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Abstract

A multi-product, multi-stage, and multi-period scheduling model is proposed in this paper to
deal with multiple incommensurable goals for a multi-echelon supply chain network with uncer-
tain market demands and product prices. We set up fuzzy sets, with monotonic increasing mem-
bership functions, to describe the sellers’ and buyers’ preference on sales prices, respectively. The
scenario-based approach will be adopted for modeling the uncertain market demands, however, the
realization of objective values might be unacceptably low for certain scenarios.That is, the related
decisions lack robustness. Thus, we propose the lower partial mean as the measure of robustness,
and include it as part of objectives.

The supply chain scheduling model is constructed as a mixed-integer nonlinear programming
problem to satisfy several conflict objectives, such as fair profit distribution among all participants,
safe inventory levels, maximum customer service levels, and robustness of decision to uncertain
product demands, therein the compromised preference levels on product prices from the sellers
and buyers point of view are simultaneously taken into account.

For purpose that a compensatory solution among all participants of the supply chain can be
achieved, a two-phase fuzzy decision-making method is presented. In phase one, use the minimum
operator to maximize the degree of satisfaction for the worst situation.Then, apply the product
operator to maximize the overall satisfactory level with guaranteed minimal fulfillment in phase
two. Several numerical examples illustrate that the proposed two-phase method can provide a
better compensatory solution. And the inclusion of robustness measures as part of objectives can

significantly reduce the variability of objective values to product demand uncertainties.

iii



v

e8]




B b5

1w

0 1=
12 BEmESEZERELZERE . . ...
13 STRREIRE . . . .. ..
14 WFFRBIBEERENT. . . . . . ...
L5 REREEEN . . .. . ...

ZEELEREXAB 2HEMEXER

2.0 BB ZESIEE . . .

22 AN ZEBRBEREGHE . . . . .

23 EEZRF - RESBERREH
(Index, Parameters, and Variables) . . . . . . . . . . . . . ... .. ... . ...,
231 FFEEIHBHndex) . . . . . ..
2.3.2 ZRIEZREBEL(Parameters) . . . . . . o v e e e e e e
2.3.3 ZREEEEL (Variables) . . . . . . . L

2.4 B PR H] = (Objective Functions and Constraints) . . . . . ... ... ..
2.4.1 TRy 4 ESERR#] Manufacture Constraints for Plants) . . . . . . . . .
2.4.2 E&LEERRS] (Transportation Constraints) . . . . . . . . .. ..o ... ..
2.4.3 EERRE] . . .. .
244 FERH (Inventory Constraints) . . . . . . . . . ..o
2.4.5 pARELIZS (Costs and Revenues) . . . . . . . . ... o o
2.4.6 HEHIERKE (Objective Fuctions) . . . . ... ... ... ..

247 SESEEGEMREC fEEEARES . ..

EHZ BEREL

3.0 ZEEHEBEEZER . . . . o o o e e

32 B EBEREL . ...
321 BRI EEEBAEG . ...
322 FRBSEREERIZ EAERELE . ...

33 WEELEB . . . .,
3301 fl— ZSEEGEHREIRE. ... ...
332 Hl—. S EHEMGEESBEEEEIIREE . ...



vi H 373
4 BEXIBEER SRR 47
41 BERZEEBEEEE . . . . 47
411 BEEBIT . . . 47

412 ESEACEREE . 48

42 BREBBASIER . . . . 49
5 HERERTEE TZHESBERREL 69
5.0 BESMERARTETE . . . o o o o 69
52 fEEMERAHEE T B . .. ... 71
520 BB . . . . 71

522 ZREEBEEL . ... 71

523 BERIEMIREIZ . . . . 73

53 EMEBRAHEE TEAMEBREIKIE . .. ... 73
531 REEEREBEEOBEIE . .. . 75

54 fEEMERAEE T EEMEMSMERRESELE ... ... 80
541 REEEEBEEOBIE . .. . 81

6 FELREREERIAEET T HESBARREL 101
6.1 BESNERABTETE . . . o o o o 101
6.2 R ZGUE FHMBBMEARFSE . . . . . 103
6.2.1 FFBEIREH . . . 103

622 ZAWEBREL . . . . 103

6.23 RWBEL . . . . 103

6.3 BEEREBEFREIZ . . . 105
6.3.1 TRRAAEEBIERRE] . . . . . . 105

6.3.2 FERSEXERRE] . . . . 106

6.33 FFEFRE] . . . . 106

6.3.4 FRAEILZE . . . 107

635 BEBERHEL . . . . . 108

6.3.6 AEHELHE S HENBERES . . ... 109

6.4 RERRZEBEEE. . . . 109
6.5 FEEEBEAIIE . . . L, 113
7 EmHERKEE 119
T BESR . 119
T2 RERBEE . . 120



EA =

3.1 BEHEZESEEEER . . 31
3.2 HAFEIBATE . . . 40
41 BESBTERIZESRE . . . 49
A2 FRARBZREL . .. 50
43 FEEBRTEM . . . . 51
44 HMZRE . .. . 52
45 BRFRMEATTR . . . 53
4.6 BPRAEFRIERTZE . . . . 53
47 ETEEMEESBERBTENZRE . . . 54
48 RERRMBEUEEE . . . . 56
49 TREBIEHERD . . . . 56
501 FIEEMBENEERBERBAATRNZE . ... ... . 77
52 EIEREMEMEESBRERBFENZRE . .. ... 78
53 KRB HEZLEE . . 79
54 BAFEBATE . . . 83
5.5 BARMEMEATZR . . . . . 83
5.6 STEEMEESBERBFTIENZE . .. .. 84
57 BESRMBATEEE . . . . 86
58 BAHEEAHWEMEMMEE . ... . .. 88
59 BHEEABELEGEEE . .. . 89
500 TRRBEGEHERR . . . . o 89
6.1 FEMERMEEEMABENIAERI . . 110
6.2 FRARZREL . . . . 111
63 FIEEMENEERBERBAAENZE . .. .. 111
6.4 HAMZREL . . . . 112
6.5 HMEMIEBAITE . . . . 114
6.6 FIEHMEERBERBAIENZRE . .. ... 114
6.7 REFRMBITEEE . . . . 115
6.8 EMEMEMEEEEAHOBMERE. . . .. 115
69 EEZEYMHEEIREEZEWMESNRT  EBEMNEEE . ... .. .. 117

vii



viii EEE:S




Pl I H £

1.1 BRRESEZERE ZREER . . . . . 2
2.1 WFEREEZTEBE . . . 10
22 EMERA(TC) HEXE (TQ) JBIETRER . . . . . .. . . . 18
2.3 BEMLEAEE (USP) BESSER SQ) ZHMERER . .. . . . 20
3.1 WA B RKBLAY Pareto FEEE S RER . . . . . . 29
3.2 BERIRSEVAREB . . . . . 34
4.1 R TR ESZEREREZR . . . . 48
42 B PEERBARRPSEREEE SRR . .. . 57
43 EMERE  -PHEBHEBEE - . ... 58
44 FERERE CSEBHEBEE - . . .. 59
45 TRREFSSPLDEMFEER © . . . 60
46 BEFEENFER . . 61
47 BESBEMEMESER o . .. 62
48 FEMBEAEMESIER o . ... 63
49 BESBEMAEMESER o . .. 64
410 TREEI S D M E TSEEHE - . . . 65
411 gty d = 1 B ERNESSEXSHSE - . . . ... 66
412 Fegsthsd = 2 B ERIE NCESHE - . . . 67
510 HH(HER O WEMEERBERE . ... ... ... 70
52 [AIFEEEEE I HA R EEREEEE . . ... 71
53 HFHESFRNVBAEMEMEERBERE . ... ... L 72
54 B -PERRBARRBEERGEEE B . . . 87
55 BEMERE CHEBBMEE o . .. 90
5.6 BEMERE S HEBBMIEE o . .. 91
57 TRREFRSI T LESTEEE © . 92
58 BEREESIZEEE © . . . 93
59 FESBAMEMEEER © . .. . 94
500 BB EMBEGER . . . . 95
501 BESMBEMEMREMER . . . . 96
5.12 TREBRC S L B EE B REEE] o . . . 97
SA3EE N d = 1 BIBEPGRYE MSESHE - . . . L 98

ix



K1 H 2%

504 085 thlad = 2 B B ERIE TEEHE - . . . . . 99
6.1 Wit~ ZEFEKEDBERFRE/KENSEER . . ... ... ... ... 116

6.2 BIMETEARAYE E H



s
m nﬂﬂ

1.1 B

£ BB FHIURRRRE S - RN ERAED - (E15 2 5 i A dn B 3 4 DR iR

fig > FEN EWBEERER KEREBEY  WEERERNE "VESENE ) 95

mn S 1 IR 5 v B T B AR S S BE S SR AR PR AL £ ] - B ALY U B R

» DURVGER [ FE T 5 2 B TE K - [KIth - ESEM AR RIFRI B E S ER£R - W52E

3t foh 7 B o TR HR TH R R A B S A S B S T T o T S A S B A SRR AT B 4R - SRR

—HE TR RIRRGR o ET AT K T #EE$E % B (Supply Chain Management, SCM) #Y
#2491 [50] -

Illl

1.2 g EwRRE

SEER {46 M€ 9 5 & (Supply Chain Council) Bt FESEEE H DUT E 2 « fLAER )2 AR
FERIZIRBAE L [ - AT B 2E i i A EE SR G 3 AR BRTS Bh iR « AR AR BA TS B i AL vl
R VA EE AR ThRE B « BRI (Plan) ~ $RI% (Source) ~ 86d& (Make) ~ BC$H (Deliver) » 5
IV EAGGETFORWER - JFPRHRE - SOEHREE - aRETENER - FTHEA
BAZT L B DR B R P HE B L AT S S AR B B B AR URAR - AR SCR fHFE S 17 & Ay 2



2 i

B 1.1 SRS R E E
r—''r——>H |I—-————"—"—"~>"~-"""~>""~>""~>""~>"”"”"”7"”/""7/""”/"”77 3

|
=M
| \\: ||
| tpers |

':I}r?fz !

Il

L

Il

B

B

B |
=)
1

"
HH;F.
=
=
W

o MESETHEWESERERKEMTENE T > HHEREHRERTIEE - HE
HILEZEBIENG ~ RIRFEIEERIED - LUK SE ERT AR B < MBI RAK & - HEEES
AT A E v BRGS0 R P S R RO ARG B ROt R -

L1 RS2 R B - — S - SIS A] 20 R = = 2R 491 (501 -
BUfE - fLIERE (suppliers) ~ & p% 5 T (manufacturers/plants) ~ DUk Bo € i (distribution
network) » DUT i &t % 25 THE — G B 3

> fEfERg
fLrE ra e it & IH A i~ IR VDR IR B e B A EE SAH 2SR R - b s P L IS P
HEIE E B LR (immediate suppliers) - BIVE #K H R P)FH 2 A8 Meps & -

> BLEREC LR -
BUEMS TREEEERTFENEERF - K Ll gt s Fr e iy & T8 T R K
R E MR E RG> 7 &85E MY (fabrication plants) ~ ZXAH %545 (subassembly

plants) DU Rz i #% #H 25 45 (final assembly plants) 48 -

> Bk i



S BO 3B E T B2 Hr 00 (distribution centers) ~ ZEE pE (retailers) DL #X iR EE & (end
customers) S5 > H F 2 T /E 2 K & 4 B 58 Y BE i BOIR 35 B A8 21| i R 25 79 =
LU AR -

EFHEE SRS & B R BROR o RILLAZH 75 1 5 £ 3 P e ) 3 2 B R ]
Tt A 2l 3 2 T B R e DU i (P - U {3 i o b i {18 2 I e 40 B BRBE
AUt - 37 LERTAY BR AR tu A B B - 53 it S S RS SR Ml s 2 v A A (it E B (centralized
supply chain) ° 2R1f0 > R TR AEEREAZ 2 HPMLEE R - 234 E - Wil
£ HERBRERLHS @) & BEMACH - KAt b0 (888 H H 2 R
ISR AR PR 73 - b FE R SR > BT B - & - EIREE
FEEECREG o IR R R AT R 23 8 XA B FE 8 (decentralized supply chain) -

