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[ 3 (immune clone algorithm, ICA)[Z] HARBRkKB
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e AR 7 i AR R O R IE I AR o i
BIROLHIAE , 7T LAS o JRR o (Al i A FR o ) £
i o R i B E R AR A PGS S Ry
Ko TR KA KR BEREd, 2 HE R
E YRR BOETEER, L PERE T —1
ILiRk&EPE, AR ERECE DS R, X
AR SR RS

FTEFRF flowshop W FE A W] DIXEEH BB N
AT EN L TSN RERITAE M, 5E
AP TSRS j N EFHRE R LatE Dy
Ty, B N TP AR AR F], 3F B LU R B3k
FFEERE LN 8 X S; M C; FEATHi 7
&4 j BRI Tat R FISE TS, S, A1 C, 43
FR T i W55 —IE TP i FF iahn LA [a) A Ak 38
A i), DA /M B TR B R E B A5

B MR : (DA S e S M L8t
BRI, B A HESHERR ; (2) 7 R Z A
Bitset; Q) — MR AN EFEMNEEEZH ™M, —
7= A RRE IR 24 BACEE ; ()X & 1™
mA R BHFREAR; (5) = mB LA s

Wio
DL B SCRBR AN T AR R R B/ «
min{Z = max(S; + C;)! (1)
s.t. S = Sij-n + Ti-n) (2)
Si 2 Sti-nj + Tu-n(i € N,j € M) (3)
S; =0 (4)

BFEREIm TN RERS R, EF— T
BATE 7R B TT RA B R A1 B MR . A
TR =5 s 725 ¢ AHAR, TS 7= 5 B 2 i
A IE] A

dst - max {0 E Tst - ETst}(m - 2 )

(5)
Her, & win T 8o B aMHEEFS .
B bR F A HE AN PR R B AR Rl
min( makespan) = min( Z) (6)

2 MR E R %

2.1 EREEER
— 876 —

R TERL S R B EMLRAUT
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Rt s () BRI BIF N, BN A B RITEBInA
PUREAR 3458 T RAAE) R

TERFE TR L UR SHBRRE R
FEBHE AR A e B B S A AL D0 AL TR BB B T4 4%, 3
LA RERARA TR B, B BITHRARL
WIREE A 1T DI RRE B IL N, &R FRE
TRRARLRE RAUD TR BB L TE R e
T R A

(AR R TUR SHARR AR, RFAHE
BRkFR: MARBESE N TR, S0 Pikh
M R AR, AR B TR PG s
TR, TR RERE j 95 B HE Sy

H(N) = >, - pylogp; (7)
i=1

Hep py 9 N AGURSE i MFSHBERREE] B8
R,

BERE TS BT L3R

mN>_IZHuN> (8)
Mo S50 2 B A L AT B

Yy, w = 1+ H(Z)(v w & N) (9)

(2)FRF APk SHURR LR , Bp &4~
BB S5 BARR B IS RO . WLARARA

ay, = 17 Opt( v € N) (10)

K opt, BRAHIESHIRZBIME A E , R 3CRA
BRI ERR opt,, B opt, = makespan, FTLA
b e Y ) A L W S AR

e = T3 maapan® € V) (1D

(3)PLiv B 18 PR TFE VL AR TR b 5 AR LY BT
BT B Hefil. MTLASRAR

Clu) - | {fv €N |1cVLy,,,w < 7}l (12)

Hep g RWREEBIE, 0 < 9 < 1, EEILFR VIR LI
12,
(4) W e 2 AR BT b L PR R E L R R

HATHBER S AR . HFRN

£(»)
act(v) = ax, e B (13)
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He gy ET, B= 1, REEBIH RN TH
YRR B, T B BB Bk RER — 8
I, 7EHE D BT A e X HgE e

(S)EEFERIEELENEER « T,0 < a
< 1, TEHHBPEFERM AR No = round(a
x N) AN sEAT e B 5 R

