+1 1.6976e+1 1.9585e+1
(5.83e+0) - | (7.48e+0) - (3.10e+0) + (5.57e+0) = (5.99e+0) = (5.62e+0)

6 2.0401e+1 2.4501e+1 5.8150e+0 1.6796e+1 1.8277e+1 2.2822e+1
(7.24e+0) = | (7.27e+0) = (2.53e+0) + (4.97e+0) + (4.61e+0) + (7.40e+0)

DTL g 2.5337e+1 2.3780e+1 6.2681e+0 1.7858e+1 1.7862e+1 2.3125e+1
Z1 (7.80e+0) = | (7.10e+0) = (2.98e+0) + (4.56e+0) + (5.85e+0) + (6.09e+0)
10 2.7201e+1 2.6984e+1 7.3240e+0 2.3775e+1 1.9401e+1 2.0198e+1
(8.48e+0) - | (6.26e+0)- | (3.16e+0)+ | (7.71e+0)= | (5.50e+0)= | (5.22e+0)

15 2.2261e+1 2.376%+1 7.3268e+0 1.2768e+1 1.6969%e+1 2.2674e+1
(7.88e+0) = | (7.69e+0)= | (3.23e+0)+ | (3.39e+0) + | (4.65e+0)+ | (6.23e+0)

4 5.0397e-1 4.9442e-1 4.3144e-1 5.2941e-1 3.5691e-1 3.2650e-1
(3.18e-2) - | (3.47e-2)- | (4.43e-2)- (4.44e-2) - (2.30e-2) - | (2.14e-2)

6 7.3475e-1 7.172%-1 7.1453e-1 7.5866e-1 5.5658e-1 5.0884e-1
(3.40e-2) - | (3.87e-2)- (8.24e-2) - | (4.37e-2)- (2.88e-2) - (2.66e-2)

DTL 8 9.0014e-1 8.6907e-1 8.2620e-1 9.3744e-1 7.3065e-1 6.7541e-1
Z2 (4.31e-2) - | (4.56e-2)- (9.30e-2) - | (3.85e-2) - (3.08e-2) - | (3.50e-2)
10 9.9208e-1 9.9122e-1 1.0046e+0 9.9227e-1 9.8746e-1 9.9872e-1
(4.50e-2) = | (3.73e-2)= | (3.35e-2)= | (2.87e-2)= | (3.82e-2)= (2.80e-2)

15 1.2018e+0 1.1669e+0 1.1952e+0 1.2790e+0 1.0439%+0 1.0212e+0
(3.46e-2) - (3.58e-2) - (7.96e-2) - (5.74e-2) - (2.58e-2) - (2.77e-2)

DTL 4 2.6493e+2 2.4989%+2 7.5101e+1 2.3674e+2 1.8886e+2 2.8646e+2
Z3 (5.65e+1) = | (3.76e+1)+ | (1.75e+1)+ | (3.36e+1)+ | (3.75e+1)+ | (5.91e+1)
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o | 2986lev2 | 20476e+2 | 6143le+l | 235722 | 23187e+2 | 27578e+2
(4.8le+1)= | (5.29e+1)= | (1.38e+1)+ | (5.58e+1)+ | (4.00e+1)+ | (5.85e+1)

g | 30952642 | 3604le+2 | 7.0422e+1 | 2253le+2 | 2430Te+2 | 26897e+2
(6.44e+1) - | (5.95e+1)- | (2.00e+1)+ | (4.34e+1)+ | (4.01e+l)+ | (3.95e+1)

Lo | 37231e+2 | 36206e+2 | 7.0760e+l | 32356e+2 | 24865e+2 | 2.9963e+2
(5.99e+1) - | (5.61e+1)- | (2.3%+1)+ | (5.69e+1)= | (3.56e+1)+ | (5.72e+1)

|5 | 35002e+2 | 36350e+2 | 7.0687e+l | 20457e+2 | 22626e+2 | 2.9846e+2
(7.94e+1) - | (7.67e+1)- | (1.82e+1)+ | (5.0le+1)+ | (3.74e+1)+ | (5.63e+1)

, | 878551 | 801891 8.8553¢-1 7.4879%-1 7.5076e-1 | 7.4544e-1
(8.38¢-2)- | (9.52e-2)- | (2.03e-1)- (7.54e-2)= | (9.77e-2)= | (1.0de-1)

o | 10763e+0 | 10064e+0 | 11349e+0 | 1.0685e+0 | 88936e-l | 8.8272-1
(7.93e-2)- | (8.25e-2)- | (1.00e-1)- | (8.44e2)- | (6.75e-2)= | (8.88e-2)

DTL | o | 1110240 | 10409e+0 | 11979+0 | 11272e+0 | 9.4858el | 9.1424e-1
Z4 (7.31e2)- | (5.48e-2)- | (L.07e-1)- | (7.53e2)- | (6.68e-2)= | (6.48e-2)
Lo | 11442040 | 11291e+0 | 11370e+0 | 11403e+0 | 114250 | 1.144de+0
(6.09-2)= | (6.08e-2)= | (5.25e-2)= | (5.8le-2)= | (3.92e2)= | (5.00e-2)