1.3 3RK I

FERL SR E B FU8 - B 22BN BE RV ST - MBSO B MR - hE H 518
AR B ASCH BRI SCRR - B — R T

Clark #1Scarf(1960)[14] $2HiFE Z BEJE 2808 T~ - G R A RIS AR S - BEARILIE
BBt EMEE o HERHEME TSR ERS - EEANAER -

Cohen £ Moon (1990)[15 151 % I8 {1t Ji 5 o i) 1% Bf 288 % ok — {44 & PILOT AOB 2245 5
DUk i/ MEFE R H B AR - IRHEUIE S THRBFRR ~ 6 - EfesF - (FEHEH
HEARRBEI N A2 RRE G2 B R MR A HohsE i plo A 1E B8 0L FE SERY
Arh L H P EE R AT -

Vakharia ¢ A (1991D)[57 K38 25 {1t g sl A A T 2 9 S R AF — R B B > & it s
TEF - R ERERET DU TR E I R A B R AR S A A B X A IR R T 5 IR
e R AR TR AR A2 2E R R EME AN RN ER - Bk
A8 H R SR L RESER SR BRAY T e - BI40 © ANl [RI RG4S X fE B R B RS I FE DR BR - T
FERIRAE & KR & H i R R IRV RE -

HRME TSt A DUZ R B 5 e SR B JE HUE 2 AR a8 - 2K - BRF 2 &



4 i

FesRffe T2 T WY 2235 1 A G 8 S - BPIANT ¢

Gupta B2 Maranas(2000)[24 J#2 H — &l W & B¢ B8 1% #5 &1 (stochastic programming) #5{5K
B B 46 S o TR SR AR SE M o HOT 0Ky ¢ g R 11 R R 1 4 ol A A BT K A A
WAl B B AE 3R — W& B SR BR B A FE KB - R A B G B[R] By i B T 26 A A B E L R OR
HIARTEE M o R AR ZE i 75 KR B T8 70 i (normal distribution) » F f#AT B 77 2k Hi 58 — &
BRAVIASE AR - SRR 1 B A 1 1 P R 50 e AH <5 9 ) B B 1 (deterministic programming)
fHRE - 3T » Gupta B2 Maranas(2003)[25 13t H 4% R 2 % HEARI AR &1 -

Bose B Pekny(2000)[4 1158 FH K8 b5 =X 7 380 42 1 MR - SRR 17 AR A B Ok AR o) - Horpny.
— {18 T YR A XA — 18 R A = o SIF 3 0 A A — (R e MR B BRI R — T
— R HGEF o RTARE G EARKENGE EE - LR SRR A ROl BER KA TF
BEEIHNCFESR -

Zhou 5 A (2000)[60 J#2 H: — fIf K 7k RS 2 5k H AR LB SRS - Z Rt & - 389 -
EF BRI SRS B - B — % BAEREME - RRER BERERE KRG RE
ﬁg o

Applequist Z A (2000)[2[#2 H — 8 fE AR SR FFALAE A HE BB WL T - HERESEER G 7 B
HA B o Ik R g AR T A R BV Sl SV 1 3% 5 M ) U 8 {1 B PR L LR

Shah £ A (200 D)[20 182 Hi — 18 75 58 2 18 J& % i ] 25 18 {3k B 5 e 5 2 P 1) 2 2 i g 4 =X

3l 2235 3 A AR B2 223 Nash([38 A2 HiAY#EJ5 Bl i (Game Theory) ZREE 7 H H A K 8L -
an=k (1) Fow - BE R RS 0T @ B0 - FERS] - A ERE - K BAERBUE R it
JHE Gt 5 i B ) I 25 B B 7, RS AR AR I3 T R ), R SR A SR R A AL 5 Hohm
SR HE RS v R B I AR T -

max ® = IL,,, (7, — %) (1.1)
Grossmann ZE A (200D)[211&7 7 —E B BB B AT 09 A EE B FC S A =X > DU T3¢
5 R A B e ) B T R M R B S R ST B R EBOR 0 R AR EIMNE EEHBUR

AR AR B E 75 KB E) N BOE AR ~ XA ~ B RO B IR K ME R R 4 - i
SRAEE I SORR T 3lf I DUBSCER AR 81 05 A ROR 1S B ER MR i R (L 2 8 - (B2 HS B IR %



IRAEFIAZ I TT A - KT HE I EEA ZEh E R B B HIRRM B — -

Pantelides % A (2001)[39 & H — B LA /MEAZE ~ 58l ~ FEFHARENRE —BHiF
R I ~ ZEE M - HEE 2 BAVE & BB R B L R E SRR EE B (scenario-
based) B9 7 5K i3t AN E Z BE ST oK o B RRHGEE - RE T - B - BXdL
B 2 BAR B AL B DA % T = -

Grossmann <5 A (2003)[22 [ F & =X, 78 380 22 1 ) SRS 2R ¢ HH A EE PR SRR B - DU KL
—EEEZEL - ZREENEME KA R TR Bt - HE 2 — R A EE
HOIE & BB M BN RE R BRI RE - I b SR v U 3 B B SR 1T - HDF SR BUR S
A B RE TS B = A L2 -

i

14 WREIMBHRED

e8I FE o DURA S/ ME B st e Kb R B — 5 B HARRY G50 A0SR [15] ~
[24] ~ 3912215 - RS HINEEERIRIER - HENEEABERE KES 2
BZRAAFHORE « KL - AR B E IR K MEFIAFZ @ - Bhh > R R EE L 7R K
AHEEMATH R E - FRAKSRL ST EKE -

RESEHZHEMZRR>BVER > R H DU EEMER BRI EUE
Rk A ptEsE - HEHEA O MBESHIRERE - KN ES HEHEMRER CBENZHERS
TELHITIRE » DURBUAR S S AR FIRE » RIBL - 35 AP Bof et - B EERLA
TR > RSB - TUREIREE 2 B AP B PLIESE - BARBER S [ EZ
ZEINA > T 5 % i ESE B BB /7 - Shah SE A (2001)[2014% F 22 )5 B 3 2R R B 2 SF
Wzt FCRI R RE - HEBRER = ¢

L DhZE PR R SR 35 S A B AR At T RR - i e S oh B — il B AT 5 B DA R R B AR 2 T
FRAE 7 e DU SR S A R b R T 15

2. HEFH K ERB R RN » REEROAFE - o ae R E B HIE I
WHYEHY -



6 i

3. kRIS EHMIFSERE AT -

IKIEE A B 520 £R FH W e B AR Aol Al - DATE bt O iR B -

EEBRNREERE T - mSHRGEEENHEHEERE YOS - hLEHTENEE
BTN FEAEATE € BR 5L P RO FESEE B - 140 - Gupta Bd Maranas(2000)[24 ] DK, R& 73
HRITAE B SV £ 1 B AR e 22 SR . S e S8 B 2 S 75 5K < Pantelides 28 A (2001)[39 181 L B {1
TR FIAE BR 2 A B AR B AR E B EE L TR oK HRANRE S BRI E M T RAHEE T
REEHIH) I (robustness)

BIRFHER B AR I R ER SRR E ZHRE - AT BRI B LR Ny - E AR AN
IR - T AMERERZ - FTLL - 20 BeAE B AR EAE R RS 5 ch A2 g - it 23 nak
RN - FERRAB RREI T « K > AWFFERRE DUS 5k B 75 ok il AR
WESE R EE S TR SR+ I TR R 5 B E AL T8 SR AN RE S USRI #14: -

HRAEMES B RME NERE RN EMBE BT - ALl Petrovic(1998)[42]
FEUR] 68 & 2 bR B E L T SR B AN IFOR C A FEE M W AE Z BRI FE[43 ] — 5 F A
FiEE B FERC 3% 2 R RE = Giannoccaro(2003)[18 178 FH AR A1 52 4 38 3 2K 4 it 111 85 7 SR B A
BERAREE < M -

T ol ) (B S e L A5 B R T B R M BN RE E M - BB RS LR R A F R H
AHEENE - AR - 2 R ER AT R [ E 2 8 - Rt - AR SR AR SR & B 5
S i B E (B A o N SE M

RERE DL B Pl - ARFSEZ B2 A H S — A E S TR REER R EE T % BHiE
FHE HE 8 4= 7 AR B 54 0 A =X - S 5 B B 2 Ml A3 R SR AR SR AT AT ¢+ RE AR R R B R
PRI ~ BEE IR K YE ~ BRFE/KYE - 107 TR SRR REE T Y SR A& 1 DL R & B
BRI SERNEE - Rtk o AR BB 2 B A 5 R IUE B2 15 & o g

15 s

A R CHEER - a0



1.5 HH#SE A 7

P

SrAE e S B o 2 B RE AR BR A SRR > 7€ TP R A R SE B AR B SE R U 8k

BT ZHRA RS PSR U
AEl A B R B R 5 RER R - FRBE R RORTAR - 2B B LUk B AR
BARR I -

F=E EMZEEREL
et 2 B AL 7 o MBI R 2 R A 2 HARE B 5% fE1E
oA A AT SRR T -

FPE RS A W
FER At BTG 5L NS AT AR SUE AT - 00 DUSE = = T 3 A B9 W B B R 2 H
AT SR I S B S 2R

BN AEEMERANHEE T & TSR v
DUREER0 2 G o (B RS AN - A TT IR B R A AR B AR -

BANE RS T KB AME T 2 MR oMt
LU 5 TR EE R (& 05 R 2 A Sl A W G PO E i R oK > S SEETT AR 58 B At m RH BRL RS 2R

oo

FoE AEwmEARRRE -



2A
gzt




SHIFEEMEE XS Z K

2.1 BBV ZAERSIN

A (L B {3 R e B o T A R R B R sk A BB P R - RS DR i/ E B
RAERE—-FEHE > MR TGS RRMERMORERSFER - B2 MtE
S Y B AR R B AR TR thEL R 0 A AT AR ZH BRI L T B B RO A 2
 SRGE R PLIE SR B FE AL © BIA0 > FoSHPafER A B E X ANEET > FEER
B o 1 S 56 A 7 R E s A TR o DARRGE X RA ~ #ERE H B ARt - (HE2FE R
B {1 4L PR AR 1 A E R B K B R R oy 5 i AR A/ M B
i RAL - AT HEE fE T 1 R vk DURS o B A S S X i U SRS - M T Z 2
A EHTBCE R B - Al AR 3 P AN Bl X AR R - R Rt o KIBE > 20RAREtRH —
EREBETRARAR - BE R RF 5 5 G o 258 5 5 A 8 T B S B 5 B S RS B A
yiC - FTREEE R EM P B R B A SENERRE - SRR SRAEMEMRKE R
ESIER 5T )iNESE B

Besh - 4 HIEEEERBRRIR S - A i BE SE s I 85 5645 i DU IR B < By
B MEERERITBERE KES B EREFRFE o F DUERE G 506 0t e s 51 S/

9



10 ZEELERXHE < HEME RS

i 2.1 HW%EIEIZ?%

@\

ftErs

@i > WERR B E IR K EESIASZ B ot - HEEMRAOMEEEHE S - DIRA R
/Mesi st i RIE R B —F B RN > EEE &G REF RS K HEE — L 5 5
FetE R B9 B ARRA B - BROh - 372 BLRE SRR SE 3R 2 DU TR I 09 B & 75 SR HE 1T 45 1
AR A R R R E TR E AT R E - A T 217 B/KEE RS ERRREE
B — - BERAEZAERANT REGRER - R UI0EEA MR 5 ikiE LR 2 Fr i
RETRE - KL > AR ZURE BRI 2 H AR AR SR SR 3 5 5 28 2 P B i 56 AH 1 Rl R -
BT EERE K RELLSL - — 08 B R X E 2 BB AP It o Bo Y R RE
DR % s EH L =7 BEF HALR 2 BRI TEE - 1 EEmAR R
WE BRI E TR ARt = 5 & Bt B E X 7 5 » IR TR X B ER

