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Abstract: Given the limited capacities of the line-side buffers, a modified immune clonal selection algorithm was
proposed to investigate the just-in-time (JIT) part distribution for automobile assembly lines. Firstly, a JIT distribution
problem domain was described. And the mathematical programming model was established with an objective of minimizing
the sum of the inventory holding cost and delivery cost. For this composite optimization problem with multiple constraints,
the relevant properties were analyzed to transform the original problem to the discrete optimization model with buffer
capacities constraints. A two-level integer encoding mechanism with variant length was put forward in the algorithm
design process, which reflected directly distribution routing and quantities. To improve the convergence performance of
the proposed algorithm, the vaccine inoculation operator, as well as the local search schema based on Metropolis acceptance
criterion, was introduced into the neighbourhoods generation mechanism. Finally, simulation experiments of the algorithm

were carried out and the results demonstrate that the proposed method is feasible and effective.

Key words: just-in-time; scheduling; heuristic algorithms; vaccine inoculation; Metropolis criteria

1 5|5 (Introduction)

B VA AR i 2 RN P S A A5 T
AW, SO A RIAE I AL AIPRIBC LS TR oA Ve
SBT3 R B P 7 TR R H ol
B SEIATREAC AL /MR KB PRI,
S TALYERF R R AT K. O T 3G i R B IR 2
173 8] ARAE R ECA Y R gz 5, He T T R SEH)
YIRHECIERE ARG T 712 N . A G i 5 2525 i
AR B s B YR TR AR A O G E PR, 52
T AR I HEIE AL ZHEIR . /N ER ALke] 5E HT
PEME231 HybmT %, b T3 s A i R B AT AL

WAk H: 201507 —30; 5% H3: 2016—-03—24.
T3@(5/E4 . E-mail: bhzhou@tongji.edu.cn; Tel.: +86 13564164374,

AL THTGZE: PR
5 [ ARBIFE L4 F (61273035, 71471135) % 1.

R AT RN S 2 W RHE AL BCIE 7V TS
AR SR X

H A, B AN 22238 55 e e 2 vk A6 P R
BT T BRI L. SouzaE DL /IMb
17 FIS o A B AR, A7 T RS kL v )
RO, R TS DA R L S VAR R
R S K A H . Emde®s PUF 5T T Tow trainff) %
B, 258 TAT AR ER . AN 0T AN e ), Dhds
AIMEZ T PEAT Y0 BRR, S T SRR 2 il 8 ) 22 5
A5 Boysen5 01 DU /IMb 2610 A A7 Al Tow trainff)
Hic B Al d b o H bR, 87 T IR E B A& LRI E .

Supported by National Natural Science Foundation of China (61273035, 71471135).



780 ok o® 5 N A

33 3%

Fathi V2541 % Two trainfic 24 1 B2 1) 2 H btk 1) @,
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2 B (Problem formulation)
2.1 [u 8338 (Problem statement)
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Fig. 1 The part supply for assembly lines

2.2 HUFAEAY (Mathematical formulation)
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Fig. 2 The Gantt chart of exchanging two adjacent deliveries
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e AR s = 8]0y ASIAS AR R T
HCp () = Cp(y'); & & M ] 514k 5 {(s5, ),
oy (Syap, ) ME B R B AN (Ve {1, 2,
o A = 13), G () = Cr(y), WS AC (v) =
C (") T, T FATHIE.
3 HykdiR (Algorithm description)
FSCHR (1 1) 77 1, 2% ) 78 98 NP-Hard [, AT
Bt A E, ME AT A BRI ] P SR I R R ik .

I, AR T OOt i v P I R AR A AT R i
R S RUAIN AR /I SN We S 1) N S AP e v
W IR T R R A B A R L i () A = A
B AL AR A B L T Bl T R A
DL Je HETFMetropolis e 52 1 M 1 Ja i 8 R 571, v ik
T ARG )% v BEIE PR EI LA R A S B, S
T BRI ORGSR, B BARURE W3
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Fig. 3 The flow diagram of the proposed algorithm