(5 | 12471e+0 | 11985e+0 | 1.301de+0 | 12929e+0 | 10667e+0 | 1.0749+0
(5.366-2) - | (5.23¢2)- | (7.10e-2)- (5.56e-2) - | (4.07e-2)= | (5.46e-2)

, | 34967el | 3.460de-1 2.3627¢e-1 4.2477e-1 1.4400e-1 | 1.7401e-1
(5.29¢-2) - | (351e2)- | (6.94e-2)- (5.39e-2)- | (5.83e-2)+ | (2.20e-2)

5 | 388731 | 38807e-1 3.0491e-1 5.0149-1 1.8638e-1 | 1.8392e-1
(3.61e2)- | (4.20e2)- | (6.37e-2)- | (5.8%e-2)- | (3.78e2)= | (2.50e-2)

DTL | . | 36485e-1 | 38458e-1 2.7851e-1 5.4130e-1 1.8872e-1 | 1.9267e-1
z5 (3.96e-2)- | (4.21e2)- | (8.50e-2)- | (6.42e-2)- (2.78e-2) = | (2.47e-2)
Lo | 369921 | 3.6507e-1 3.8113e-1 3.5890e-1 3.7866e-1 | 3.7017e-1
(3.74e-2)= | (367e2)= | (3.00e-2)= | (3.77e-2)= | (3.49%-2)= | (3.42e-2)

15 | 39242e-1 | 3.8907e-1 3.2872e-1 5.6115e-1 2.0885e-1 | 2.0679%-1
(4.33e-2)- | (5.12e2)- | (8.10e-2)- (7.91e-2)- | (2.98e-2)= | (3.60e-2)

, | BOATTer0 | 7.9284e+0 | 7.8025e+0 | 80799+0 | 6.4606e+0 | 6.6087e+0
(2.14e-1)- | (217e-1)- | (4.67e-1)- | (3.18e-1)- | (7.11e-1)= | (5.38e-1)

o | 8258240 | 81236e+0 | 7.7522e+0 | B8.3874e+0 | 6.6396e+0 | 6.6123e+0
(1.91e-1)- | (1.45e-1)- | (5.25e-1)- (2.73¢-1)- | (6.90e-1)= | (5.19%-1)

DTL | | 81601e+0 | B8.1142e+0 | 7.4586e+0 | B8.4815e+0 | 6.3743¢+0 | 6.3994e+0
Z6 (1.80e-1) - | (1.87e-1)- (6.07e-1)- | (2.30e-1)- | (6.18e-1)= | (6.41e-1)
Lo | 83975640 | 8.3974e+0 | 8.381de+0 | 8.3201e+0 | 8.3756e+0 | 8.3367e+0
(1.54e-1)= | (9.50e-2)= | (1.32%e-1)= | (1.68e-1)= | (1.0%-1)= | (1.13e-1)

(5 | 8214540 | 8.1845e+0 | 7.1694e+0 | 8.5950e+0 | 6.7692e+0 | 6.3664e+0
(2.42e-1)- | (2.33e-1)- | (563e-1)- | (4.14e-1)- | (6.3%-1)- | (7.91e-1)

, | 10721e+l | 10523e+1 | 6.8686e+0 | 9.0019e+0 | 1.1170e+l | 10333e+1
orL (9.3%e-1)= | (897e-1)= | (L5le+0)+ | (853e-1)+ | (1.12e+0)- | (7.84e-1)
o | g | L7522e+1 | L7168e+l | 12474+l | 16993e+l | 16776e+l | L5615e+l
(1.41e+0) - | (1.25e+0)- | (1.92e+0)+ | (1.70e+0)- | (L.79e+0)- | (1.70e+0)

8 | 2.3403e+1 | 2.3105e+1 | 1.6554e+1 | 2.2673e+1 | 2.2713e+1 | 2.1635e+1
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(1.63e+0) - | (2.46e+0) - (3.01e+0) + (1.94e+0) - (1.78e+0) = (2.22e+0)
10 2.8954e+1 2.8632e+1 2.9084e+1 2.9295e+1 2.9114e+1 2.8991e+1
(1.83e+0) = | (2.23e+0) = (2.09e+0) = (1.82e+0) = (2.52e+0) = (2.84e+0)
15 4.8157e+1 4.7771e+1 3.7765e+1 4.6075e+1 4.8246e+1 4.6251e+1
(3.3%e+0) - | (3.24e+0) - (5.13e+0) + (3.23e+0) = (3.13e+0) - (2.95e+0)
4 2.6816e-1 2.5290e-1 2.9764e-1 2.5702e-1 2.5491e-1 2.3448e-1
(1.20e-2) - (1.66e-2) - (3.31e-2) - (1.79e-2) - (2.05e-2) - (1.91e-2)
6 3.2956e-1 3.2875e-1 3.7389%-1 3.5488e-1 3.1313e-1 2.9977e-1
(1.36e-2) - (1.60e-2) - (3.52e-2) - (2.08e-2) - (1.76e-2) - (1.69e-2)
DTL 8 3.8214e-1 3.7347e-1 4.3741e-1 4.1455¢e-1 3.5998e-1 3.4724e-1
Z8 (1.36e-2) - (1.79e-2) - (4.44e-2) - (1.95e-2) - (1.64e-2) - (1.28e-2)
10 4.043%-1 4.0760e-1 4.0825e-1 4.1142e-1 4.1032e-1 4.0898e-1
(1.03e-2) = | (1.28e-2) = (1.33e-2) = (1.06e-2) = (1.25e-2) = (1.14e-2)
15 5.0885e-1 5.1728e-1 6.0916e-1 5.6736e-1 4.9992e-1 4.9466e-1
(1.47e-2) - (1.20e-2) - (4.75e-2) - (2.08e-2) - (1.52e-2) = (1.88e-2)