(6) 4T RIS TE A E W HTHEL M T, 33k
B No MMRIEHRA) R BRI M A
ho BHRBRYFRA

T O (14)
Z ax (i)
N SZpR SR
M= dm, (15)

2.2 BrEHLEE

HrFEIBE4L B ¥ (co-evolutionary algorithm, CEA ) f&
2 AR WORPRE B 1, N FRAPREIR] B 3R L B
SlE N R R M SE A M OCHR ) A , SERIFEAL SR A% o
H BB R AL SR KRB B VR B R BEAL B (co-
operative co-evolutionary algorithm, CoopEA ) 1 3 5+ Bip
[F BE4L B3 (competitive co-evolutionary algorithm , Com-
pEA) B, 355 U IF] HEAL B 4R 5k 4 W 5 G
BIEHAN BT NE R — AR, B2 R
LA I ) R EK [] B R4 , AR B 3 B B A 5
KREF NN EETESEH, CompEA ZA
Xt FREHAT I, B R — R, WS
ARG, HRERNE R, FRAN R LT
BABITE EWEM E X[ 1B]RE TS 7%S
FMEYEH Coop&CompEA HYk

XIFEE S; N MEp;, HEHFXTFH S (7
= i) WITAME go X p; W54 RME N

1 R p; g B

«(py) = ggrf{o el
W c(p;) B—B%, 7 [0, N] X[H, N HFEES;
BN CE RN . SRR BT AR
BHZFERME AT T —HHRB,

TR IE UG, B8 B 7 45 RAE R B4 1 L
B, RIS RIRE feed (py)

feed(pp) = 7 - S22 g (17)
Sk, AR py) HHBRIRRA, r B BT,
AR AR, <L 2o, 1A
.

(16)

S IRBIEREM AR
Aff (pg) = Aff(py) + feed(p;) (18)
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R T BRI EM R RE, FRETEREHEE
TR Ia) BEA TR 7 25 B 61 38 X, AR WS G B i s —
M B SRR, A B IRRE BRI, 3
— BB B ARSGE R RN . A
Worh B VA BT SR A R, B AR B AR R A LR
MILEA BB AN BN A 5%, T 5 HAE#K
FEREBE RXR, &R THIRNE RN S AR
F1o RIS A TR EE R U R 38 5 0 B AR, 7 o B )
H S | B 3h3E DR BRI 5 I S BR B Rl , 3L
FIHEALSRAR . XFERIE T B R 2R, B IRA
RIS, AXBEFEOVBRL HRTE,
20 MRS SR AE X, T R SR A R e (BE R BT R
PR =X LS 4L, BB TRINTF -

(D%E. BT AERER—XEFRERE,
) B AR REUE A S MR BUEA 5%, i 5 H7E 4
BERFRPRAIER X, BTLTE CICA JAE BT,
R FR RIS TR BT, BIARYE 7 B ) A
B =R, LN FRRE— DI =5, 5+
FIEEAN 7= S RE B — K, FEARF7E 40 A5 Pt BRI
B s I 7= i IR

(Q)BHREB . & XTI IRHAEL A T R
BT R R R R AR 22 R B R R R R B
KRERKREEFSH

)Wtk FEPL=E N ANPLRH B ik
BEAL, Ayo PR (9) . (1) HEBAFHA MR L
LR SEF FIAE LR, HFF IR X B AR AT 40
T A AR,

(4)IABFIRE . RIEFE S KNP R IEAT HE
B, IR ZRTE A, 4% No NPUARH B 7 B
B,, FIAR(14) . (15) &5 M A7k, TR s b ik
B C.o

(5)FEM AR, LER N , RELFHRAER
M SEKHK A RRE, % C, PHAMED BT
RERTMLER, HoEHE R HEE=EFH
AR A, AR SR 22 I8 B R BT B RS =
AR REIIR N Ir A B R AR K EB—0,
BTFREMARTFLRIEERE, RENRBT
KBTS FHL R EEVL IR BRI T A B R
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P B, BPRERL = — AR X E L, R B Py A
B XA BRI BER F B, IR P, MR MR Py
IR B B ZE D, BETIHRE IR R B 2R R BOE AR XA
B, ARSI FRAE,