3.1 Pitkgmis 7 R (Encoded mode for antibodies )

AR T AR A2 S G B 2 7R PO AAR (Il 383 (1)
fl)Ab = {A1, A, -+, Ap}, Herhm A PR, g
T B s ST WIS IR B A|, a2, 2270l e
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Fig. 4 The schematic diagram of encoded mode for antibodies
3.2 Ik (nitialization)
) JEUN 2T RS 2R TR S A ) R, R T
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VR BT 29 (2 AR () A ANGE ), K i 1] 38 4 4k
h B R AL ) B 5 RTINS T ORAIE 4R 4
BWHE ST LR (LI (2)) UL S TAT B G A7 25 B 20 R ()
LRGP 2NN, s Rl s & EA
Hmin {Vs + 1, Gs}; BEANA T LR ), 24 T2
s(s€{1,2,---,SHHMIz B mIABINK, A P
X T AT R AR

BT BT, 458 S HW, N, Gs, vs, IR
IR PR A A

Stepl %A+ o;

Step2 BENLA (s, n), W21 < s < SH1K
n < min{Vs+ 1, G5, N — K(|A|,s)}, #i{(s,n)} #
o NI Step 3, 75 W5 H A;
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Step3 A<+ AU{(s,n)}, FStep 2.

W PiStep 1-324E i Ab={ A1, Ao, - -+, Ay}, %A
A FE REBE W AL 2T (1)-B) RLTR (O 1A
AT, RS LA 2l AT AR R SR b R
PhAT eI IR G AF A FE AT, A AT SRUASR R )
(R TP AT S N A T
3.3 EAJjTHE (Calculation of the affinity)

YEA; (j €{1,2,--- ,m}), HER| LiRYIIHIL
AR AT eI R G AF B R AN, W sg i ok
FEFP G INAHN A8 SHME, 207 SR BT T

E—F(A;
afﬁnity(/lj) = ( ]) y

3 (B~ F(4) +¢

1451
e F(A;) =C(A5) + > f(6) %ﬁﬁ%/ljlﬂ"]ﬁ

i=1
RERHCA 5 16 512 A E = max {F(4;)}. Oh
TRV = 1,2, -, |Ay], AETE 2, %5t =
ti + d, I 2 T A s, A0 1) D2 A7 25 58, 28900 R 20 f (65)
& SANE

9i(6; — 1)

f(éi):kl‘zﬁ'dsi+k2'asi‘( 5

o 6 = max{B(t; + ds,, si) — Vs,, 0}, k1, k277
A SIS AR B PEAT A DG I A T R 2L
VR IR IaG B AT AR BT AR B 4h M R
Ab = {Ay, Ag, -+ Ay}, AR HER LTH R S PUAR T
SRAIE, BRI B PUER A Bad 122 X, TR
553K PR B AR X R«
3.4 PiAAFEEE(Cloning of antibodies)
Vjie{1,2,---,|Abl}, R IEHUAEA TN (E
affinity (A;) X HAR R BUEC (A;), THEHUEA; 1) 50
BB, A R U2

+1),

q; =

int[ maﬂimty(/lj) Kk Ak C(gj)A 1,
> affinity(Ag) 12}2571{ (Ae)}
k=1

b ing [ 124 1) FEHUCE RS, Ah 5 v B RS G
(R Al 203 e HRAE, B 4R ADZE I I 44
FIHEP.
3.5 EEHEFP (Vaccine inoculation)

FEACNZ e X VR A s IR 2 v MPRE, 5T X h it
A TR 216 F0 g AH SR R e 6 5 R B VR R A9 9%l P Ak
AY = {(s¥,nY)}, SRR PIAARA = {(s5,n;) }(A
€ P)HTI R AE XA A

Step 1 FbLA s € {s1,52,--- , 55}

Step2  HHUAAY, AT (se, n))}, {(se,
ng)}or Ad MY, I, 45| Y| = |11, #:Step 3, 75
N%% Step 4;

Step 3 WIAKHE ITY (18 S AK UCE B A T
7 s IHRIZ B

Stepd4 A1 | < |IT], WK E Hr A T A7s.
AU ITY | F48%08 &, B G | T — [ 1T |55 F T s
PWos Vs 25| ITY | > 11|, AR B AR T A s 1l
|IT| s &, RS | ITY | — || 2% T TALs s
RN TR AR,

Tl P e P EE MR, Ao BRI P
3.6 Pi4EAE F(Mutation of antibodies)

éﬁﬁ%é&ml < mao < mg(ml > O,mg < 1), XﬂL
PURA(A € P U X)) T N AR 4

Step1 #3ie{2,---,|A| — 1HLNERS, WAL
He(simr,ni1) M (si,mg) BIEEA, A A ¥Step 2;