+/-/= 0/28/12 1/28/11 14/20/6 8/21/11 9/11/20

4.3.4 7£ WFG tRENIRE LR SEIR AR R 4

NT RS FTIREIEERE, R 4.4 RIE 45 ¥ MSMAPIO Hik5 HAth FH A 55
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BT, JFH IGD A1 HV X SEBR 45 AT . IR 4.4 WG AT LEH, 5
NSGA-I #HEL, MSMAPIO 7£ 45 MR ek £ HAG 8 B R L5, 1 NSGA-II 5 A K
AL R — MR 45 JE o X 2R R {E A Pareto SCAC % R IS5 SRS AE B bn MR
FI X AN B = B R 7, AT T8 U Sk ERE . 7E5 GrEA. MOEA/D F1 RVEA ]
L EE R, GrEA £ 8 M ) AR T BT i) MSMAPIO 3%, MOEA/D f£ 6 Ml
) B M REAL T AL HEL, RVEA UANAE 4 Al AR F A SR 55 MAPIO 1)
LA b, AR SR I EE A — @ I . X2 BAFRATER H Y MSMAPIO $i%
ABCRA T A MAPIO SEiEAHTE ) BFE SE0&, [R]F >Rk F 25 T 2 i 35 SR me 1 RS S A R
B LA AT LUK B8 2 MR R A AR OR BR AR VARG AR, Xt D v B AR AL S5 0 22 A 4
Pt R B . BEARARSCEVELE WRGL A1 WFG2 IR (7] - {4 R 8 A bR oAt 55
B, EAEEANNR R EE B, R E WFG6. WFGT Fl WFGO I BR % b (1 1 BE AL T
FAREE . MSMAPIO Hiv k45 s SCC R 16 398 S B 08 75 4 o B2 B s g ) [ B 42
e HLIE T H 5 Pareto BTV HIRE S o T KIGD Fi b I 2 i SR I RS CRAIE S92 7E Jo 38 X 3
R 2R . BT 45 RONL R 6 SR ] LB iy Fh R AR S o T 6 T 0% 2 A 2 PR ¢
TRWE T LURIESVE R 2 A A1 . g b, BET 2 0 R SR BORS SEAMA LR B ML A
IR BRI E TR Z R RTRE, AMIEE S 7 BV SR AR 2 B R in) S ) ZR A VERE
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* A4 SAPFE EAE WFG WX =4 LR F) B 474 IGD {4

Table 4.4 The IGD values of six algorithms for different objectives in the WFG test problems

P::I M NSGAIII GrEA MOEAD RVEA MAPIO IMMAPIO
4 2.2679%+0 2.0836e+0 1.9482e+0 2.1434e+0 2.1668e+0 | 2.3239%+0
(5.83e-2) + (6.07e-2) + (9.49e-2) + (1.60e-1) + (5.32e-2) + (4.25e-2)

6 2.6632e+0 2.5207e+0 2.3985e+0 2.7377e+0 2.5629e+0 | 2.6873e+0
(3.62e-2) = (4.50e-2) + (3.50e-2) + (1.51e-1) = (2.97e-2) + (4.78e-2)

WF 8 3.0568e+0 2.9148e+0 2.8456e+0 3.0935e+0 2.9695e+0 | 3.0501e+0
G1 (3.73e-2) = (4.07e-2) + (3.58e-2) + (1.22e-1) = (5.04e-2) + (5.50e-2)
10 3.3744e+0 3.3030e+0 3.2350e+0 3.4821e+0 3.3225e+0 | 3.3813e+0
(2.58e-2) = (3.10e-2) + (3.25e-2) + (8.31e-2) - (2.93e-2) + (3.10e-2)

15 4.3397e+0 4.2716e+0 4.2636e+0 4.3775e+0 4.2776e+0 | 4.3155e+0
(6.01e-2) = (5.94e-2) + (3.39%-2) + (6.75e-2) - (5.32e-2) + (3.48e-2)

4 8.8248e-1 8.1748e-1 9.7502e-1 8.4418e-1 5.7956e-1 7.3098e-1
(6.15e-2) - (1.00e-1) - (1.55e-1) - (1.13e-1) - (5.57e-2) + (7.18e-2)

6 1.4167e+0 1.1910e+0 1.5752e+0 1.2032e+0 1.1057e+0 | 1.4936e+0
(2.03e-1) = (1.14e-1) + (2.99e-1) = (1.56e-1) + | (2.22e-1) + (2.46e-1)

