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Geometric Thermodynamical Selection for Evolutionary Multi-Objective Optimization
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Abstract Thermodynamical genetic algorithms (TDGAs) simulate the minimization of {ree ener-
gy in thermodynamics to deal simultaneously with both convergence and diversity in multi-objec-
tive optimization. A geometric thermodynamical selection (GTS) is proposed to improve the run-
ning efficiency and the distribution uniformity of solutions of TDGA. In GTS, an angle entropy is
introduced to measure the diversity of convergent directions by sector sampling and then a dis-
tance energy is presented to measure the extent of convergence by distance elitist rather than the
expensive non-dominated sorting. In addition, a component thermodynamical replacement rule is
used to force the geometric free energy of population to steeply descend with low computational
costs. Experimental results on multi-objective 0/1 knapsack problems show that GTS remarkably
improves the running efficiency and the distribution uniformity of solutions of TDGA. At the
same time, TDGA with GTS produces a perfect convergence and spread of solutions as well as

NSGA-II, while its running efficiency is much higher than that of NSGA-II.

Keywords multi-objective optimization; evolutionary algorithms; thermodynamical replace-

ment; angle entropy; distance energy
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W HR A SCRY S AR AR > A BT SR L 7E B i I
R, X 3 DN HERAERR TR IR insert (AL b, x) R
B, BB insert (AL b, x) ECHHTMAE x Flx Jr7E B
B BE BRS¢ ALindex 1B 55 b WUBRES 47 x B
S Alindex ], MR IE Bk 9 Al index | h x. X
A A PRECT HE AR AT
Bk 1. X wtstk A, =initialize(b'”, P,).
1. for(index=0; index <<K" '; index—+-+)
Ao index ]=NULL;
2. for(i=0;i<<np;i+-+) Ay=insert(Ay, b ,Py[i]).
ik 2 UHEHA =updated” A, ,0,_1).
1.A=A_1;
2. for(i=0;i<ng,;i++) A =insert(A, ,b",0,_,[i].
%3 UHEBEA =reset (b, A,_,,P,_,,
O,-).
1. for(index=0; index<<K" '; index—+-+)
A,[index ]=NULL;
2. forCindex=0; index<<K" '3 index+-+)
3. if (A, Lindex ]! =NULL)
A, =insert(A,, b A, [ index]);
4, for(i=0;i<<np;i++) A =insert(A,b". P, [i]);
5. for(i=03 i<<nys i++) A =insert(A,b®,0,_,[i]).
B4 BINADEREISCR A=insert(A,b.x).
L. index=0; //TFEEE 2 LR TG 14 AL bR B SCRY R 5
2. for(j=1; j<=m—1; j++) {
3. aj=arctan((g, , (X)—b, 1) /(g1 () —b)) s
//x W BE 5y & 0,
4. ¢cj= floor(2K x aj/m) ;//x F{E BB 0 A 5 43 i ¢
5. index+=cjx K" }//x BT7E MBI 1 SCRY R 5
6. if ((Alindex]==NULL) or
(d(x,b)>d(Alindex],b)))
7. Alindex]=x.
EX 4. &b ER"ES U
FLxEP AR e(b VA, x) AR x TESE S b
THIBE B RER ., ED A, P) NFRMEE P EJE S b

(v svy 500
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TR B AR L X B
e(b”, A, s x)=d(A,index]:b")—d(x,b"") (12)

EG©AP) =5 3 e A (13)

Hi index=v+v, XK+ 4w,  XK" "R x ff
TERIE B R R G v= (v s vp 5050, 1) N x FTAE
BT A A s AR PSR B