22 BEABMZESRSEAF

Fo 7 BALTRE - AT IR YR B ERE YA S R 5 (R R A 7 B T B e
R > R A — 3 - FTUlERIARSIAS R » & i #lE 2 1 ROE b 2B & b - 408
2.1 AR R FTR



2.2 BB T HEA BRI 11

AERERILEC T - DM R IR R -

I REMNVHEREBETERIIN > AGLHEZE

2. BEREITRLEFEREUREELTE R EENZE -

3. TR EESTABSEESN B WAREEE —HE

ol

4. A ERNEMBEHSRE > FEERKGEGERA B TRAEERKEE - UE
5] % [T B AR

5. AFFINHE TR A 2 B IR B T IRF P ik E 2B EE RV EE 5 - 0SB 2 N B AR R B A
INEER BRR ] -

6. AN R IR VR BUER B A T RE - A IR YRR BRI A OF A BOE A

7. WA ECEMER N EERSS - £ T YIS K

8. EEMMITRRERTHN -

9. F KRR IR H 7K R -

10. 558 25 o R B E X T R R RT B SR -

U1 T S e S vhoLa T ~ T v o0 B 22 i D 2 0 P RS O 1 o 6 B AR i sk -
12, 7 i 65 1 B 5 A B 4R R 1S S AR 14 (piecewise linear) #8854 -

13, 3H5% B A B S 5 B O B PR R AN R AR M A X -

14, —HeERE - EEEHERE T -

15. —RZ A& E - EREEEx TR -

MT



12 ZEELERXHE < HEME RS

PRI s 15 =X 7 LA
L PR
(a) 2B EORY  BUALIIE % T B L 60 K 2 7 - IEA: PR R
GEES
(b) SEREFRE - FUATESEFT A6 (AT BN  ER R -
() FIEER - P ERIRG - Z 2 RREE -
(@) BERASY PSR ERAREE
(¢) FEM I TR 8 -
() RS -
2. LUBESRE S ¢
() % TREH 4 FEHFIL AL -
(b) TR SUC 88 o Lo SE R L8 <
() HEEUHHHER -
() BRI -
() 4T B 25 THARA
3. a0 R R 2 6 2 (A . 5 26 7 B O 5
PEDE
() WEfR 4 AR L 22 IS D -
(b) AR B AL %2 A7 Bk ©
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23 BRAZER - RESBHARGEN

(Index, Parameters, and Variables)

BT AR E ZL R R E R T RIRFST - 2 DUR BB ARSI RIS 12.3.1
~ 2.3.38i »

2.3.1 f55E5R0A (Index)

T L #H VHEE

ce ¢ [(=C chREER®E: C HBERS C REAERY -

de D [D|=D dREMTLEE D REHTLES D BERTL
gy -

ie T [Il=1  iREREY: TREMES [ RESEY -

ke K (K=K RO sis S s o nmegm e
X Ho b R I RE AR K R
HESER A RES K R RER R -

Ke K K=K it THCES SR O iR gt &
TR > E R K R EX R K R
HESEE HRES KRR RE R R -

te £ [L=L ERLETRERERE TR R R E
FHR o R R R E AR £ BRI R
B RS LR R A -

Ve £ [L)=1 TRETPEHTOERDE TR IR R
FHR o Hh R RS E SR LR R
B RS LR RS R -

me M M=M mBEEEE; MEBEES: M REmEY -

pe P [Pl=P phIE&Y: PRIKES PRIEEY -

re R [RI=R rRBEERR: R BEEMES S RAEEHEEY -

te T  [TI1=T ¢REEEMES: T RREENES T R

FIANEE -
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2.3.2 RiHL 8 (Parameters)

AFE A AP ENEN > IFERREBMANZ2E - AXHE —FEE X F
HE— TR R B28a4 > Fla0 - TEHHAIEE% 75 3K (Forecast Customer Demand) » H

14 B FCD -
5W_+c _ DEERA
FCD,, {rc} TRMIEERGr {65 ¢ N - [RRRAR c ST77E i § U R -

FIC.  {p}  TRap 75 ¢ HIRS » A BEa a3 A B A 0 AP S
| I P B A -
FMCL  {p}  Tip 7655 ¢ IRs » HRARBUIE 7S 5 0 (TN BB A -
FMQ.  {p}  TRp FAIEH TR R B 2 5 i o -
FTCK  {dr}  BCH490 d ¥ SSER B ER r o B b FAR S B E
72 A SR A
FTCY  {pd} TRk p B RERRR S 0 d o 5 K TR i
7 A SR A
MIC* {pa d,’l"} IFI*KIP > ﬁﬂﬁ%’q]/l} d~ g%fiﬁ r m%kﬁgﬁ °
MITC,  {d}  FE§§l d HSESEAFE B ERNER R -
MOTC,  {d}  EEgirhis d $§E R PTE TRGE S MER FIR -
MTO,  {p}  TJp B4 EREASE IR -
N TR 55 25 A SELAE N BE ) 1T -
OMC.  {p}  THgp #e5t IR » DB TRGBUREEE 5 i (AL MU A -
OMQ.  {p}  TR&p MINPETRHHERBEEEE G i B8 -
SIQ.  {p,d,r} THip- E#Ld BERE B WELRFEE
SQLY  {p,d} i BRI (0) FASHL B Y R B R LR
, (+,V) € {(p,€'),(d, £)} -
UHC!  {p,d,r} THip- Bl d- BEREr 0GR SAEEKA -
UICL {p,d,r} THip- EHT L d BEREr E S i BALHFERA -
UMCL  {p} T p 7650 ¢ SR - TF % TGRS 78 5 ARG SURE RO
USPY  {pd,dr} 4E55 ¢ WIS > BEFAEE 0 (0) RISt B =
, FEL i B ER - (%, V) € {(pd, 0'), (dr, )} -
USPL  {re} BEWEr ETEE c BN NEMER -
UTCE  {dr} Tl d S ERBER r o (S b R EH R E
ST 0 LA SE R A -
UTCY  {pd}  THip & SEERE L d 655 K RS R
FT R B B SE L A -
TCLE  {dr} WSS d SEGEATER r o (S b BRI E %
FHRBWRAER -
TCLY  {pd}  TRip $ESEAR O do B & P B s
FHRBWRAER -
TLT. {pd,dr} #ETHEp BIESHF 0 d~ RSP0 d BB ERG r SEXE
FIRT B BERY -




2.3 BAZHN - RMSHERRBEH

(Index, Parameters, and Variables) 15

2.3.3 FicE 8 (Variables)

0,1 BE R KRR —H B FAERAFENBERY - FIA0: & o), = 1 R T 1
TEH TRERGEEM oy =0 AIRRRHRIEE -

0,18l +c [EZR | HODAES

VI {dry  ECBTL d R t R > B (R B E

| FRGE R ETEER -

Vi {pd}  TIRp At IR o PG ¢ BRI R E AR
W L E TR L d -

Y, {dr}  ERESTR d RS G o PSE R k AR B
FRGE R EE T E -

Y5 {pd}  THEp 45t IR > peE R K RS AL R SE R T R

| e SR AR B L d -

oly  {p}  TRip PREAES t IR TE R TR R R A e

Loy TR AR ¢ IR R M A i -

Yoo ) TREp VRERAE ¢ S O B AR AR R B A

ot {p} THEp YEFEE ¢ HIRINHE TG BB A
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HHEH = P
B, {r} BERG r A ¢ R o i S & -
Dy, {pd,r}  THip- ERFLd BERGr LB RO
| LRI -
i, {p,dr} THip F#hLd BERr REL RNER FEE -
J, {m} HiE
PSP, {pd,r}  THip- B#srhld - ZERE r IO ¢ MR EKOS -
SQl, {pd,dr,r¢} TRap ETRSHLI THHLdEFEER -
BER r BT c B R RN ER -
TIC.. {p,d,r} TRip R0 d BERr RNE ¢ BEEERA -
THC.. {p,d,r}  THp-~ BEHH.0d BEREr R ¢ 0 RERA -
TMC.; {r} TR p A ¢ AR M B R AR
TPC..  {d,r}  F#hid - BERr RE ¢ RIS B A -
TQ, {dr} ROy bl d Y57 ER B ER o S k EREH R
EX AW EEEXE -
TQY,  {pd}  THEp JEESSEGRS L d S K R
SEL AR ERCELE -
TQ.:  {pd,dr} T p 46 SEER O d - B d B S
B - MYGEX R -
TTC..  {p,d}  THip- BHsfld HY5 t HIROREE RS RA -
USPL,  {pd,dr} TRip ETEHTLd EHPLdETEER
e i BB A o
SIL.:  {p,d,r}  TRp- WL d BEREr RE INEEEEKYE
CSL.t {d} ARG r A ¢ A0 R R Tk
Zo  {p,d,r}  TREp -~ WL d -~ BERE R IR -
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24 BHEBRBEERHIZ (Objective Functions and Constraints)

FESE FR 22 AR 982 2. 2600 o B2 21 A 5 3 B {3 JEE S I 25 R R RO RF 1 > 288 S A B O PR 761 5K
B E AR RN -

241 IRBOSEERERREH (Manufacture Constraints for Plants)

A E B T > 22801 R S = 0 B PR TS — I AR R E s A T
O = 1 SRR TR p A58 ¢ IR ESUE A i » Ol = 0 BIRORIGHBUE - R > £ —
1 — 8 TRR PR EE B B, MRS EEE R 1 = 2.1 AR » K 22) BRHEI T p
IR AL R E R B R E A | R R E R B IER TR A2 T B
PAIEH THRERARRE - AL IBE LR 42 - £ 23) B # 8L — 8L, 1 Ry 1 B -
BT TR b — I B S 7 i TSE — SR B e S A 0 T RLE T
BRI BE o BT LA vy S 1 o 48 2. 260 o B 58 T (1 15 3% 4 0 55 25 I B A 2 00 R A B
RWIRH > HARBARE R 2.4) FIRK (2.5) Fir -

> =1 2.1)
VieZl

O;t < aét < ﬂ;t (2.2)

V;t > ﬁ;t - ﬁ;,tfl (2.3)

> oy <MTO, (2.4)
VieZ VteT

N .

> pen =N @25)

VieZ n=0

VpeP,iel,teT
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B 2.2 XA (T0) BLEX R (TQ) L AR EIE

TC
A
FIep———"""
- - - -
Frer ™
FTC
0 oL TOL? QL 'TQ

24.2 ERERMRBE (Transportation Constraints)

FE228 TP AYEE 11 R 1R E] - AH EHERESAREX A > EXNERTS
BASEERAREE - F—EE A EXEN ERE TR - HRH 0K (2.6) &
R Q7)) FoR - 515 EEERREE - HRS QASRE MmEX AR > ME Y, = 151
 FOTSRIZE K EX AR F o A EX SR YR, SRS AR B R
1 a0 (2.8) AR © 55 13 MERER b 1R 3 ¢ 385 i A Bl 5E X & 0 B £ R AN SRR 1R A 5
o HR AN 2.2 FoR - 3& il il 9 B #8368 = AR i it E5EE T U n LU - 5L
2.9) RfEfEhLd R TRy EEREXREFN TRy ETEH T L dEEMNEER
0 3 (2.10) RBciHF L d ERZER r WEXEFNIHETLJETEENr FTAEEMS
AR E X Q1D RE#EPLdRFTE TRESREXEFEERLESE FR;
(2.12) BlcH L d EEFTEEEMREXEfEERHHEE EIR -
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klf k/ k/ k/ k/
TCLy; ' Ypa < TQpay < TCLyY (2.6)
TCLZT,_lYth < TQZrt S TCLgrYflrt (27)
Mok, <1 Y Yh, <1 (2.8)
Vk'eK! VkeK
TQuat = . TQhy = > SQhy 2.9)
Vk'eK! Vi€l
TQart = Y TQhy = D SQy (2.10)
VkeK Vi€l
Z TQpa: < MITC, (2.11)
VpeP
> TQut < MOTCy (2.12)
VreR

VpeP,deD,recR, K ek, keK, teT
243 ERERERE

226 IS 11 [ERE PR E - ASCE RS B E X BENERS
PR LA A © A TR T A B R EIRE IR > HREIRAIR 2.13) ~
K (2.16) FirR - 85 14 B RRHEE SRS - EEX R > ¥ VY, = 18 K5
SRR N EE TR WL S WIRTE R E TR YR, AL ESR 1 > mR Q.17) Fi
T o 8512 ERER PR R ¢ B SN £ RO B R R AR MR R o LS A
2.3 FiR o SEE BRI B TR S SRR R B T LIRE - R (218) hES
—HIEE S R TR p BT L d R R BRI R Q.19) BRES W
PSR d ETBER B B R EE
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B 2.3 EEAn B4 65 (USP) BagH &

(SQ) LB R B E

USP #

USP ! b———

USP? |-

USP? |-

SQL! SQL?