WF 8 2.1908e+0 1.7794e+0 2.4856e+0 1.7235e+0 1.7806e+0 | 2.1205e+0
G2 (3.82¢-1) = (2.27e-1) + (5.20e-1) - (1.70e-1) + | (2.64e-1) + (3.58e-1)
10 3.3382e+0 2.9570e+0 2.6705e+0 2.7563e+0 2.5374e+0 | 2.6705e+0
(4.79-1) - (5.79-1) = (6.97e-1) = (4.26e-1) = (3.46e-1) = (3.92e-1)

15 4.7815e+0 3.8352e+0 4.4897e+0 3.8040e+0 4.4664e+0 | 5.0460e+0
(1.14e+0) = (8.18e-1) + (1.49e+0) + (6.68e-1) + | (7.12e-1) + (8.25e-1)

4 7.6595e-1 7.5258e-1 1.2244e+0 8.7538e-1 6.1213e-1 5.7753e-1
(3.04e-2) - (5.13e-2) - (2.43e-1) - (4.80e-2) - (3.97e-2) - (3.57e-2)

6 1.1042e+0 1.0629e+0 1.8104e+0 1.5754e+0 8.1342¢-1 7.7909e-1
(4.48e-2) - (5.37e-2) - (3.36e-1) - (9.76e-2) - (3.78e-2) - (3.96e-2)

WF 8 1.3299e+0 1.3116e+0 2.4667e+0 2.2462e+0 9.5307e-1 9.3275e-1
G3 (6.67e-2) - (6.40e-2) - (3.43e-1) - (1.56e-1) - (5.42e-2) = (5.69e-2)
10 1.5305e+0 1.5074e+0 1.5220e+0 1.5149e+0 1.5104e+0 | 1.5172e+0
(6.61e-2) = (6.31e-2) = (6.56e-2) = (6.00e-2) = (5.34e-2) = (6.61e-2)

15 2.3159%+0 2.1354e+0 5.3943e+0 4.9843e+0 1.5755e+0 | 1.5687e+0
(1.12e-1) - (8.42e-2) - (1.40e+0) - (2.88e-1) - (9.2%-2) = (1.44e-1)

4 1.2495e+0 1.0623e+0 1.3239%+0 1.1744e+0 1.0430e+0 9.5073e-1
(9.74e-2) - (9.81e-2) - (1.53e-1) - (1.18e-1) - (1.03e-1) - (7.55e-2)

6 3.5989%e+0 3.4923e+0 3.6606e+0 3.9492e+0 2.9753e+0 | 2.7154e+0

WF (2.80e-1) - (2.35e-1) - (4.57e-1) - (3.52e-1) - (2.94e-1) - (2.41e-1)
G4 8 6.5429+0 6.3809e+0 6.0238e+0 7.1237e+0 5.4316e+0 | 5.3036e+0
(3.66e-1) - (3.94e-1) - (4.31e-1) - (4.26e-1) - (4.31e-1) = (4.05e-1)

10 9.3553e+0 9.5364e+0 9.4802e+0 9.5797e+0 9.4157e+0 | 9.5146e+0
(4.51e-1) = (3.67e-1) = (3.87e-1) = (4.14e-1) = (4.38e-1) = (5.16e-1)
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15 1.8761e+1 1.7837e+1 1.8129%e+1 1.9520e+1 1.7050e+1 | 1.6813e+1
(7.33e-1) - (7.92e-1) - (1.12e+0) - (9.30e-1) - | (1.12e+0) = (9.02e-1)

4 1.1252e+0 1.0532e+0 1.5054e+0 1.1365e+0 1.0562e+0 9.8621e-1
(4.47e-2) - (4.12e-2) - (2.21e-1) - (3.27e-2) - (3.54e-2) - (3.16e-2)

6 2.7896e+0 2.6278e+0 3.2877e+0 2.8435e+0 2.3348e+0 | 2.2062e+0
(1.11e-1) - (1.29%-1) - (2.31e-1) - (1.41e-1) - (8.44e-2) - (6.07e-2)

WF 8 5.0017e+0 4.7340e+0 5.5699e+0 5.2512e+0 4.1651e+0 | 4.0178e+0
G5 (2.60e-1) - (2.40e-1) - (3.87e-1) - (2.32e-1) - (1.11e-1) - (1.10e-1)

10 7.2526e+0 7.1248e+0 7.2314e+0 7.2017e+0 7.1677e+0 | 7.2006e+0
(2.88e-1) = (3.24e-1) = (3.42e-1) = (2.96e-1) = (3.12e-1) = (2.65e-1)

15 1.4940e+1 1.5364e+1 1.5001e+1 1.6095e+1 1.3166e+1 1.2696e+1
(6.03e-1) - (6.09e-1) - (1.06e+0) - (8.23e-1) - (5.92e-1) - (5.08e-1)

4 1.2505e+0 1.2093e+0 1.6584e+0 1.3003e+0 1.1608e+0 | 1.0867e+0
(4.23e-2) - (4.29¢-2) - (2.31e-1) - (6.09e-2) - (4.65e-2) - (4.38e-2)