G — D& S, S PEEM A Pareto
A 0 FE AT B 4 RS A A L SR B S AR AT
e, B LA Pareto 50— IFAZ S ERy2 )y R
R FAEPIDAEEA G A ] R I . 2 [l —
A B B H A A 8 3 B2 AR TR] S DU Bt B A — 2R 5 2k
R 2 2 i B B iR B L n] AU Pareto HL#K,
M Pareto buA¢ H AT GEA AH S A0 Bl i 3 Fh
453, I Pareto (5RO R EZMIE EAY—A "4
RIF R FR AR WA ARESE AT LB 78 B B
HfEAE— A Pareto S5 fif o B 21 356 250 BE B9 05 R Y R
R IE  ORT DLk BOZ AR R XA B TE vh Y B
AR B R RE A5 T AR T T e I 1 B R O )
UMY BE B 5 R B I B B 2 2. IR A4 B S g
/N A A B A I O AR 2 BRESOR
AT & Pareto i JLFE B /N A4, BT LA 25 6B
/N AR IGE T Pareto Fe AT, 24 K (HE K
B[] — B3 T AN R o B A 5 A, R B T A IR
(4 F 5 A () 9 B 35 RT3 AL s o7 PR T A 445 1) B 5
e AT I AL E AR 1 R

X LRSS SCRY SE B b T Oy T R A AL
SN E R T — DR R B
TE T (R DA A IR 2 B B J /D B o 0 AN ] i B
AN B A B B A G A TR R S 1 A A BE B R B
AN YRS S Se R e & T B2 AR BIE PR BR
B RCUT T S0 UK o OR B R . AR E R L, JC iR
TAS B W A BESE LA 2 K R BRS8N K — &
B AR RY Pareto 35 45 i . 3 {45 A1 FH L]
L AT AR 44 38 ) Pareto 45 R,

R )E R R FEREEAES R HEA
PP W ] ik Pareto 7 fIL L %5, B ) &2 4% B R
OGn(np+no)®) . JE 8 RE B AY 5 5248 4 O i g
Fo# Herp A AN AR T 5 BT 7 e B v i BE B RS
Yrb e, W BN OGn(ny +n,)) s Bl B AR T2 %
RE LI 2 A .

3.3 FEEHVJLAT B HAEE

B C & T H RS [ oA RE B RS X

JUIIC R 5 Pareto (L Z IR BB & . I 78 73 A 4

JE B E SCTORRAE Y A R A R B B R . BAE T AR
T £ 8 40 R B8 5 e DA TLART 19 WL SCRPRE A el
RE. FAE A LA b REKE 2 H bR R Ak v B JE
ZHMAERE T Fa—ik.

EXISOLfT A mAE). &b ER"EH ¢ £
FERLPoe X 5 ¢ ARFNEE IR AFR F(b© LA, T,
PO RFEE P AESE S b AR E T T L A i fg,
X H

F(b“ ,A,, T.P)=E®b"Y A, ,P,)—TH®b ,P,)
(14)

4 S ERNEFEHRAN

B 2 0 Bt e 7E R 2 B AR LAk
g NRE R S A LAY 0 — A DG B ) L #R
TR B 10 %5 2 B AR RE P, = (0,
K g A BIET RO, = (e
x0T DI g AR R PR o A
R4l F — R RE PT L H B A R
F“ A, Ty PP D e/ SR FH 55 2% 15 K
W 3t e /M BE— A0 B 1 REA Bt — D 2H
PRA ], 56T 5 0 RN BE B9 A8 I 1) 95 2% 2% f L DU
SR ik O(K’”*lcxﬁﬂo ) SR RANEIATI. Ny
BEAR R R () & % BE . TDGA 2417 % F 9025 44 )
2 B e (Greedy Thermodynamical Replacement,
GTRO BRI, 4 57 25 HE w38 A 11T — ACFh B v 35
FEAAR. GTR HU A 355 TF 55 95 55 28 0 U A AR R /%
FEREAR T A BE RS FIEE B R RE 9 GTR FL 9 &2
=y OGm(np—+n,) +K" 'np(np+n,)) . fH GTR
P AE 2 B 00 o b 5 AR T AH 2 v A LS .
TEH B AR LA FAT 52 T — b B T S5 G005 AR X
RE 5 Y 20t A AR N CTRY ™ @2k A e g
g3t AR K B RE Y B el BE 43 TR B LA SR b AR
KB TRT AL T T8y 2 e B ) 8 Bt A SOt — 20
g = JipsYEIDNE EASEIN ) Rl a SN S (=S5
W52 2 2. B e X2 Hbs Ak ry JLAT B i fig
g3 i