Z —
SQLy; Vil
L—
SQLfir 1Vd?"t
SQLZ L ik

L—
SQLfir 1Vd7"t

it
Z Vpdt

v el
7
USPi,,

USPg,¢

IN

IN

IN

IN

SQiy < SQLLY VY, Ve e{1,2,...,L

SQy, < SQLYVE, wee{1,2,...,

. il

SQpy < SQL’ Vil
; L

Sinrt S SQLfir Vdrt

1 Z Vdrt =

VeeLl

"
D ViaUSPy
veeL

> Vi, USPi,

VeeL

— 1}

L—-1}

VpeP,deD,reR, Vel , el teT

(2.13)
(2.14)
(2.15)
(2.16)

(2.17)

(2.18)

(2.19)
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244 TFEPR§ (Inventory Constraints)

Firf B TR ~ Bos LA E S AR BRI T DIBHENT - K 2200 KhZEE
Br F-HIRNTEEGER E—IRNT B &0 L] i AT A B 8 oL AT
BEBEAZME FRABENE - Hep TLT,, BIR2.28128 10 fE R e 12 2R E X 5T &
el 5 Eo oL B TR th A AR IR BRI - a0t (2.21) #05 (2.22) FoR ¢ 300 (2.20) ~ 5
(2.21) % G E X AT ER B MR EX & 5 X (2.23) hTBEM r RO RE
EEHFN E-HIRNREEN EZPNBEE R REREZPNEEE © W HRHER
BIRFREARER W BT WNREEZER 0 X 224 i AFEERS 5 X 225 %K
REEFERNLZEGFER  KEFEERER 0 MEFEIMELEFER > 27
BEEmERZEFREFENZ X 2.20) HYHEE &R -

L, = Ii,tq + Z Sinr,thLTdT - Z SQ} s (2.20)
vdeD VeeC
By = T4 Y, SQuimir,, — D SQin (2.21)
VpeP VreR
L, = I, +FMQpab, | +OMQhoh, 1 — Y SQhy (2.22)
vdeD
Bi, = Bi,;+» FCDi,— Y SQ, Bip=0 (2.23)
VeeC VeeC
S I, <MIC, (2.24)
Viel
Di, > SIQ.-TI, (2.25)
I,,SQ%,BL,,Di > 0 (2.26)
* € {pd,r}

VpeP,deD,reR, i€, tcT
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24.5 pAER A (Costs and Revenues)

TR BEERA ~ Fof L BB E R E AR - T AR R B E MR B A ~ A
EEAEE ARSI HANT ¢« B3 (2.27) o > RREGE AT B AR BOE R ~ [H € [ B K
AR LU B IEH TR BN HE TR BUE gOARRORERD 5 X (2.28) Rl S Hh 0 B Z 6 R AU H AR
PR (229) RfFEER - Ta (2.30) ~ 3 (2.32) 2051 TR ~ Bo 8 o0 AN & R R EE
BRELRRAR 5 30 (2.33) By TR H B HOE R A - o X AN 2 FH 2R A AR o it S
3277 A [ E R B AN BB K RS o 6 07 Y B R 6 o A e DL 6 R R
it (2.34) Fylic 5 ool B BGEE A 5 3 (2.35) KT~ BEd LA EErEAEHNE
Wzt

TMCy = [FMCi v}, + FIC, (8, — ay) + UMCLFMQjal, + OMCLOMQ! 01, ](2.27)

P pt
Vi€l

TPCy = »_ Y USPL;SQly, TPC,y = Y > USP},SQh,  (228)
VpeP Viel VdeD Vi€l

TIC., = Y UICIL, x€{pd,r} (2.29)
Vi€l

THC,, = Y UHC; <FMQ§,a;t_1 +OMQioh, 1+ > SQ;‘,dt) (2.30)
Vi€l vdeD

THC4 = Y UHC} (Z SQhitir,, + Y SQfm) (2.31)
VpeP

VieZ VreR

THC, = ) UHC (Z SQirt-tir,, T ) SQ?@) (232)
VieZ vdeD Veel

TIC, = > 3 (FTCHYfy +UTCETQL,) (2.33)
V' €K’ VpeP

TICs = Y. 3. (FTCQTYsrt—i—UTC’erQ’jN) (2.34)
VEEK VreR

PSP, = > ) USP,;SQy, PSPs = > > USP,,SQl,,
YdeDViel VreRVieT

PSP,y = Y ) USP.SQl, (2.35)
VeeCViel

VpeP,deD,reR,teT
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24.6 BEEE (Objective Fuctions)

ARG R 5 8= 0 R ¢ 45 B BB IO ~ A% 17 Bk o B 4 R 2 R s 7k
W BRI

HE— - AR &AL KRBT
AR A7 A A A 28 {1 46 B B v MK 2 > AT S L T 7R 7 A 2 2 P 3t 2 P s ik B
PEAERR AT S KB« 13RS R M B B K U R B A -

Z, = Y (PSPy — TMCp — TTCpy — TIC, — THC,) Vp € P
vteT

Zs = Y (PSPg — TPCq — TTCg — TIC4 — THCz) Vd €D (2.36)
vteT

Z, = Z (PSP,; — TPC,; — THC,; — TIC,) VreR
vteT

HIEZ : &R L R EKE

L BKE DR R E TR A E AT R E - SR RKFHERERARY S
HRE > Wt ASGEHWASBNEER - ZEEr 1228 t PINL =T EKYE > HE
ERFFEEMLEFERNVEE  Z2HFEEL | RELEHFREMRE D],
BRIA% 217 15 8 SIQ) ALLER - AB{BLAY & 28 th VT8 Y TR RIS 5 eh o

SIL, = 100 = Z( SIQZ) %, *€{pdr}

VteT VieZ

(2.37)

VpeP,deD, reR

HEE =« R E IR E 7k ¥

S HIHEANNEE RS KENZEORERIESHR S - KILHES B IRE KA
BARAEFRANE - FrUASREHWAZRNERE - TEREr 7558 ¢ B F IR K
# HER R EE S EERNFEE AR ERREHER D v SQq
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BRUUBE % #878 K& Doy o FCD), 81 E—WIRIERIT R B, | HIREAT -

> QU
csL, = 23} . Feee — | % vremr (2.38)

T —  Tm .
i
T vteT Viel ?’,t—l + Z FCDrct
Veel

247 SERERRBZHEERNES

WEHTE2.4.1~ 242~ 243 ~ 244~ 245~ 2468 F7 55 3 i BR &1 =X B B A% ok BB A K
—fE T % H iR S I M BB RO, (Multi-Objective Mixed-Integer Nonlinear Pro-
gramming, MO-MINLP) - #1= (2.39) firR - ZE2 (2.28) F0= (2.35) Hif¥y USP;,SQ},, B2
USP},,SQY,, » LUK (2.38) 2 = rh Il v 8 9 3 BEARR -

Hrhx Ry REB Y > Q RBMEEF ARG X ES TR T E = -

Zy, Zq, Zr; SIL,, SILy, SIL,; CSL,;
xef2 (Jl(x)"”’JM(x)):< ’ VpreP ileD re7r2 ' )

xen

O‘;t’ ﬂ;t,;{;}t, Oé)t]i SQég;’ Sngrta S%f"ct; gSPZdt’ USPih;tS
Tdet) Tert? Ypdt’ Yd?"t; V;)dp Vfirt; I;thﬂ Bi‘t? D;thﬂ (239)

xe{p,dir};i€Z, peP,deD, reR,

el tel, ceCkKeK,keK,teT
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25

> =1
VieT ,
Opt = Ot = By
V;t Z ﬁ;t - ﬁ;,t—l

5> o< wimo,

VieZVteT
N
PIPIL TR
. Vi€eZ n=0
/_1 k/ k/ k/ k/
TCL;;ﬁd 1Y;fdt < TQ];?dt < TCL]degdt
TCLdr ch/lrt < Tert < TSLdrYdrt
Z Ypdt <1 Z Ydrt <1
Yk ek’ Vkek
K’ ]
TQpar = Z TQpar = Z SQ;;dt
VK e’ Vicel A
TQart = Z TQflrt = Z SQzlrt
Vkek Viel
> TQuar < MITCq > TQu < MOTCy
VpeP Vrer

'7£/_1 .el . '7£/ .el
SQL;% y;dt = SQuar < SQL;dngdt v e {1,2,...,L' —1}
SQLg, Vi < 8Qgy < SQLG Vi, VeE€{1,2,... L -1}

SQLyy VI <sQi,, < SQLL Vil

d | F pdt pd pdt
SQLEL VL, < 5Q), < SQULEVEE,
7 ¢
Z V;dtzl szlrt =1
veeL! VeeL '
USPi, = > VioUSPY
USPg,; = Z Vﬁz’itUSPﬁz’i
VeeL .
D=L 1+ Z SQar¢—LT,, — Z SQret
VdeD veeC
Iy = Tg 1+ Z SQpd,t—TLT,; — Z SQgyr¢
VpeP Vrer
L,=1, , +FMQial, ; +OMQiol, , — > SQiy
, . . vdeD
B?‘t = B:“,tfl + Z FCD:“ct - Z SQ;ctv B:“T =0
VeeC VeeC
Y L, < MIC,
VieT

D, > SIQ, - I, I,;,SQ.,B;,Di > 0

*1)

xe{p,drhVieI, peP,deD,reR,ceC, ke, kek,teT
(2.40)
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1= = BIiEaEL

Al —E Ay 4 7 B X A S s UR —E 2 BRI - A=A EE - SR ERM
AV IE - BERBGKEDRZEGFEKYE - GEEHECHBE FEERKL "EF
o BIBAGR - AnfTfEE Lk HARR SR — A A 2 R - R T — @2 B &#E1L
IR - AR LS EEHRN 2 B ERE L B RIESE - AT S 3RS
A i (b S 2R B m R =+ 2 2k 2 H AT 5 T R LAY SR8 73k - 3280 P i
DIKER 2 B AR A AR G R 2 > 0 RIS H A AR RE ~ MRAO M - S8 R R B U
B B B B R 2 AR R A K P RS 5 33ETHI R M 2 BB EEEEE R -

3.1 ZHEREBEZHBR
—EHFIR R H % E AR L R T DR Ry

m?}{[Jla---?JM] = [fl(x)?---an(x)] (3.1

pdS

h(x) =0
Q=1 x gx) <0 (3.2)
xl < x < xU

27
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e 3% BRI R L PR+ 5 BB 1 OB ACELE 36 7 A% B B L
O RT TR AE D BRGS0 6 B 4E 2% 1 A
EEARZ RS AT 1)+ 4 B HOME 3 - USRI R - S LR B E RS
EURROE LR E BRI » B4 B BOmAR » T A MY A S iR - 5
IR s Pareto SR + SEHAT
(EBIN) HH X € QIR (3.1) L Pareto 1 » % FWER T 742 5 —Ht %, B9

In(®) > Jm(x*), Vme{1,2,., M}
Jj(fi) > Jj(X*), j € {1,2,... ,M}

B - ZRanE 3.1 ZREEENEELEE - EriTEERM A > WEE SN
TN AREE D - RIBERS. L AR B A 8 R B ok 2 0 & 5 55 8 7R I e b R RE Y
Pareto fif < [X] Pareto &K 5 R 2 E > A #Y Pareto &R % B 0O il 22 S 1§ Ky Pareto fEEE S