6 2.9531e+0 2.8090e+0 3.4805e+0 3.1188e+0 2.6019e+0 | 2.4118e+0
(1.75e-1) - (1.03e-1) - (3.13e-1) - (1.47e-1) - (1.29-1) - (9.83e-2)

WF 8 5.2762e+0 5.0758e+0 5.6672e+0 5.6237e+0 4.7682e+0 | 4.4482e+0
G6 (2.94e-1) - (2.36e-1) - (2.72e-1) - (3.36e-1) - (3.18e-1) - (1.99¢-1)

10 7.4959e+0 7.5062e+0 7.5112e+0 7.6682e+0 7.5592e+0 | 7.4866e+0
(2.30e-1) = (2.62e-1) = (3.37e-1) = (3.84e-1) - (3.05e-1) = (3.07e-1)

15 1.5541e+1 1.5833e+1 1.5868e+1 1.6171e+1 1.4975e+1 | 1.4041e+1
(8.42e-1) - (6.47e-1) - (7.99e-1) - (7.16e-1) - (7.09-1) - (5.77e-1)

4 1.1391e+0 1.0519e+0 1.4513e+0 1.1253e+0 1.0057e+0 9.3171e-1
(6.44e-2) - (6.12e-2) - (2.11e-1) - (5.14e-2) - (7.45e-2) - (4.16e-2)

6 3.0335e+0 2.8505e+0 3.4183e+0 3.2046e+0 2.6170e+0 | 2.3913e+0
(2.01e-1) - (1.58e-1) - (2.34e-1) - (2.32e-1) - (1.81e-1) - (1.49e-1)

WF 8 5.4840e+0 5.2294e+0 5.8570e+0 5.8238e+0 5.0230e+0 | 4.6235e+0
G7 (3.35e-1) - (3.1%-1) - (3.46e-1) - (4.26e-1) - (3.23e-1) - (2.15e-1)

10 8.0380e+0 8.0994e+0 8.1133e+0 8.1266e+0 8.0862e+0 | 7.9913e+0
(3.84e-1) = (3.17e-1) = (4.20e-1) = (3.52e-1) = | (3.99e-1) = (3.60e-1)

15 1.6222e+1 1.6131e+1 1.6466e+1 1.7083e+1 1.5289%+1 | 1.4755e+1
(7.83e-1) - (6.31e-1) - (9.98e-1) - (6.68e-1) - (7.77e-1) - (6.68e-1)

4 1.3602e+0 1.3191e+0 1.6783e+0 1.4033e+0 1.3062e+0 | 1.2182e+0
(4.34e-2) - (4.73e-2) - (1.20e-1) - (6.55e-2) - (5.37e-2) - (5.06e-2)

6 3.1347e+0 3.0351e+0 3.5691e+0 3.3104e+0 2.8526e+0 | 2.6735e+0
(1.80e-1) - (1.31e-1) - (2.42e-1) - (1.51e-1) - (1.67e-1) - (1.10e-1)

WF 8 5.4695e+0 5.2240e+0 5.9009e+0 5.8838e+0 5.1078e+0 | 4.7267e+0
G8 (2.57e-1) - (1.88e-1) - (3.95e-1) - (3.13e-1) - (2.78e-1) - (1.94e-1)

10 7.7556e+0 7.7605e+0 7.9148e+0 7.7397e+0 7.7631e+0 | 7.7501e+0
(2.50e-1) = (3.37e-1) = (3.35e-1) = (3.23e-1) = | (3.05e-1) = (3.06e-1)

15 1.5751e+1 1.5860e+1 1.6241e+1 1.6671e+1 1.5230e+1 | 1.4330e+1
(6.14e-1) - (5.12e-1) - (8.39-1) - (8.24e-1) - (8.01e-1) - (6.44e-1)

WF 4 1.2771e+0 1.2225e+0 1.5791e+0 1.3426e+0 1.1065e+0 | 1.0018e+0
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G9 (6.50e-2) - | (6.66e-2)- | (L.05e-1)- | (7.02e-2)- | (7.48e2)- | (4.89-2)
o | 31110840 | 30023+0 | 35141e+0 | 33101e+0 | 25172e+0 | 2.2930e+0
(1.82e-1)- | (2.10e-1)- | (3.75e-1)- | (1.79%-1)- | (L.51e-1)- | (L.06e-1)

g | 5522040 | 53238e+0 | 56756e+0 | 5934240 | 445270 | 4.2249e+0
(3.33e-1)- | (2.83e-1)- | (35le-l)- | (3.48e-1)- | (251e-1)- | (1.89-1)

Lo | 80942640 | 80332e+0 | BOLL4e+0 | 80706e+0 | 7.9967e+0 | 7.9617e+0
(2.79-1)= | (3.66e-1)= | (3.93e-1)= | (3.09-1)= | (4.35e-1)= | (4.08e-1)

(5 | 16040e+l | 15619+l | 15887e+l | 16794e+l | 13647e+l | 1.2918e+1
(6.28e-1)- | (8.42e-1)- | (1.09+0)- | (6.36e-1)- | (7.3le-1)- | (5.12e-1)

+-I= 1/30/14 8/29/8 6/30/9 4132/9 9/24/12

# 45 TR T MSMAPIO Hyk 5 HA FLFHEVELE 4. 6. 8. 10, 15 MNHIRH WFG

MXer £ B HV BRI B SERR S5 R . R ER 277, # NSGA-IIL GrEA.