Step2 r =rand(0,1), #r < mq, ¥Step 3; #
m1 < r < mg, FStep 4; #imo < v < mg, #Step 5;
), % Step 6;

Step3 1L %45 j1 # ja(j1, J2 < |A]), & # (s,
1y ) (8, iy )RR A!, A = A, %4Step 6;

Step4  Fi3j1 # j2(j1,J2 < |A), Wirtsj, =sj,
Hnj, +nj, < min{Vs, G}, Winj, + nj, +nj,, nj,
— 0, A, A+ A, ¥ Step 6;

Step5 #73n;>1(j < |A|), WEvel, 2,
nj — 1}, nj < n; — v, (S|A|+1n|A‘+1) — (sj,v), 14
A, A+ A, ¥Step 6;

Step 6 PUiAL FE5 .

Rk FEMIE P2 AR AR, AU RE P
3.7 Bi Ak P % K& PU AR T T (Reselection and

death of antibodies)

WHEHURTE P h TR B2 A A, SE A2 R
X S AR B X s 5 LRI, 3686 P v 26l ) B
BN PR T B AT WA A B, DR FF PR
ZFEE.

3.8 A4 (Construction of neighbourhoods)

H S HERIZ TT 5 ABISE (¢ + 1) ~ | A BiIs A
W] R HE %08 1 07 B {(sq,ng)|, Vi > ¢}, A IRAT
tq + ds, IR AL s A B PEAF B, 25 HY A7 S o) o
RN W/

Bltq +ds,, s5q) =

|4 N

N — > nip(sis) —
i=q+1 p=1
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arg {T,s, >tq+ds, } — > nipa(si,s),
1<p<N i=q+1

VA€ Xy, Kts=1,2,---, S, t € R, &4 FAERK
qfH:

arg max {d; > 0}, B(t,s)<V,
g= 1<i<| 4

H
arg lgzlg‘lm{v —B(t;+ds,, si)}, A,

WG 54, TR B AR ER (g + 1) ~ |A|HHE 1
b, A R ROCE R R PR S AR (s, ) B
PAFFIIPUA, &0 = o, Ly FAREA 30§

Step 1 1 BT AT iz 7 R AR N o fH,
A {(sj,nj)|(sj,n;) € A, Vj > q}, WELESGH,
H + {A'}, ¥ Step 2;

Step2 HEEAT(A) = {(s,n)}, HrP: 1< s
<S5, H1 <n<min{Vi+1,Gs, N — K(|A'],s)},
#:Step 3;

Step3 VY, € H,a; € U 1Y), BTG, =

(on} U, RHRFEA L 151 4 R M T R
i AL B A O, R I A = (X1 <
< [H[T!, B k%wﬁﬁﬁaéﬁsﬁ} 12| > n,

U“H%‘éé’!zkﬁij Z mﬂij(ﬁ’]n ™G % I ¥ Step 4, 47
Yk |2] = 0, WU%Steps

Stepd4 H < U 2, EEPK—;UH DI
7=1
ar; € Hm&éﬁﬁi(l) W = & U {T;}, HStep 3;

Step5 #i|®| #0, MA «— A, Hrp

v= arg min{C (A;)|A; € P},
1<k<|P|

HA — A.

b B S5 5 ) BOBEN IEAH G, H H#
SEMA | DMH  SEV2As AT I i) RV SRR B K,
DIIRBBOR, SRAARS R, CPUFE IR TRl
3.9 HEZIELA (Termination conditions)

231 U F

1) FREEARDEE BT KG;

2) EH:Ho (Ho < G)b APSU AR EIRAL;

A2

1) R RIEACD BRI RO K L,

2) H4:H (Hy < L)W A; € X2k,
4 S230 543 H1(Experiments and analysis)

S SCHR [4-5, 71 PR RC S E N A MR HEC I
WHCIAR G S5, B AL H S = SHRHELIE 7]

FOL, V28 TE ARSI JL 4% T S50, WHE 41
ATHERA 28 = 45 $/h.
k1 AT hH

Table 1 Parameters of each station

s ds/h as/h Vs/h Gs/h
1 0.14 30 8 10
2 0.16 38 8 5
3 0.16 75 7 6
4 0.17 36 5 4
5 0.19 68 6 8

FEFMATLAB2013afi BV, ANSCYEEAEE 40
2.4 GHz. N 174 GB. Intel(R)Core(TM)i5-2430M
CPURMEHE T AL AT SELG, S5 45 Ao #r
wrr.