R FR AR M ) RE B 5l (B R RE IR RE 1S 21 R 8 -~ #UA 1T E 2 /R Pareto fi#40°F -

(E}/32) HEMREEx € QAR (3.1) LR Pareto i » HI35 ELMER RA7AE—
B S > 0 i3 X 4EQ N N(x*,8) Fiks Pareto i » Frh N(%, 0} F7 % A0 6 RE P2
WS EHER (X Q% - x| < 6)

F % B AL AR IO R B AR 1 TR R E 0 -
BT SR 2 A0 L R L B0 R (L P RE A K 2 00 0 SRS 1 B 1
W 0 % B RS 7 SR BEAA TR /D [ 7 o R o PR SR ARSI AR AR
R S L% A B 1 R R SR 3

#EE ;% (Weighting method)

FEEE Zadeh(1963) Frig it » Kk FREEKNZ HERE LR L —  WERERN—E
TR o BRI R R S H AR Bk | — AR R T - MR INRERR Ay EARARDD - BEZ H
PR E B B AR -

M
max Y wmJm (3.3)
m=1
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B 3.1 [ B AZ Rk B Pareto L& /R E B

AT 22

J;

Pareto fi&& [

Hefrwy, R85 m B H AR B T, BOINAE GRS - 8 ERINAE CREO B B - SKH Pareto fiBER 5
P DIt R IRE R -

MEERANBEEZESEE  ERER > HREEER - 52 EAR#
A RS (convex) RYRRE - 75 RIS 1415 2 5L 4k Pareto i - 28 " R R IRE LA TE
R 2 AR B > R E SR ENMERBAL AN —FESRE > HEHR% R
% AEAMEMNYEESR - 8 LEDR A LB B ARRE - A543 B nHE 7R B
CEEARERALEREE -

e- BR#l ;% (e-constraint method)

PR R RE HM EREc ETREERS EEMERELEEE -BE - FHRGEME
AR EEEM L - KGRI B — BARREME - DI K Pareto i#EL & - S EH
i FFH Marglin(1967) $2H - I f& A 3 i & R -

max J, (3.4)

s.t. Im > €, m=12. MHm#“r

Hep A3 AW HER BT EEEE -
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HEEZ ] RHEEES BIMES (convex) BMEE S (concave) KR RE » {HAEH —LEfR
HITF > AIRE SRR HME 0 HEEERE -

A & 85% (utility function method)

Bl 7 R A IR E R BRSO A R B RIR R T - BES 2 AR E R B H
EHENTE  HEEREAMERSAREU -

maXU(Jl,Jg,...,JM) (35)

RS BB RBEARA S KGR - BT LUE % E LA B AR & MRS R -
M

U(Jy, Ty Jat) = D Un(Jim) (3.6)
m=1

(AN bt — SRk JE v K 2 B AR RR BRI RO BR AR — BF 5 0 -

T E B {Z;% (lexicographic method)

HERSHENEREREAR AR CREPEAELESZ R EELE - HRIK®R
BEXE AR » EE EARERNZE DU R A e B2 B 5 20 » B 5520 Bl SR AL A5 8 H Al B AR
FAEREE T - FEERBCREE - BHRRE KRS0 SRR BEE HE R
HEF > B A HAR R - ARRAKIOR H % B H AR R B BR T i - & IRk H A H
FRRR BUR B8 & BT B R A SR AU 5 A T 8 B B i B B AL TE - (E R BB PR Il R A Ay R 2

B1E# £ % (Goal programming method)

i8 W /3% H Charnes #1 Cooper(1961) #2H » 2% AR EE T EAKEN TG - FE
IR G2 BAEMR R ERE > RN TEEZER - HEAXESZHHTEEEE
Y—HEE - =R WE RS E HARE H AR E R AR R - 2 RE HARE
T o A ERE R T B0 E—E R B £ R 2 B d, s — (KA 2 T M 2 4
Wd, o B T +dy, —df, = T RBEAREREOER > > HE=EEERR 0K
3.1 Bz »
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%31 HEHE 2 —EEEP X

SE2E HEHRERK frz 2 B
I > I | I +do, —dt =T | d

I < I | I+ dy, — dif, = T d
I =Jm | Im+d,; —dt = Jp | do +d,

£1% 1 & 7% (compromised programming)

Z b M EH L Z A Yu B Leitmann(1973,1974) $2H i 2 1 PR IRB S MK - HA w2 RIR
Oy SR R AR R A T R U R 2 I AR 8 - thal BB R B mH AR B AR EER
IRF i B ROE ERIRR S - S MRS E B AR R EER > BRI TR ERIE
17 A S 2 e P A ST RO B R T ) 7 — TR e e 52 B B R S PTG

M _ p
mmEZY%yﬂm},p:Lzm (3.7)
m=1 m
5
min Z{ mJ_* m 1/p, p=12,. (3.8)

Hep J7, ReHAR m B AEf# (ideal solution) » 2575 AN R HARRIE 20 - A n] B {URE B v&
» e E H AR AT I A IAE $R 8L

p
min Z {wm T , p=1,2,.. 3.9

Hebwn, R2Em HEAR K (Jn) INMEREGS M =2 Hp =1 AR BN BT
FFERR > p =2 AR EFREEEE > p = oo thElE max — min JFHI - #ER T w, AR TR
HHRLFSL - p R EHE E — R EE

A R H RSB RA R LA R - A0 SR 06 JH 25 B T HURURE B B AR E
C ABMEARFRZE - HAEREENEERZHRREREZHF gt - mBEsskk
SERREER 8 750 R E R E AR R NS E - TR SRR AR U2 B R
AT E T o B - B HEREA R T XIURERARE - BRI ERAR NG
Mzt RIE - 42~ — 8 - #5532 B AR 3k T B9 3 4 (aggregation) #5H T
HEOZ —MEEOEE - Dbl S-EEAEAERR T ZE -
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32 BRZHEREE

HEPR DR TR 3 W BE AL AR 2 1Y Pareto @b 38 i AV - (B2 Z R H AT Y Pareto fig4]
MRy - A B HAM A EEREEWMER - PSR E R - 2BHERESE
A ERIRR T - BIa0 BARR E R R IR S MR DIBE R - IR T F 0k
KRB GEREFESE - ARG RRE EEIEE VI E Rl LR frE R 828

E7E 1965 £F Zadeh[SO R H M SE S B GR R - M LUERRE HAEM "WE L B2 T A
B HRSRARA BRI LGN TIRAWE L - TEEWEL - TWEL - TIFEW
B FENORBBCERET AL < SR 7 E 8 & R R SRR A ERE - 7
A% Zadeh B Bellman(3 |58 17 75 SO S & Bl G sh R B IR RV » LR R BEMIER S

Bl FAUMEA o Tanaka(1974)[541E Jee Hi BRI BB A SR A ZEHE - T 28 — o2 HE PSR o
RN 2 H AR & I RE A A RIZ Zimmermann(1978)[61] - il 58 2 H AT A5 25 FE A R A%
ZEHAZRR S EAYHE - Slowinski(1986)[51 [ AR M 2 B AZAR A5 35 5 B f 7k R AT
oL o fERR BN RER MR Bl fE V5 TH > Sakawa(1996)[481] jié ] RE 8 45 Ty (AR AR
Al FIRE - A6 A Simplex K © T FERR PR TTHE > Chiampi(1996)[12] FH FE#7 1
MG & B 2 H AR R R BRI ER A 3 TR RE

—REBKEL 0 AR FIIRESR O T o B8 B 2 H AR R SR B AT 2 HAR TR

1. PSR E A NEE S R A58 DIBUA R 5 I R E R RS % o i F AR %
EERERRRE SR EENENASE  SaeE8m
2. SRR BRI (BINB) R B EAL B A BB S ) o — e E kR
MR B R S S A i -
321 BHSEERENUES
% B A B R BRSO B A T, B E R e [J0,, JL) -
St A E A R B, - B AR AR L B SR IER R T AR TY,
o QLS - UL — S I 1, (Jn(x)) € [0,1] RERANF N B AZME J,, (x)
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B B B AR T FiREE - R HTN S HARREERE -

max 17, (J1 (%)) .o tas (T (%))] (3.10)

x€
HMEAR A B 2 ERAR B R R B HEAERH R AR EREERE > KEEERER
Z M _EHRE R 15 2] RAFAYME (Liv and Sahinidis, 1997)[35] - JR2EAY 2 B AR i # LR RE
BECARB N —HR R x S rA R EENERE 0. NIy BBERAK
AUTRTERE - BRI SREE S FD AILLHZR RN AT M) AR R R 48 -

FD=J1NTN - NIu 3.11)

Bellman Bf Zadeh([3 138k W] F| FI AR &2 22 5 5 1 t-norm SRER A2 A Kb E A O W o
BT (Jm (X)) > BAK B RRH WG prp (%) ©

HFD = T(:U'JUMJQV-- 7:U'JM) (3.12)

Heop T BAEEM tnorm HEHE T -
B KB E (firing level) prp(x*) BIfE - Bk R 2 H A i 1k F RE Y i 4 g -

pFp(x*) = max prp(x) (3.13)
xec2

— % WA F8 B H 5 FB Y t-norm & minimum Ed product - HEFRIM T

min(pz, , 47, - v:u’..’fM) T = minimum
By X By X Xp gy, T = product

T(HJI’HJZ"” v:u’..’fM) = {
% AR B R RE AR g R B H A  E LR - B LEREFERAR > /T
F{EE R - Sakawa [46] ¥ 1} 1 Pareto fi#RY E & B3\ (3.10) FEH E F M-Pareto( 5{ Fuzzy-

Pareto) fEEH /5 Z5 M-Pareto( 2 J& 55 Fuzzy-Pareto) fEA0F :

(E&33) HH HEx € QRN (3.1) ZM-Pareto f# > #5 HMELERFHES B %
15

/ij(fc) > :u’jm(x*)’ Vm € {1727--- aM}
pr(X) > pg(x), je{l,2,..,M}
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B 3.2 R TR IR i A [

—HEER
......... ﬁ*wié*sl’
J1 J7% R O
Jo I
P
e VRS
Jm RTar  feeeerveennenn

(EFE34) BHE M (t) € QMR (3.1) ZJFE M-Pareto & » RIIZE B MR A FIE—
HB O > 058 X QN N(x*,6) ik M-Pareto & » H i N(%,6) FogR X Z#F3T 0 &E N

LRG> EER {(x € Q|x —x"|[ <4}
DU w8 14 8 R Rt BHAE A T t-norm (ZERSREREE T - 4521 M-Pareto f#HY B fF:
(H 3.1) ©T RIEE t-norm » 5 x* Fy3 (3.13) ZME— & # & - JIl x* Fy M-Pareto f# -
A
#ix" R\ (3.13) L f#{HIE M-Pareto % » ALLEFAE— X BTG

'LLJ](X) > ,LLJJ.(X*), ] € {1727 ’M}

FTlA prp (X) > prp(x*) »

ELAR B x* IAFURIE— ARG B X FAEHE + 4 x" A5 M-Pareto fif
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(BT 3.2) & T BMts A rnomm™ » 25 x* Bk (3.13) ZREHE - H g, (x°) # 0 Vm » B
x* B M-Pareto fi& -

&0
xR (3.13) IR I MPareto # - HILASETEfE— % » B 1%

:U’Jm(f() > :U’Jm(X*)’ Vm € {172r" vM}
pr,(X) > pg(x*), je{l,2,.,M}

N T BB A& B tnorm > AL prp (X) > prp(x*) -
HEt RO B x* AR 3.13) B EEMREFE - B X AL » il x™ UE K

M-Pareto g -

min R H AR B A% AR 0 H B 327 HIBR IR B BH AR R A e — i
7 QNG A RE AR 38 HLfi# SR B M-Pareto i 5 FH¥FHY - product sEE - FIl B fif Bt B ARG 1
B — B EBRATE TR H R B EE M-Pareto fi# - R0 > FAME % HAER#{L K%L H
) Fs 3K 15 Pareto fi#1f JE M-Pareto fi# » 5 3% Pareto f#£E & /2 M-Pareo fEEE S FEME
BV S o B R DUR R R pR BT B - 401tk M-Pareto fi#R[1Fs Pareto f# -