MOEA/D. RVEA 1 MAPIO 5 MSMAPIO BiEi#4THHEL, AILLA tH MSMAPIO ik A
AR EH . £ WFGL £, GrEA BILRIEREIL T HARF L . X2 H Y GrEA H )
18 K1) 43 0T I kS AL 1) 2 AR ke P 0 () RS T DAE i %o b 2 ) B 28k 4 i 4 v H A
A AR R VERE . 1 MAPIO 1E WFG2 Ml T e _F ) 225 1 Re 0 9 A AR SR SR AN AT 73
o] AR AT S . £ WFGA-WFGO MR %L F, Frik MSMAPIO SRk 1)1 fe i 2 10
T HARSR . WEUE T 45 AS%FEeas v, P i) MSMAPIO 7£ 31 /NIt ] R A1
T NSGA-1II, LT GrEA 14 28 MK H &, LT RVEA 1 MOEA/D 45 54 30 4,
EF MAPIO &5 A 25 Ao DL R R 30 /0 tAIE L 7 AR BETE WFGA-WFGO L1
PRREVERE . IR A5 B SLI8 (6] b 4 T IR T BT 527 2k WG Wit ek 5 11
PR, it —PIGAIE T BT S 75 SR AR [ 2 B 1n] RS A 8501k
% 45 <A HE ik WFG MK P12 LR R B AR49 HV 14

Table 4.5 The HV values of these algorithms for different objectives in the WFG test problems

F;:r;b M NSGAIII GrEA MOEAD RVEA MAPIO MSMAPIO
4 3.5784e+1 9.0046e+1 9.2829%+1 1.1726e+2 6.3304e+1 2.0385e+1
(1.85e+1) + | (2.00e+1) + (2.28e+1) + | (1.70e+1)+ | (1.74e+l)+ (1.26e+1)

6 1.1416e+4 1.6261e+4 1.3574e+4 1.4804e+4 1.4192e+4 8.2635e+3
(1.86e+3) + | (1.76e+3)+ | (1.35e+3) + (2.12e+3) + | (1.52e+3) + (2.81e+3)

WF 8 3.6132e+6 4.5193e+6 3.5048e+6 4.0264e+6 4.0921e+6 2.9339%+6
Gl (3.59e+5) + (1.58e+5) + (2.91e+5) + (4.85e+5) + (3.18e+5) + (9.62e+5)
10 1.4806e+9 1.6884e+9 1.3266e+9 1.3983e+9 1.7054e+9 9.0170e+8
(1.06e+8) + (6.38e+7) + (1.38e+8) + (1.70e+8) + (5.03e+7) + (4.47e+8)

15 2.4364e+16 | 2.5234e+16 | 1.8951e+16 | 2.3302e+16 | 2.0558e+16 | 9.9738e+15
(6.79e+14) + | (2.3%+14) + | (2.23e+15) + | (2.09e+15) + | (5.80e+15) + | (3.37e+15)

WF 4 3.8408e+2 3.9749e+2 3.4158e+2 3.8459e+2 4.3437e+2 4.1143e+2
G2 (1.20e+1) - (1.17e+1) - (2.62e+1) - (1.84e+1) - (1.16e+1) + (1.02e+1)
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6 5.3681le+4 5.6442¢e+4 4.8562e+4 5.3773e+4 6.2267e+4 5.5325e+4
(2.12e+3) - (1.72e+3) = (3.52e+3) - (2.71e+3) - (2.38e+3) + (2.36e+3)

8 1.3448e+7 1.4286e+7 1.2110e+7 1.3357e+7 1.5963e+7 1.4333e+7
(5.10e+5) - (6.13e+5) = (1.31e+6) - (7.98e+5) - (4.86e+5) + (4.39e+5)

10 5.2616e+9 5.4782e+9 5.0647e+9 5.3277e+9 6.5392e+9 6.1226e+9
(1.65e+8) - (2.41e+8) - (5.88e+8) - (3.26e+8) - (1.61e+8) + (1.49e+8)

15 8.3501e+16 | 8.9301le+16 | 7.6236e+16 | 8.3628e+16 | 1.0295e+17 | 8.9246e+16
(4.60e+15) - | (5.56e+15)= | (8.10e+15)- | (5.65e+15)- | (3.56e+15)+ | (3.00e+15)

4 6.7255e-1 6.2814e-1 2.6620e-2 4.0052¢-1 9.8456e-1 1.1281e+0
(2.21e-1) - (2.41e-1) - (5.10e-2) - (1.89¢-1) - (2.56e-1) - (2.64e-1)

6 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0
(0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)= | (0.00e+0) = (0.00e+0)

WF 8 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0
G3 (0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)= | (0.00e+0) = (0.00e+0)
10 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0
(0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)= | (0.00e+0) = (0.00e+0)

15 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0 0.0000e+0
(0.00e+0) = | (0.00e+0)= | (0.00e+0)= | (0.00e+0)= | (0.00e+0) = (0.00e+0)