4.1 HEPPHr (Algorithm evaluations)

AL G LR AR 5 1) AT T
B, R g T SO fo 92 ve PR R BVE AT R AR, %
W) A 2% P A v, H AT M e AR E S T DA S L N
TSV FIEERE, 45 T AU FA A
EPLASS LA BT, AR R T A gs 1
HFIGAPIE 73 HT LA S fid RIS (performance ratio, PR)
AT

GAPH AR AL AR R S 2 R4 AT T ALk
g5 R IIFHNR 22, GAPIE UK, 3R WA SC Al it 5
TEIAR R B A B UL, 4 ) RS N
43 MELE 10, 20, 30, 40, 60, 80, 100, b4 A< 32 fi#e)
ML PO ES R S havis AL B (GA) .
P v IR PN CS)  BUUIR K EVE(SA) R TH#f
FLPSO) LA S AR AR I8 2= L (VNS) IR R 45 R,
WIESHR.

x10*

——PO  EEPSOg,»
Ens PSO - ICS( AP
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Fig. 5 Comparisons of experimental results between different
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A IS AT 20, A ST H S (POYFEAN [ RIS
TABE S FAETGA, ICS, SA, PSO, VNSZ:4L G54
B, Ak 45 5 1) GAP B = 32 3 A7 76 X 1) [5%,
25%]; WAk, PLAb i ) H b R £ FUBEN 2L,
MR, R T HIEMA RN
V(H,T,Y)

Best(Y)

Hd: V(H, T, Y) I HE S HAEEARIRECA T X}
HBY AR EE R Best (V) WSy SRARPTRESRTG
(112 s LA, S0 ok ok fo 2 v B PR AR
BE1000VKEAR G XY (PR fF 45 e N Best (V).
P RAAREMS 5 0 b S i S92 e SIck e, HLAEL RIS,
R BV HWCSE R, G 6FTR, 4 HL T 1)
BN = 80T I N ARIRE A 3 M 5L PRI I 5%
i) 3T

PR =

2.00

- GA
—-PSO
—-A-PO
*% 1.00
& AN
0 200 400 600 800 1000

IERIREL/ R
& 6 iEACIRECRT P RIS

Fig. 6 Number of iterations versus the values of PR

w1 6] %, F A ST i ) i 5L (POY ) P RABAL
TGA, PSO, 1t W] eSradh §s 12 e [ FE 5500 B0 SR At
A T-GA, PSOFEL.
4.2 P KF(Average inventory levels)

A BN € {10,20,---,100}, #2445 H T
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Table 2 Average inventory level of different problem

scales
N s1 So S3 S4 S5
10 1.5 1.39 0.78 0.99 0.89

20 2.06 1.53 1.16 1.11 1.10
30 2.37 1.74 1.33 1.2 1.28
40 2.61 1.86 1.39 1.28 1.36
50 3.04 2.05 1.47 1.33 1.51
60 3.17 2.15 1.57 1.39 1.59
70 3.2 2.23 1.63 1.40 1.70
80 3.22 2.28 1.57 1.57 1.84
90 3.24 2.36 1.77 1.63 1.82
100 3.25 2.42 1.99 1.89 2.14

4.3 Wi A R BN AT A R B ROz R )
52 (Effects of delivery- and inventory-related
coefficients on delivery frequencies)

A ERBEN = 50, 45 € s A REUN AR S)
RBry, PEAT A R E on AR B R K g, B B =
(L471)-B,0f = (14 12) - ar. BEREr, o, %
SIS A R B BN PEAT AR 2R o W AT 1302
W LIV, 7R,

—

//

”

F ﬁd’o

N

%

B HES (AL

07 =05 01="03 0 7=0 o =03 or=0.5

P 7 S A SR ECREAT A R BN S ) 5
Fig. 7 Effects of delivery- and inventory-related coefficients on
delivery frequencies
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4.4 ZAFAEX H bR iR BUH K % W (Effects of
buffer capacities on objectives)
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Fig. 8 Effects of buffer capacities on objectives
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