(6) FEREAN I , TRTETUARRE H RIE DL IR R AT
AU GIAR Pk, & C, PAIUREI AR
B R v B T BIE B BT A R il 45, 3R €,
S5B, 8D,

(TYREGRTE, FIRA(3)HE b, R EIEmE
RN BE, JF LU A, D, st R R e B
AFEE X DPobh, EEETRIILIRE £

(BMFEEEE A BHSEAE0S S BT
LRI O TR ERTON 4% E, PEFDERH
—alar i, S B EADITE R, i
REEETEVEES i

(OYERFEITE S, WFREE 1 FPEVET R py R
2 PR EEST R F L 1 (15)  (16) B
FEER RS, PR (18) LRT R A E BT
BIE, RN X B PR BRI

(10) A KT T HE R4 LA, IR 2, ISR
aE FRFER4),

4 FRHAX

EFEESE, L 10T &5 b B
JUHY T B AL 3R L EESRLEME. RE
55 3 TR AR R A R i R (CICA W B
flowshop [FHEXEA T E.

®1 FRAEME

B
1 2 3 4 5 6 7 8 9 10
25 17 41 74 37 72 11 31 32 27
15 41 155 12 95 34 77 39 92 114
12 22 83 24 72 62 31 141 42 21
40
60

A3 B 5T

36 121 48 52 32 26 56 74 90
58 160 78 153 162 32 79 102 52

v h W N =

BLPPIIREEER A B Popsize = 40, T3 FEHL
B Ne =80, B KA IR EL MaxGen = 80, BUN B &
] p =10 HE), REETF r =1(&2
B HE) , KX EHN 0.6, LA R HE B R R
0.3, ik R R RN 0.05, HLikk B
{H AT IR RAEAR BN 0.7, XHREEBETT T 2K
HE,BRNERNE 1.8 2 fin, B 1RERE
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BB DU W Sl 26 FF- 3 BAnfE st 28, B 2 2
VEE RN SRR, WE 1 FUER, EEEE
HIABTEAL , B ¥r REUE T2 BFMEART TR, &
THRE, UL T Bk Ry esiott , B T DA 7= i Y
IR N 1-2-4-6-9-5-8-3-10-7, MK 2 WLIEH,
B THE RBFHFHYR,

B1 RAERELHE

3L B e b
RG] Gdl
S0 3 39 Lok
SOIL G CG Gl )
s ddlse o s & 5
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NLxE®

H2 RABAEDEHSE

AT H—EBAIE R B CICA WM, L Bk
VEE R RG, ESBEBERENELT, 588"
[ H 5 (ICA) FISCHR [ 81 e Bk (TA) BB iB1T
100 R Y45 R BEAT AR, 45 R0k 2 R, SCHR (8]
HIEEE & SHHE N RERERIET T R, K3
T BRI,

EFRE P = FRABRRBRE/ B IFHK
.,

SEHEIMERZE MP = CEF¥ BARE - B/MNE
FE) B/ B AR E;

BB ERZ RP = (BZEBWE - B/MNE
FE) /B B A E,

R2AHTHERNEERESER, NERPTLE
SR BHFNBRT, CICA M ISR
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Bt THREREMAELER L, CICA BIH
makespan HEXE, SN REFY T TREE
AR T fE LSRG B makespan BF- Y {EFIF
MR ER. BAERSGERE LA A BHEE, Cl-
CA AL 50 RZ WA LI B R0 MR, (B R

BB RERKRECH 150, XFEER CICA 5| A
T IRRELRIFIE FE TE AP, S T RER IR T
RFHEGERNZR, FRIAEAEETNE
FEHFE 2R F RS, IR T RSk & .