4 2.0090e+2 2.1494e+2 1.6090e+2 1.9753e+2 2.3180e+2 2.4395e+2
(7.17e+0) - (8.23e+0) - (1.96e+1) - (1.07e+1) - (1.10e+1) - (8.49e+0)

6 2.8430e+4 2.9478e+4 2.1901e+4 2.2975e+4 3.5850e+4 3.7948e+4
(1.41e+3) - (1.13e+3) - (1.72e+3) - (1.45e+3) - (1.77e+3) - (1.74e+3)

WF 8 7.8951e+6 8.2707e+6 6.0156e+6 6.0796e+6 1.0200e+7 1.0723e+7
G4 (2.75e+5) - (3.00e+5) - (5.60e+5) - (2.62e+5) - (4.00e+5) - (4.02e+5)
10 3.4974e+9 3.4541e+9 3.4326e+9 3.4557e+9 3.4728e+9 3.4472e+9
(1.07e+8) = | (1.07e+8)= | (1.16e+8)= | (8.69e+7)= | (9.23e+7)= (1.26e+8)

15 6.0675e+16 | 6.4184e+16 | 4.6306e+16 | 4.3322e+16 | 7.7883e+16 | 8.0952e+16
(3.05e+15) - | (2.64e+15)- | (5.62e+15)- | (3.82e+15)- | (3.94e+15)- | (3.10e+15)

4 1.6439e+2 1.7568e+2 1.0502e+2 1.5588e+2 1.7808e+2 1.9221e+2
(6.53e+0) - (6.79e+0) - (1.86e+1) - (7.28e+0) - (6.93e+0) - (5.20e+0)

6 2.5761e+4 2.6921e+4 1.4994e+4 2.1958e+4 2.9153e+4 3.0877e+4
(8.79e+2) - (8.49e+2) - (2.97e+3) - (7.74e+2) - (1.05e+3) - (1.16e+3)

WF 8 7.2302e+6 7.6177e+6 4.1603e+6 5.8004e+6 8.2373e+6 8.6090e+6
G5 (2.71e+5) - (1.66e+5) - (9.29e+5) - (2.75e+5) - (3.02e+5) - (2.83e+5)
10 3.2628e+9 3.2956e+9 3.2963e+9 3.2922e+9 3.3015e+9 3.3026e+9
(6.43e+7) - (7.80e+7) = | (8.58e+7)= | (6.50e+7)= | (6.51le+7)= (7.18e+7)

15 5.4309e+16 | 5.6930e+16 | 3.0704e+16 | 3.7635e+16 | 6.3712e+16 | 6.6755e+16
(1.58e+15) - | (2.02e+15)- | (6.49e+15)- | (2.52e+15)- | (2.51e+15)- | (2.17e+15)

4 1.4221e+2 1.4936e+2 8.2764e+1 1.2882e+2 1.6224e+2 1.7343e+2
WE (6.04e+0) - | (6.11e+0)- | (2.10e+1)- | (8.17e+0)- | (7.44e+0)- | (6.17e+0)
6 6 2.2630e+4 2.3855e+4 1.2621e+4 1.8782e+4 2.6545e+4 2.8445e+4
(1.01e+3) - | (6.79e+2)- | (3.04e+3)- | (1.10e+3)- | (8.94e+2)- | (8.91e+2)