(HE3.3) #Hx" B (3.1) T8 E pg, (x7) € (0,1) Vm Z M-Pareto f§ > HFTH L g, &
Fo g s IR R B - Bl x™ Ry Pareto fig

A -

Hi 1T, B R B IRIG KB - H x® AN Pareto fi# - HILLEFAE— X, 15

~
3
R

) > JIn(x*), Vme{l,2,.,M}
> x*

J
Jj( ), Jje {1,2,... ,M}

&

i(
Bl

/"LJm(‘f’() > pg, (x*), VYme{l,2,., M}
K (X) > n7; (X*)a JE€ {]-727 ’M}

*%E*%E‘%E t-norm : if a1 < a2 and by < by — T(al, bl) < T(GQ, bz)
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B R pg, (X) < pg, (xX°) Ym ARG GE -

AOPEE 3. 270 ATt - AR A min SERGER T 0 RN E A B 0f B HR R o nReaIEmE—
JRIER Bl f AT AE © #CEERS BE AR D6 ZH P 0 DARRE SR HoME — M > BE1G min SR T TS B E Ry
M-Pareto fi#  $t %152 [ %8 Lee B2 Li(1993)[33 [#&H — {8 Wi % B¥ 1% (Two Phase Method) 2k
k15 M-Pareto fi# °

» [EEEy— (Phase 1)
PR min EEFEEH . © FIREHE - 208E 320708 » B min AE ff B % B
FR M o IR R IEME— R R R AR o UIREAE R H % f M-Pareto fi# -

max uFp = mMax min(g,, 47, » W)
xS xS P M (3.14)

= [hmin
> [E: — (Phase 2)
WP B — FT SRS fin - TE R B (AR R B 17, IR © BRAIEAITERBRE A
BRI S g, /M AR (3.15) R o BRSBTS BOE BT L0
MR o P LUKS W g 24 ks M-Pareto fi# -

M

1
max prp = max — “Tm (3.15)
xEQ+ XE + Mmlzzl
QT =Qn{ug, > ton| ¥Ym} (3.16)

(ME 3.4) 25 x" RyWibE Bk < icdifig - QI x™ fy M-Pareto fig -
A -
fRast x* Ko b Bt vk & B f# {H IF M-Pareto fi# - RILLERFFE— X BE15

1Tm(X) 2 7, (X)) 2> fin, V€ {1,2,.., M}
HT; x) > Hz; (X*) = iy J € {1,2,.., M}
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[is'd
1 I 1
i > g (%) > i > pg, (x7)
m=1 m=1

IREE x* Ry I B vk i o i o RGBSR P JE 0 B X NMFFE - i x” Lk M-Pareto
i

Sakawa B Yano(1985)[47 |l 65 AN (3.17) 9 T %Y max — min | SUAR max — min -
H 2500 T 25 7 55 2 Y max — min JRA] 75 %] M-Pareto fi# -

M
HFD = min(#Ju#Jy--- ,,ujM) +p Z HTm (3.17)

m=1
Hep p R EIRF > Sakawa ZE{E R 107° 1077 2 -
(M8 3.5) ZEx* B#EEMA max — min 92 &M@ - B x* B M-Pareto g -
R
e x* Fofi R A max — min [ & i 58 fiF {5 JE M-Pareto fig » HIlAEFAE—

/ijm(f() > pg, (x*), Vme{l,2,., M}
pr,(X) > pg(x*), je{l,2,.,M}

min {:ujl (i)’ [2Np) (i)v » M (i)} > min {lu’jl (X*)v 12N (X*)’--- N, (X*)}

PO 1z (®) > p Y pg, (x)
Ep
min {1, (%), 1 (%), s 1, (R) | + 0 Y 17, (%)

M
> min {Hjl (X*)’ 2N (X*)v--- y BT (X*)} +p Z :U’Jm(X*)
m=1
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BB x* Fot R AU max — min (@ i@l < R MEFE - B x RNMELE > i x”
W B M-Pareto fig -

IS FEAURA R A max — min BUBEE > Werners(1988)[58 142 H — 1l HL i 18 1 iy A< A1 e
H T (Compensatory fuzzy operator) > 4= (3.18) Fizx » 7R A 15 %] M-Pareto fi# » H 145 B
2 AE L% R 1Y max — min > #CFE HLIGE -

M
. 1
prp = (L= ) min(ug,, ugyree s han) + V77 D Hm (3.18)

m=1

Hepy RAlifHEE > HEAROEL ZH -

DA b B am T DABE R - R 7 R R A ) min SER TORBERF - SRARERTG R R HE
— RS A AR o 32 B R A B IR T ik v i R B 3 [ TR 2 R B R R BB Y
BECFEIMA BAER B - EEEAEREESEERIT ¢

» Sakawa Efl Yano g Hi 3% B B max — min 53 » H o E#/NOBEIR T (p = 1073 ~
107°) Wil ks Werners Fir4 H i EL 4 8 M RSO3 557 07 6 rh i 0B B o /N 9 — fiE
Bl - B RIE U7 A AE SR R A R R ST N T I E R AR R R R SR BB E - (Rt
IR SRR R R R B E AT

> Lee B Li f2H AWML B - RIE D min @R 7R EHAMEE A BERER - &
RALBENEE N BEN R PO - MATELSHE X HE2MAREHE
M2 B ERA RN LB RO E SR EE -

Sty 7 i AT B R R BUE R B B BCR R MR B R BB B A &
REFN M EERE R S SRR KB E 2 i A3 o tnorm SEH - product 7R FHHLHY
Rekh o (H R AREBR i AL AR B8 B R B S B S B o AR A R (B 3R BE K B AY product R
S {1 D B R B SRR - P DR SR THE AR R B R BT T - A LR Y
R o KIBE Chen 2 A (2003)[10 12 H — &l 45 & & 5 FHRY R t-norm > min B product K&
IR R B2 3

> B —
AR PR AN L min SEE 75K 8 A9 07 2025 H Y RS B o B e B IR - 40K
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(G.19) R - EREERNENERALREERENEE -

max purp = maxmin(pg,, L7y s Ky
o) o) P M (3.19)
- /'I/min

> [
FEANA B8 P RA BT BRAVIR AT - 4030 (3.20) - B A AL B B2 k& By product » AN
(3.20) - [X product BA5 @ % BLAAMEE - At LIEAM AT DUE 8 P 15 21 49 f# K M-Pareto
fit o RSB EENEWREER/NEEEORET - SR BRI R
fH -

max purp = max (:ujl X pgy X... XIU’JM) (3.20)
XEQ+ XEQ+

322 MERERMSBHRKREBE

min FEE T B RIS S A 8B R P P RO R B R BUE - ER R min GER A HE
EFRYE  RRERERERENEE > i aa e — Rl R e84 - m
product SEH 1t B A B A% AR ME - " {REETSE] M-Pareto % » {HHE KB HG R LK
BRI KAV - Al A 5 3 R B8 B B8 B E 2 i AN 25 - B L Chen <5 A (2003)[101%5 &
EREES T - e — WM 2 AR E S - SBROT -

BB 1 YIS B — SR AR S B R T, SR AR R D,

r;gacjm = Jh
min J,, = Jj

JE 880, Bk BB T 28 E - FIR o FRIE IO < JY < J) < T IR
SR P B R R B T B R A [0, T
L A D B i S
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% 3.2 HARMREIE TR
Ji(z])  Ja(x)) Jy (z5)
Ji(zy) | Ji@)) () Ty (@)
Ji(xz) | Ja(as)  J5(x3) Iy (3)
Ji(xr) | Jy(zy,)  Ja(z}) Jy(z*,)

—RiE - AlRE J), = J) A, = Jp, c REAHREMEE - BERSENE 0 B
W B AR A7 18 {7 F¢ (Pay-Off Table of Ideal Solution) - #13% 3.2 fii7R o B - 8t Bk 3%
VIR AT B [T, Ty -

ABR 20 FTE SRR E AR 8 R B

1; for I (x) > JL
P (Tn() = { Lm0t for JO < J.(x)<JL  VmeM  (3.22)
0; for JO > Jp(x)
ABE3: (R —) Dlmin EE FRAMWME R &REREE -
max jrp = Ii%mm(uyl,u@,--- s ) (3.23)
- /’Lmin
SER4 (BB FERMREMEEARET - Ll product #5135 8 12 7+ 8 51 5 8§ B R4
HHIE -
max prp = max (uyg, X iz, X.. X[y, ) (3.24)
xeQ2* xefl7L
3.3 mHRH

AN K DLW {18 5 B B0 1] 1 B R ER BN 20 B AR B B AR E BB AR -
3.3.16f: % B #2471 #1 3] (Multi-objective linear programming)

33260 % B R MR & B B8R & (Multi-objective mix-integer linear programming)
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331 f— ZEERMEREBA
ERANT % B AR A E R
m?}zc J = 2x1 + bSxzo + Txs + lxg
pdS
Jy = dry + 1z + 3rs + 1lxg
J3 = 91 + 3x9 + lzs + 224 (3.26)
mi(rzl Jy = 1521 + 229 + 03z3 + 3x4
pdS
J5 = 0527 + 1laxg + 0.7%‘3 + 21y
Q_1X hi:3xzy + 4.5z + 1.5x3 + 7.5x4 = 150 (3.27)
Z1, T2, T3, T4 ZO
FERL D RIS T ~ J5 KIS B SRR i B A AR R R
Ji Sy Js Iy Js
700 300 450 30 25
L ) ) S
20 333 40 75 70
B, = Jp RJy, = Ty
ABR 2 31 B R B AR R RS A B
1; for I (x) > T}
P (Tn() = { Lm0t for g0 < J.(x)<JL  VmeM  (3.28)
0; for JO > Ju(x)
HBR 3 R —
max = max min , , , ,
MaxX jiFp = Max (K1 BTas W5 8T 1.T5) (3.29)
:/'Lmin
pg = (Ji = J0)/(J = J7)
Q=19 x|pg=s—JI)/(J3—J3) (3.30)

hi: 3z + 4.529 + 1.5x3 + 7.5x4 = 150
Ty, T2, T3, T4 ZO

R min SER 1A Bl HE— AR M - AT LG B2 Mg > o e
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Solution I

Jl J2 J3 J4 J5

395.52  230.52 245 52.5 47.5

Ha HTs HTs KTy ws

0.552  0.739 0.5 0.5 0.5

13! T2 T3 iz

20.71 3.51  48.05 0

;E\EPHL\/LEH:II Mmin = 05 ’ ﬁujl X Iu’j2 X X,U,js = 005]‘0

Solution I1

Jl J2 J3 J4 J5

371.36 248.64 245 52.5 47.5

b HTs BT KT, mis

0.517  0.807 0.5 0.5 0.5

Z1 Z2 z3 Ly

21.59 0 46.59 2.05

HAp A LUE W i = 0.5 T gy X pgy X Xpgy = 0.0522

DRIIE » 06 ZE P E I Bt T B T oK 15 B9 e s M — I S A

LB 4 Bk

ma)_i HFD = ma)f_ (:ujl X pPgy X... X:U’JM)

xe(2
/'le Z ,umin

/'LJ5 Z ,umin

x| pgy = (1= J7)/ (T = Jr)

pgs = (Js = J5)/(J5 = J5)
hi:3x1 +4.529 + 1.523 + 7.52x4 = 150
X1, T2, T3, T4 20

(3.31)

(3.32)
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J1 Jo J3 J4 Js
400 250 275  52.5 475

b, 2P HTs ma, HTs
0.599 0.813 0.573 0.5 0.5

I T2 I3 T4
25 0 50 0

Hepal B HE —HERBEWER o ER1 g = 0.5 M HERE ZBEERREA
{t product SER T HIFH R BERF pgy X pgy X Xpgy = 0.0651  TAHE RS S B —
SR G0 A min EE TS 0 R R EERE Ju, o, T3 BURUER ERR