EX 16ULT A AT, B PONE ¢ Rk
BEDY N RIEH ,xE P, IBPLFR F.(b" A, T,
Poox) BTEEE R D SR A FNREE T N M x TEFD
B P JLA B i RE S L X
F.(b",A,,T,P,,x)=e(b",A,,x)+Tlog(n,/np)

(15
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Hrv="C(vis0, 50, 1)K x FrEMIE LR,
v; = floor 2K % 0, (x, b)) /7)), j=1,2,,m—1,
n, HEREE P LT AR AR g v (5 B S AR
RFEE PR A R

JUAr] 53 4y 275 i L ) e 3 5 A A o )
FBE Pl i JUART B H BE 43 it A ] 42 35 2030 L
AMETT —AURPRE LT B i BE RS EAY 5 3R B O U
ANTORE A N B T BT . SRR S5 R, JL AR
CTR BN F 24 3 P8R,

BixS JLamEi e g P, =
CTR(Wb“ ™" ,A, ., T,P,,0,).

LA IEACHEE PORIFRIEE O 45 3 i B EE Py s

2. FFSE AR R R R Pl BT AR LA AR A
F.(b""V A TP x) . xE P ;

3076 Pl Bk th o A A f BB 23 B SR A R
Py BRI n AR BRI BT — R P,y

JUfp CTR B3 3 i RE 0 i 19 R 2R 2 N
OGn(np~+n,)) s PRI KRR R 245 R O, (np +
1)) L CTR BN 52 2% Bl OCOm—+ng) (np +
no)) ’ Hﬁﬁﬁ%ﬁ%? GTR %ﬂﬂﬂﬂ@ﬁﬁﬁkﬂi 5% E*fﬁ
DA A 2 L, F AT R fTUE B 2 [ A5 A8 A o i JL A
CTR AL BA 9K 3l A 9 JLAT A i E I o) el T

R BE T
EIE 3. W FARACHEE PR O, % PY
FHIL H B e /DB~ — AR, PO A LA

CTR B A: L) F— AR EE B0 P, =CTR(" ",
A v ToP,.O)vy=mny/(np+ny)s DTV, A
T.P,,O)=F“"", A, ,.T,P9)—F"",
A TP

lim (D™ ,A,,,T.P,,0,))=0

iz PR BIR e T o D) w] Uk B E B3, G HLAR g T
SE B3 IR L HAIE B e ] 2 25 SOk 18 ] i B 3
HVREAT S 24 np<np i, JUfT CTR BEI H AT 4K 3y Fif
HEJLAT [ H B8 2 /0 LA Fp DR Y 32 4L 38 12 T I 1 BE
J1. B3 RIE T 2 HFR AL s LT CTR B i 45
k.

(16)

5 NLfARAhFEEEEE

IR JUET CTR FENTRFR Ay T # B I A0 R 25 i
B0 CTR BN, £A 0 0 5 A i 2 HI ok & 4y
RN IX 4 ADEEE R T L)
VR T KA R PR 1] JLART bl BB U0 1 1) Y
b, DT 785 3 44 T 2 v il o R 1) 58 855X AR S

PR P UART A ) 2 38 % 1) 8 ) 2 33 A% S5 D TLART 44
T2t Bk GTGA Bk 6 4 th 7 GTGA 1y — ik

Hiko. JUTHIEm e GTGA,

1. BEBLAE R np DS RLLE W) IR FEE Po . IR 1T A Po
A
LA E SC10 RN (D AR R 0 ARBE A B
. Ay =initialize(b"” , Py ) ;
. Ty=10; t=0;
. while(zerminate(P, ;1) = =False) {
P UA GBS S B S B n S F AR
B DRE LU TFFRE O, IR O, A
AR E SC 10 LI (20 A AR o1 A BT
BT ==b") A, =update(b" " A, .O,);
10. else A, =reset(b""V ,A, . P,,0,);
11. P,y =CTRWb" " A4, T,,P,,O,);

/ /A LA CTR FL0

=~ w N

© [e) ~ (2] wl

12, t=t+1;

13. T,=T,/(1+0);}

14, % A BEATHES 43 2 Ha i A, ¥ Pareto JE 45 i 4E.