8 6.3329e+6 6.7261e+6 3.7067e+6 5.0147e+6 7.5557e+6 7.9697e+6
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(2.32e+5)- | (2.09e+5)- | (6.93e+5)- | (3.09e+5)- | (2.38e+5)- | (2.67e+5)
10 2.8954e+9 2.8886e+9 2.8932e+9 2.8775e+9 2.8897e+9 2.9020e+9
(1.04e+8) = | (6.31e+7)= | (9.6%e+7)= | (9.96e+7)= | (9.88e+7)= | (1.02e+8)
15 4.7881e+16 4.9365e+16 2.7847e+16 3.3242e+16 5.7045e+16 | 6.1368e+16
(1.77e+15) - | (1.98e+15)- | (3.99e+15)- | (2.58e+15)- | (2.36e+15)- | (2.21e+15)
4 1.8153e+2 1.9349e+2 1.2537e+2 1.7471e+2 2.1006e+2 2.2167e+2
(5.66e+0) - | (7.23e+0)- | (2.25e+1)- | (6.68e+0)- | (6.05e+0)- | (4.70e+0)
6 2.7572e+4 2.8581e+4 1.7851e+4 2.2908e+4 3.2718e+4 3.4878e+4
(1.28e+3) - (9.34e+2) - (2.80e+3) - (9.57e+2) - (1.20e+3) - (1.10e+3)
WF g 7.7367e+6 8.0545e+6 4.6446e+6 6.1752e+6 9.0819%+6 9.6743e+6
G7 (2.74e+5) - (2.48e+5) - (8.49e+5) - (3.61e+5) - (3.77e+5) - (3.31e+5)
10 3.3529e+9 3.3313e+9 3.3678e+9 3.3659%+9 3.3725e+9 3.3945e+9
(1.26e+8) = (9.17e+7) - (1.07e+8) = (9.66e+7) = (1.02e+8) = (8.94e+7)
15 5.8204e+16 6.1402e+16 3.8224e+16 4.2571e+16 7.1340e+16 | 7.3846e+16
(2.31e+15) - | (2.61e+15)- | (7.41e+15)- | (2.34e+15)- | (3.73e+15)- | (2.51e+15)
4 1.4275e+2 1.5113e+2 8.1614e+1 1.3064e+2 1.5802e+2 1.6932e+2
(4.75e+0) - (5.78e+0) - (1.51e+1) - (7.23e+0) - (7.83e+0) - (6.04e+0)
6 2.3171e+4 2.4173e+4 1.2178e+4 1.9003e+4 2.6918e+4 2.8651e+4
(8.35e+2) - (9.54e+2) - (3.21e+3) - (1.33e+3) - (1.05e+3) - (9.73e+2)
WF 8 6.7731e+6 7.0675e+6 3.4656e+6 5.1390e+6 7.8044e+6 8.3515e+6
G8 (2.14e+5) - | (2.12e+5)- | (7.54e+5)- | (3.03e+5)- | (3.40e+5)- | (2.46e+5)
10 3.1409e+9 3.1283e+9 3.1125e+9 3.1360e+9 3.1194e+9 3.1146e+9
(8.31e+7)= | (8.30e+7)= | (9.62e+7)= | (9.03e+7)= | (7.38e+7)= | (9.06e+7)
15 5.2570e+16 5.5063e+16 2.8691e+16 3.5071e+16 6.3728e+16 | 6.7598e+16
(2.44e+15) - | (2.76e+15)- | (5.63e+15)- | (3.14e+15)- | (2.62e+15)- | (2.00e+15)
4 1.5209e+2 1.5941e+2 8.9853e+1 1.3817e+2 1.8435e+2 2.0232e+2
(8.27e+0) - | (1.05e+1)- | (L1.76e+1)- | (L.13e+1)- | (L.12e+1)- | (8.42e+0)
6 2.2504e+4 2.2896e+4 1.2910e+4 1.8568e+4 2.8914e+4 3.1961e+4
(1.27e+3)- | (1.51e+3)- | (2.91e+3)- | (1.65e+3)- | (1.92e+3)- | (1.79e+3)
WF g 6.4729%+6 6.7877e+6 3.4978e+6 4.8800e+6 8.2628e+6 8.9906e+6
G9 (3.35e+5) - | (3.83e+5)- | (9.8le+5)- | (4.10e+5)- | (4.38e+5)- | (3.56e+5)
10 2.8154e+9 2.7936e+9 2.7844e+9 2.8074e+9 2.8082e+9 2.8361e+9
(1.42e+8) = | (1.28e+8)= | (1.06e+8)= | (1.24e+8)= | (1.15e+8)= | (1.13e+8)
15 4.8525e+16 5.1927e+16 2.9578e+16 3.1632e+16 6.2604e+16 | 6.9644e+16
(2.74e+15) - | (3.02e+15)- | (5.41e+15)- | (2.68e+15)- | (3.23e+15)- | (2.61e+15)
+/-/= 5/31/9 5/28/12 5/30/10 5/30/10 10/25/10

435 BIRAEL R Wilcoxon FFS##LE

Wilcoxon -5 #k i 451881, RRAF 5 RRANT S, A AR IR Be o) ELBL I A~ 45 1
AEFRVEREAH A, B ZE(E B R AT R FR A, HHZEERSE A 30y 0. Wil i
HIEZEME /AT 005, WHEZAJFEEE, IWNILECFEAZ AL B EEZE 5. ACRH
Wilcoxon 755 B 56 SR 56 BT #2 Hi 1 MSMAPIO S 5 Hofth A B3 4E WG 3k R 5
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L IGD fabrHZE . KA RANER 4.6 s, P SEiA R Fofth SR pxs EUREAS B 25 10 22
FHMERE/NT 0.5, AHMEE RN 0. FERTM T HI07 EA EL s T DL B A ST iR
SR S SR A0 T FAh SR, AR BB O0 T i A6 25 SRR B bL R i) Hidls 2 1A AE (2
EZES, NIMBE— IR 7 A SO R B A0 T Heh 5092

% 4.6 MSMAPIO 5 5 #¥ ik a9 b B4 R Ja 28 R

Table 4.6 The inspection results about the comparison results between the MSMAPIO and five algorithms

Test statistics 2
MSMAPIO - | MSMAPIO - | MSMAPIO - | MSMAPIO - | MSMAPIO

NSGAIII GrEA MOEAD RVEA - MAPIO
Progressive
significance

0.000 0.000 0.000 0.000 0.005
(Double

tail)

a. Wilcoxon signed-rank test

4.4 REFINGE

AT 7T ZEFRIS N R L HArai L (MSMAPIO) . JE Bt
K12 22 e B HEME ARG SR DR B AL, ORE R AN [R] 328 33 SR ™ A2 ARG 914 JE L. BFE
SR DR B AE AP ARG R A, DT E — 2D A RS S AR A4 S gk — 20 R R e R 2E AL 7
[ o R At ] ABH S AN (5] 1) i R A 2 33 (R SROM ™ A BN, DT i vt £ SR AP 1% 2 )
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