Ty Ty s BEE T RRT -
332 fIZ. ZEEREESEHNENEAE

HREA0T 2 HAR R R SRR

maxJ; = 0.4z +0.3x5 — 100x3 + 504
xeQ)

maxJo = 0.3x1 + 0.529 + 15023 — 100z4
xeQ)

g1 :2(E1 +$2+100l‘3 —100l‘4 < 500
X | g2:x1+ a2 — 20023 + 5024 < 400

I1, T2 > 0

z3, x4 =0o0r1

AEL 0 R T, Jo RIS RSN R AR R

S

180 350

U

—100 —100

g, = J) gL = J}
ABR 2 FITE A AR R AR AN R R B
1; for Im(x) > T}
w7, (Jm(x)) = %; for JO < Jn(x) < JL Ym e M

(3.33)

(3.34)
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ABR3: BEER—

max urp = maxmin(ugz,, U
xe€2 xe€2 (ks 7) (3.35)
- ,umin

(| == I/ = TD)
pz = (Jo = J3)/(J3 = J3)
x| g1 :2x1 + 29 + 10023 — 100z, < 500

= g2 : 1 + o — 20023 4 50x4 < 400 (3.36)
X1, T2 Z 0
\ 3, 4 =0o0rl )
BT AT LS B — 4R

Jl J2

100 300

Hay KT

0.714 0.889
1 Z2 T3 T4

0 500 1 1

HAp ] DUE H pin = 0.714 > T pgy, B g, PEFZ R AE B ERE T H 0,1 BEAF
LB E AR R BN A - BT DURA B pg, B2 g, ABSE -

LB 4 Bk

max pFp = MaX (g, X figy X X[y (3.37)
xe{} xeQ)
/“LL71 Z Homin )
L, > Homin
oy = (1~ I0) /(T J7)
ﬂ+ — X| b7 = (J2 - J2 )/(Jék - J2 ) (338)

g1 :2x1 + 29 + 100z3 — 10024 < 500
g2 : x1 + xo — 20023 4 50z4 < 400
x1, x2 >0

x3, x4 =0o0r1
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e O S B RS B — AR R - o B — A i A T W — 1% -

J1 Jo
100 300
b, 2P
0.714 0.889
x1 x2 x3 T4

0 500 1 1
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R\ IS R IR 5E 2 i Bd 5T 5

41 BS\ZIREERR
411 BHRHF

HRAEREER « FERAZBEFENEREENERER > SFARGIIE - H©
Bk EEENG TR > RN - A5 A TG — @8 A A e iR
Hep S 7T RIE TR - BT - NEZSErA = RE & o BN D S8R RE
Hh o TR BIRAEG LM TRE (p =D BEHEE THEE (@ = 2) > W HMEEREK
(d=1 #HHHCK (@ =2) WHETLEE  BbfsEYELECRaItm e =1
i (r =2)~ G (r = 3) EE T (r = 3) AUKESHRE - W TRAVRR G #R v] DUAE 2
B—REM - K T EICHE - AWK 25 it @ A B & R b B — % - A EPIE R
PO B3R 4581 R R KB E IRE KAERS R 0.7 Al BRI B AL BEX T
KE=" (K] =[K=3 ; fEENRE#RBHETAEE = (L] =[L]=3) ; HHE
INPEATEA B B KX (N = 2) - EAITARITR RBNR 4.1 for > HhEEREr =1
i B YRR A B OF | A ALY TR SR & ¢ 55 1 J002 1106 fiE < 28 2 HA2 1298 f| : 55 3 2
1339 fiél 5 28 4 2 651 f&l - K 42 FIHFTERRAZE > K& T A REZ T
AR B A7 58K B A B [ E S RX AR » Bl Rl d = L EXBYRIZEr =1 EFH 1M

47
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B 4.1 #E B 71 e S 2N R B 8

HHHE "—‘:lt.?b’
BLE &k ®

AT BE
= N

& F s i ol
e E -

y |mEIEAm ra— ln‘

i & A= R A R

A BIALE R AR T 6 0 ] E X AN T 3600 5 RIS 2 LEE ST o BALERE
ARy 5 o B A K 6000 5 5EFEREE 3 MERX T > BALERE AR 4 - &8 5E %K
AR 7200 - EMBEAEEIRK 43 For > HPEE& T =EARMETXNER » Hi2
BAGIRE 4.4 - HofcX vl d = LEXBEVEIZEE r = 3 TR AATER R 0 HH
CthEL R E B RE N B X B ZER KXo d = LEXBYEZERr = 4R
ATE R R 130 - thl B2 LAFR T A e EWxXE -
162 E AR AR A B s A B AR X 2198 520 ~ 1081 {3 g 38 B A 672 {8 0-1 %
B -

412 RECRE

AR ER —EZF LN EEEXRHEEE - Generalized Algebraic Modeling System
(GAMS, Brooke et al., 1988 [5]) » KK ML & - B GAMS 2£4LH MINLP solver

> DICOPT Ebig & pR B 0-1 B 2 W R RE » KL - A SGEEE/F R FEZER MINLP
solver - [G]F 32 #2 SNOPT {EE NLP solver -
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A1 L TR R &
FCD?‘ct

r= 1 | 2 3 4

c= 1

i= 1] 2] 3 1] 2] 3 1] 2] 3 1 2| 3

t= 1[1106 | 518 | 483 | 735 | 462 | 411 | 810 [ 400 | 410 | 918 | 906 | 455
2 | 1298 | 507 | 423 | 681 | 685 | 372 | 1000 | 501 | 305 | 966 | 1051 | 307
31339 | 745 | 491 | 811 | 722|599 | 773 | 401 | 395 | 1618 | 1154 | 536
4| 651 | 866 | 479 | 1110 | 513 | 512 | 1086 | 409 | 422 | 902 | 700 | 444

42 &R
% 11 98 4 7 B o 0 X SRR SRR - TR T

BB SRIEE— BRI AR T, SRR S, o AT IR A 3R > A0
F 4.5 I3k 4.6 Fim - R o B2 E R TR [J9,, JL] > sk 47 FiR -
ARFFER E E B L T, fER A B EIR JY o BRI sey JO, Bt R Al o
G TER TR o KSR AR R b SRR IR 1R JO, - R th e e
RN A R P BB B 1R R %17 SR MERTRE % IR S /K YERG R IR J9, -

AER2 (R —) Dmin @7 TRAMCMEREREN B > g = 052 -

SER3: (R ) FERMREMEEARET - Ll product 35 13 8 12 7+ 8 5 5 8 B R4
HHIME -
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B R SR B i B R B

k4.2 A2
BASERRA | BEEEXRA A B AR BA A7 iR B AN

Epdr|$ kpdr $ ipdr| $ ipdr $
1 11]/6 1 11| 3600 1 1] 14 1 1 8
2 11|5 2 11| 6000 1 2| 11 1 2 5
3 114 3 11| 7200 1 3| 12 1 3 6
1 12[10 1 1 2] 4800 1 4| 13 1 4 7
2 12| 8 2 12| 7680 2 1] 24 2 1 12
3 126 3 12| 8640|UIC. |2 2| 18|UHCL|2 2 9
1 13[15 1 1 3] 5400 2 3| 20 2 3 10
2 13|12 2 13| 8640 2 4| 22 2 4 11
3 1309 3 13| 9720 3 1] 36 3 1 18
1 14[26 1 1 4] 7800 3 2| 30 3 2 15
2 14|22 2 1 4/13200 3 3| 32 3 3 16
UTCE |3 1 4[18|FTCK |3 1 4/16200 3 4] 34 3 4 17
1 21[28 1 2 1[10080 1 1 |10 1 1 6
2 21|24 2 2 1|17280 1 2 9 1 2 5
3 2120 3 21|21600|UICY |2 1 | 17|UHC,|2 1 9
1 22[21 1 22| 8400 2 2 |15 2 2 8
2 22[18 2 2 2/14400 3 1 |26 3 1 14
3 22|15 3 2 2(18000 3 2 |24 3 2 13
1 23[18 1 23] 7920 11 6 11 3
2 23|15 2 2 3/13200 12 5 12 2
3 23[12 3 2 3|15840|UIC |21 10|UHC; |2 1 5
1 247 1 2 4] 4480 22 9 22 4
2 24| 6 2 24| 7680 31 16 31 10
3 245 3 24| 9600 32 14 32 9
111 |15 111 | 6600 BAAEGEEIA | EE LR/ HERA
211 |12 211 |10560 ip $ ip $
311 |9 311 |11880 11 30 11 180000
112 [18 112 | 7200 12 26 12 208000
212 |15 212 |12000/UMC}|2 1 50(FMC} (2 1 200000
UTC’;; 312 |12 FTC’;; 312 [14400 22 42 22 210000
121 [26 121 [11700 31 70 31 175000
221 |22 221 |19800 32 80 32 240000
321 |18 321 (24300 11 45 11 18000
122 [5 122 | 4000 12 39 12 20800
222 | 4 222 | 6400{OMC}|2 1 75|FIC, |2 1 20000
322 |3 322 | 7200 22 63 22 21000
31 98 31 17500

32 112 32 24000
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* 4.3 BB EE

ipdrt| $ ipdrt| $ ipdrt| $ ipdrc| $
1 111267 2 211}473 111 1211 1 11340
1 112260 2 21 2[461 111 2203 1 21325
1 113|253 2 213449 111 3194 1 31330
1 121272 2 221[464 112 1215 1 41335
1 122265 2 222[451 112 2207 2 11[570
1 123258 2 223439 112 3|200{USPi |2 21|540
1 131276 2 23 1[460 121 1211 2 31[550
1 132270 2 232[447 121 2202 2 41[560
1 133264 2 233433 121 3192 3 11[885
1 141]285 2 24 1[477 122 1207 3 21[855
1 142279 2 24 2[466 122 2197 3 31[865
1 143274 2 243454 122 3186 3 41[875
1 211280 3 111[749 211 1364
1 212272 3112|732 211 2350
1 213265 3 113|715 211 3336
1 221|271 3 121753 212 1375
1 222263 3 122|737 212 2361

USPif |1 22 3[254/USP/ |3 12 3|720|USPI[212 3346
1 231267 3 131|757 221 1[369
1 232258 3 132|741 221 2352
1 23 3[249 3 133|725 221 3335
1 241284 3 141765 222 1[360
1 242277 3 142|751 222 2342
1 243270 3 143|736 222 3325
2 11 1[461 3 211|757 311 1[606
2 112449 3 212{740 311 2(574
2 113438 3 213|723 311 3542
2 121465 3 221[749 312 1615
2 122[454 3 222|731 312 2586
2 123443 3 223|713 312 3557
2 131[470 3 231[745 321 1606
2 132459 3 232|726 321 2(574
2 133448 3 233|707 321 3|542
2 141478 3 241[762 322 1[59
2 142468 3 242|745 322 2562
2 143459 3 243|728 322 3528
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% 4.4 HAh 28
AHER ZeEfFEE R GE B xR EEE
ipd/ ipdr kpdr ip
1 1 1] 600 1 1] 600 1 1 | 600 11 [6000
1 1 2[1200 1 2| 450 2 1 (1200 12 (8000
1 1 31800 1 3| 500|TCLE |3 1 |1800|FMQ} (21 (4000
2 11| 600 1 4| 550 1 2 | 800 22 (5000
2 121200 2 1] 350 2 2 (1600 31 (2500
2 1 3|1800(SIQ: |2 2| 300 3 2 |2400 32 (3000
3 11] 600 2 3| 250 11 800 11 [1200
3 12/1200 2 4| 400 21 1600 12 1600
SQLY [3 1 3|1800 3 1| 250 TCL’;; 31 2400|OMQ}, |2 1 800
1 21| 800 3 2| 225 12 1000 22 (1000
1 2 2[1600 3 3| 175 22 2000 31 500
1 2 3[2400 3 4| 200 32 3000 32 600
2 21| 800 1 1 [1600| 3#5% A& R BRAGFEERE
2 2 2{1600 1 2 |1800 pdr pdr
2 23|2400/SIQ% (2 1 |1200 11 0 1 [1800
3 21| 800 2 2 |1400 12 0|MIC, 2 (1500
3 2 2[1600 3 1 | 800 13 0 3 11400
3 2 3/2400 3 2 | 900|TLT, | 14 1 4 11700
11 1] 800 11 1200 21 1|MIC, 1 6000
11 2[1600 12 1500 22 1 2 |7000
11 3[2400(SIQ} |2 1 800 23 1[MIC, |1 2000
21 1] 800 22 1000 24 0 2 3000
21 2[1600 31 600 11 o) BAEHEE
21 3]2400 32 800|TLT,q |1 2 1 d
31 1| 800 A INPIHASE, 21 1|MITC, |1 5000
31 2/1600 P 22 0 2 7000
SQL¥'31 3|2400|MTO, |1 3 MOTC,4[1 5000
12 1[1000 2 3 2 7000
12 2[2000
12 3/3000
22 1[/1000
22 22000
22 3[3000
32 1[1000
32 2/2000
32 3/3000
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* 4.5 HAMREAE