2 PAEREEEER
T, SR 4 FMhE FHERERE HREBHERZE
BB/ A/ Bl p MP(%) RP(%)
1A(10 %) 1154/1153.3/1153 0.7 0.026 0.087
ICA(10 ¥%) 1156/1153.3/1153 0.9 0.026 0.26
CICA(10 &) 1153/1153/1153 1 0 0
1A(100 YK)[S] 1196/1155.3/1153 0.52 0.199 3.729
ICA(100 ¥&) 1157/1153.4/1153 0.88 0.035 0.347
CICA(100 ¥&) 1156/1153.1/1153 0.95 0.0086 0.26
HEBORE RSOA BT kAR R, 7E 3L
S EATHBH TE 10 IR, #*4 F1BEFEFRMAENENGEEESR
£IAMT BBEARRNEMELER, N T EARE e
DAEH, Y B =1 B, SH AR R R B ) BRE BEE P
SRR, BRI RGO SRR RRIRE , (S SR A r=0 1153/1153 !
SRR, R 8 RENKE (10 6 = e i i
100) , B et HE B B otk , (75 3 B AR A1 B s L153/1157 06
BEMPATE—HERRE R R, sk r=5 1153/1156 0.5
RS, AT SRR
PHE R FRBOT AR R, R 5 & #

SHEABHHEILTHE 10K,

£3 PREFAHMEAERENHEERSR

B o By
BRERE  phw men P
B =1 1153/1156 0.5
B =5 1153/1156 0.8
B =10 1153/1153 1
B =15 1153/1153 1
B =20 1153/1153 1
B =100 1153/1156 0.6

FRA4GET r JEARNGEERES R, N
B LIEL, Y r =08, RN 0, Iuht 3E S HRCR
AAE,BRE T CICA 7| A TR B MR g, i
RPFEEZ AR R B S, BT LA A Bk 5 0
ThRERRMGERERE, HEYREETFRE
TR, B 52 45t LB B, e R CR B 8, i
BRI TRETHEN CompEA , TSI B kR,
R ENBABNTE , D BART R,

AR ICEF R AR oMl H B A A B VR () A R 1
— TS A A DR T S e A 7 R R RV Bl ] S e
Bk (CICA) B3 0 B T #Uah E R ¥R R 5
THEEBOF AL T BIE R A Rt 8030 &
ARBORURIGT R B 38 A0 BUAE b, ELANGT AR B A AL
JE R LE RS R — & B RIVE R, BARGSR
RIEMH R 2R, BURE RBARRERE K, 4
RIS THAN, TR K — M R H I T
B, ERERBARRRML. RBETEAT
TR TERMERE, L REERR S S
TIHIA RS 22 M T e, I BR Bk i i SR R, (B
RSREY, L REHE FE KRR, R BCRYK
R, W BRRIFABE, & LIk 7RI T &
LS, CICA Bk BA B I HERE, HFRRBE
YR TR B A R R A . S8R, B
WA P T A R SE I 2 2 B A R B TR, . S
JE T R ARG TR TS T o
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The co-evolutionary immune clone algorithm and its application
in zero-wait flowshop scheduling

Jin Feihui, Gu Xingsheng
(Research Institute of Automation, East China University of Science and Technology, Shanghai 200237)
Abstract

For solving the zero-wait flowshop problem, the paper proposes an effective approach called co-evolutionary immune
clone algorithm (CICA) . The algorithm combines the colonial selection mechanism with the principle of immune system,
and adds in a new operational of affinity mutation and a new function of activity in local operation, to make the capacity
of antibodies to antigens not only relate with their affinity but also concern with their concentration, consequently improv-
ing the diversity of the antibodies and avoiding their prematurity. In collective operation, a thinking of co-evolutionary
and the elite migration process in evolution are used to accelerate the convergence and achieve the purpose of optimiza-
tion. The simulation result demonstrates the search precision of the CICA is more effective and highly advantageous than
that of the immune algorithm and the immune colonial algorithm, thus verifies its validation and excellence. Finally, the
paper discusses the influence of the incentive coefficient and the feedback coefficient on the algorithm’ s performance by
simulation .

Key words: scheduling, colonial selection, immune algorithm, co-evolutionary, zero wait
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