Fid GTGA Bk rh il B2 T F il J32 56 U ki
BT, =T,/ (4o R T % HIEEER GTGA
TEHEA %A ES A5 75 21 AR 9 SORY 2 4% B T8 DX Y
B BB . A B AR a3 ) /Y AE 25 i 4 2 B
1B 09—~ AR 25 i - B RS JE B AR 25 i A — 5 2 %
A E bR 8] B3R 25 . 490 a0, A5 T 7 3 1) B IR 45 i
A A Bl e e L T 3 s DR B i 4 R
ZPH I Pareto 3E 45 73 JZ #A1 X R AR 25 i 1O 4R &
PEAT J5 b BE R 9 5 D8 Y B R AR 25 A T B Hh 25 B )
53| A ) Pareto JE4 BT,

A b

H¥s 2

HFr1
B 3 BEEKESAES R E
GTGA 1E— W A SCRY B B B AE update O
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WA BE R OCngm ) s BT RNEE Y JE 5 3 W BE 2 kA
AR AT e 1) A Xl 1 GTGA H i f k A e
L SCRYBRAE reser O BYHE R IE 4 /N, 7] Z 1%
At JU CTR MRS 2% B o OCGm+ny,) (np +
1)) BHE ny<n, Bt GTGA B3k — kAR 2e
2395 OClm~+n)np) s Wit GTGA FEEI B A%
21 R OCN, /n,(m~+np) np) = OCN, (m+ny) (np/
n,)) o Ny SRR i KPR L 1 TDGA 24
IR B 3 F 3 RO 2 S Rg E GTR B 7
no=np I —WIEAR B IR E LR O(Gn+n)np) i
TDGA Bk REIEL N ON, /n,(m+n)np) =
O(N,(mnp +nnp) (np/ny)) . 50 55 b4 B e
PRI B ek Ty vk R RE S R O R X SR I AT R
F s FATHEH TDGA o GTR B o CTR
B Bl 15 3] 5 1 TDGA2., TDGA2 3R 3 T 5 K 4
M2 9 fg st ry CTR BN AR b 1 77 2 43 B /]
TDGA2 Bk MR 2 E 2 HON, Gmny, +n) (np /np).
#E— 2 TDGA2 v e PR B o 5 8 46 oy £ 32 0
JE 7 A AT AR B 5 TDGAS. TDGA3 RAHE T M
JE I A2 9% BE B 9 CTR B . [A) £ AT 43 #r 15 2
TDGA3 BEME AR E 2 OCN, Gnnp) (np/ny)).
A 43 B 2 BH 43 Sk R o D00 A R R S BB Y
B T TDGA A7 8803, Hov 4 i 25 48 00 J0) A i
B AE AR Lo B

6 KIWSHMH

N TR R U IR ) 22 B R T YR PR RE
XL CH+m T AR Z Abriifb Bk IFE 2 A
Fr 0/1 AL )8 E X X S8 VL AT T — R 5L
. A 25 ¥ AE Intel (R) Core™ 2 Duo CPU
T9300 /2GB WAEM ML 117
6.1 MEgEEES

i 22 B bn AL S s i PR RE G R T B R 3
WREZER: (D @i FrokdE % i 4 18 i Pareto
EAURTHT AR EE 5 (2) ZHEPE. PR AR 45 il 4R 1 3 1L
FREE 3% A HE S PR RN TE )1 H o 3 5 M R R R
RO AT B B SRR 98k R s il B BT o e LT Y
() SEREFRBE 5 (3) T AR, AU C F1A TIASTF
M A o A U 35 4% 543k BT ok — B s Il 8L 45 i 45 A ARG
4. Hodp CCS. S T 45 WA fifp 45 38 3 /i Vi 0 7
S L
[{a' €S| Ja€ S:a<d’} ]

S|
C(S.SHFRT S'HS HEMLLFE. # C(S,SH>

C(S.S)H = a7

C(S".S) AT IA Ny i B S 3 T He A1 By ¥ 1 88 2

T MES . A FERT HirMBHAEL fRE S 1

YRR T HARR B R S ECRE, L

HEMARIEL AT F(SHF A H5 Q=F(S) U

{E\ E.} I 85— BT HESIHTHT Q.84 ACS)
AR 5 X
1

lQlI—1

Q-1
A(S) = >lldi—dl. d
i=1

H
S
|
M
ES

(18)

Hirdi= | F(x)—F&™™) ||, X B x HFEA Q
AR F(x) =E, ,F(x'¥)=E,. A 45 5% &
TS WA B S N 55 T8 o AR A B 5
5 R B AR R AR LA TE/NE A EL 53 AR R AR
FIR B R — A B T AT B AR,
A S FHAE AR [ ML H AL R AR R 2 B S AR E
A I [ o AR AR
6.2 i i

R 5 PEA 45 5k PR RE L A SCik T Zitzler™
PEHW 3 A HER 0/1 8 A2 8] EE R K B 43 51
ith 2-100.2-250.2-500, LS WE B ™ N 2. Y 5
BOH 435120 100,250,500, H Pareto # fIi A T i i1
B 1 st rh r A BB R oo 0 3
il 5 g A, EL e SR 5] A 4 B

Tt A B VR BT RE P A R AT AT L AR SCR
HUbr i (weighted scalar) fE#MNEF1 8 A AT 17 ik 5%
R AT AT RN E TR MU & g, BT DA 3R
HBHAZNMERETETY S BRI A G EEN
Zat R X HEY s G B InER & g, 8 R

G=D0Aps ) Dwy s j=1.2,m (AD
Horb py w23 50 Y5 G FEE A PRl 5 E
A= (A, Ay e A, D G TE T 2 A 19 A ] 2
AR — 2R F T OIARR £ B A SR T bR R A
KO AR - HEH 05 8 A, sk AUy &
q; W 7 L 5028 0 208 1075 A0 Hh S I 3 0 i

®1 MWABIHSHE

BUR TS A5 Niche & KIEAL

b B P KRS WHN,
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—(C 5
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Background

Multi-objective optimization problems (MOPs) are a
very important research topic, not only because of the multi-
objective nature of most real-world decision problems, but al-
so because there are still many open questions in this area.
The aim of multi-objective optimization is to simultaneously
optimize a group of conflicting objectives. In general, there is
no single optimal solution, but rather a set of Pareto-optimal
solutions in MOPs as opposed to single-objective optimization
problems. No other solutions in the search space are superior
to any of the Pareto-optimal solutions when all objectives are
simultaneously considered.

Evolutionary algorithms seem particularly suitable to
solve MOPs because they could find simultaneously a set of
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Pareto-optimal solutions in a single “run”. In order to pro-
vide flexibility for the human decision maker, evolutionary
multi-objective optimization has two tasks: (i) convergence
to the Pareto-optimal set, and (ii) maintenance of diversity in
solutions of the Pareto-optimal set. Thermodynamical genetic

algorithms (TDGAs) simulate the minimization of free ener-
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gy in thermodynamics to deal simultaneously with both tasks
in multi-objective optimization. However, the computational
cost is very high and the distribution of solutions is not uni-
form enough in the current implementation of TDGA.

In order to improve the running efficiency and the distri-
bution uniformity of solutions, the research in this paper
adopts geometric quantities such as angle and distance to de-
fine the free energy and redesigns the thermodynamical re-
placement rule to reduce the complexity of replacement in
TDGA for multi-objective optimization. The goal of the re-
search is to incorporate biology, thermodynamics and geome-
try to produce a perfect convergence and spread of solutions
of MOPs with low computational costs. The research is sup-
ported by the National Natural Science Foundation of China
under grant No. 60773009, the National High Technology
Research and Development Program (863 Program) of China
under grant No. 2007AA01Z290, and the China Scholarship
Council under grant No. 2007101731.