Im(x*)

Zp=1 Zp=2 Za=1 Za=2 Zr=1 Zr=2 Zr=3 Lr=4
Zp—1(4,611,859(1,936,800| 803,827| —405,805|1,058,620| 860,384| 754,485| 983,195
Zp—2|1,473,326|5,227,369| 673,014| 525,249|1,182,755| 514,859 55,342 940,917
Z4=1|1,621,561| 592,141|3,339,963|2,013,973| 479,515(—180,097|—114,513| 231,431
Zg—2|1,757,580|2,662,021 (1,574,273 3,796,692 | —105, 796 |—181, 526 | —103, 504 || —387, 264
Zr=1\2,291,202|1,945,335|1,494,116 1,890, 276 |1, 275, 169 |—535, 381 | —15,891 886, 840
Zr—2|1,385,548| 499,773|1,742,297|1,846,492|1,200,284| 951,075| 330,679 543,949
Zr=3|1,208,118|1,681,443| 715,671|1,055,400| 507,426| 858,521| 882,529(/1,044,036
Zr=4|1,915,605|2,206,688| 450,924|1,015,853| 922,160 708,391| 489,683|/1, 165,653

SIL,=12,496,919(2,162,608|1,405,657| 387,090|1,092,530| 627,232| 511,748|/1,076,951

J(z7,)| SILp=2| 935,082|1,664,066| 525,110|1,696,667| 977,000 819,403| 794,030| 798,571

SILg—1| 942,752|1,181,656| 363,044|1,972,677|1,104,858| 825,559| 684,191 922,872
SILg=21,492,147(2,202,045|1,701,155| 665,230|1,132,351| 629,033| 772,483| 526,118
SIL,=1|1,939,132|2,118,274| 844,713|1,811,389| 276,450| 550,027 | 540,225]/1,055,294
SIL,.—2| 866,827|2,502,7541,353,158(2,317,544| 636,077| 260,365 595,639]/1,015,822
SIL,=3|1,283,845|1, 756,533 835,454 834,171|1,040,910| 745,600 345,702]/1,051,313
SIL,=4|1, 562,466 |2, 620,876 |1, 566,301 |1,578,320|1, 163,608 | 853,688| —40,942| 455,164

CSL,=1]1,969,925|2,420,132|1,162, 1892, 335, 341 (1,090, 717| —85,178|—200,923| 608,680

CSL,=2(1,920,973|2,138,831|1,254,425|2,009,819| 957,617| 243,683 566,218 438,707

CSL,=3|1,708,211|2,402,481| 799,331|1,985,398| 454,634| 836,654 655,559 944,759

CSL,=4|2,401,197|2,199,182| 774,977|1,006,927(1,163,909| 325,197 762,646 (/1,047,542

% 4.6 HAMEATE

Im(z7)

SILp—1|SILp=2|SILg=1|SILg=2|SIL;—1|SIL,—2|SIL;—3(SIL;—4|CSL,;=1|CSL,=2|CSL,=3|CSL,—4

Zp=1| 0.03] 0.00, 0.22| 0.46] 0.19f 0.08 0.33| 0.23] 0.78 0.80] 0.82] 0.85
Z,—2| 0.10] 0.11] 0.16{ 0.52| 0.04/ 0.21 0.27 0.17/ 0.88 0.81| 0.84] 0.78
Zq—1| 0.25| 0.03] 0.00f 0.17 0.26] 0.58 0.54| 0.46| 0.78 0.80 0.78 0.84
Zq—2| 0.01) 0.07) 0.27) 0.09] 0.46{ 0.47 0.22| 062 081 082 0.78 0.82
Z,—1| 0.13] 0.00f 0.17] 0.54| 0.01) 0.38 0.35 0.51 0.83| 0.78 0.78 0.82
Zy—2| 0.25| 0.21] 0.39] 0.22 0.09) 0.08 0.33| 0.15/ 0.88 0.78 0.81] 0.78
Z,=3| 0.00] 0.02] 0.22 043 0.28 0.37, 0.00{ 0.13 0.78 081 0.79] 0.78
Z,—4| 0.04] 0.00] 0.51 047/ 0.08 0.27; 0.19 0.01f 0.78 0.88] 0.81] 0.80

SIL,—1| 0.83] 0.00, 0.14] 0.42] 0.17 0.25| 0.40{ 0.10f 0.88] 0.85| 0.83] 0.82
J(z;,)| SIL,—2| 0.17| 0.85 0.34] 0.28] 0.11] 0.17| 0.00[ 0.08 0.80] 0.81] 0.83| 0.79
SILg—1| 0.27) 0.00 0.99] 0.27) 0.09 0.49] 0.01f 0.15| 0.86] 0.86 0.82 0.82
SILq—2| 0.00] 0.10; 0.12] 0.93] 0.08 0.42| 0.28 0.17f 0.78 0.79] 0.78 0.78
SIL,=1| 0.00] 0.08 0.29] 0.18 1.00 0.37] 0.23| 0.33] 0.78 0.84| 0.84] 0.79
SIL,—2| 0.17] 0.05| 0.38 0.29 0.32| 1.00f 0.10{ 0.09, 0.78 0.86 0.79] 0.79
SIL,=3| 0.00] 0.06] 0.36/ 0.54| 0.33] 0.42| 1.00{ 0.24) 0.78 0.78 0.80] 0.80
SIL,—4| 0.14| 0.17] 0.03] 0.39| 0.17| 0.14] 0.54| 1.00, 0.80 0.78 0.85] 0.78

CSL,-1| 0.28 0.00f 0.23| 0.17] 0.26/{ 0.38 0.40| 0.10f 1.00] 0.80] 0.80, 0.78
CSL.—=2| 0.00{ 0.14f 0.39| 0.16] 0.06f 0.62| 0.57| 0.11] 0.81 1.00{ 0.85] 0.81
CSL,=3| 0.17 0.00{ 0.31 0.31] 0.18 0.21 0.46] 0.11] 0.83] 0.83 1.00f 0.78
CSL,—4| 0.00f 0.00{ 0.44| 0.22| 0.00f 0.38 0.26] 0.22| 0.79] 0.89] 0.84/ 1.00
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B R SR B i B R B

* 4.7

RIEEM EHERRE A BATRNZH

m | Jn Jo Jo Jh JL
1| Zy— —1,541,375 | 866,827 | 4,611,859 | 4,611,859
2| Zp—s —1,162,174 | 499,773 | 5,227,369 | 5,227, 369
3| Zg— —3,672,758 | 363,044 | 3,339,963 | 3,339,963
4| Zgs —3,495,402 | 387,090 | 3,796,692 | 3,796,692
5| Zi— —2,218,241 | 276,450 | 1,275,169 | 1,275,169
6| Z—o —2,162,659 | 243,683 | 951,075 | 951,075
7| Zp—s 2,163,569 | 55,342 | 882,529 | 882,529
8| Zy—y —1,759,862 | 231,431 | 1,165,653 | 1,165,653
9 [ SIL,—; 0.00 0.00 0.83 0.83
10 | SIL,—, 0.00 0.00 0.85 0.85
11 | SIL4_, 0.00 0.00 0.99 0.99
12 | SILg—s 0.00 0.09 0.93 0.93
13 | SIL,—; 0.00 0.00 1.00 1.00
14 | SIL,_, 0.00 0.08 1.00 1.00
15 | SIL,_3 0.00 0.00 1.00 1.00
16 | SIL,_4 0.00 0.01 1.00 1.00
17 | CSL,— 0.78 0.78 1.00 1.00
18 | CSL,—y 0.78 0.78 1.00 1.00
19 | CSL,—3 0.78 0.78 1.00 1.00
20 | CSL,—4 0.78 0.78 1.00 1.00
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RS P B — [ B i o S TR T SR AR A5 SR BB BN 3R 4.8 i » HopFI[ T 25 Rl B K
it~ BEFEKE - DU E IR KES BAR N B S R s BUE - 1A BT
fELLEE > I LDUBIRIE 4.2 o €45 R AT DUE H#E 2 min SEH 7 - 7] IR E R
JR L bR B RIS IR T - TS BIBOR PR R R B i - BT S 0 & BRI
JE L bR BB BT AU MR AE 0.52 (ST - (B2 » min ER T AR BBEHERANRTE > GFIFE—F
B B R TG TP B 4 o 3242 product SR T - #EH B RS HARMEE - W LURGHE
— i E o B B R R R BUE AT - A0 Ty = 2 BRSO d =1
d =2 8st - IRECS O d = 1F0d = 2 L EfF EKYE - HRE  mEEEK
wHIfRSE - EERAIRSR - BURERAS B AR A A 2 0 A TR Al 2€ o 1T B8 F W P B¢
Bl b - QI DE B iR E B 0.52 MRE T » BB NENZ I # -

K49 VI TRAVELETERE - Thep = 1ER BIEEEM =1 BFHNRE HY
B EAEREM =3 A ZEIIRAREEESN =3 BWARRAIKEE - 5> T
Bep = 2 4656 — BRI A E -

43 MlE 44 HEEFNFERRER  DRBEEFFKE - B 4.5 K TR H
LRI REE - TE 46 RZEMNGEFEE - B 4.7 £E 4.9 235 E a6 S E
EENR R - REP A DUBREE > KTHEBERAS - BgEEERRARNREH]E
AR > DUREE SR EE - B 4.10 R TR #8092 SoE XS E 0
4.11 FGE 4.12 QOB ECH LS T ErERE GEXHE - K THAEXRA - HEmEHE
EEFWRARRBEREEX T - WA BREHTLd =1 (BkE) HEEREr =4 (
i) AYEREEEGE - ERRAR R > FTLECH L d = 1R EHEREERr =4
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& 4.8 BEUR R A R
min | Product | WP B i |
BAR EAEE | WEE | BEE | WEE| BEEE | WEE
p=1|2,819,679| 0.52 |2,881,564| 0.54 |2,862,855| 0.53
p=2|2,964,984| 0.52 |2,472,184| 0.42 |2,965,214| 0.52
d=1/1,915,362 0.52 |1,700,828| 0.45 |1,915,507 | 0.52
g d=22,165,031| 0.52 |1,794,977| 041 |2,165,197 | 0.52
r=1| 840,971| 0.57 |1,114,879| 0.84 | 822,201| 0.55
r=2| 624,760 | 0.54 839,690 | 0.84 649,280 | 0.57
r=3| 504,635| 0.54 760,117 | 0.85 495,793 | 0.53
r=4/| 773,109 0.58 |1,041,992| 0.87 819,165 | 0.63
p=1 0.43| 0.52 0.40| 0.48 0.43| 0.52
p=2 0.44| 0.52 0.49| 0.58 0.44| 0.52
d=1 0.52| 0.52 0.34| 0.34 0.52| 0.52
HEFEAYE | d=2 0.53| 0.52 0.43| 041 0.53 | 0.52
r=1 0.52| 0.52 0.58| 0.58 0.52| 0.52
r= 0.56 | 0.52 0.72| 0.69 0.56 | 0.52
r=3 0.52| 0.52 0.71| 0.71 0.52] 0.52
r=4 0.53| 0.52 0.58 | 0.58 0.58 | 0.58
r= 0.89] 0.52 I 1 0.9 054
B R %5 7k #E | r= 0.89| 0.52 1 1 09| 0.53
r=3 0.89| 0.52 1 1 0.99 | 0.96
r=4 0.89| 0.52 0.97| 0.85 0.98| 0.93
£ 4.9 TREGEHE
p= 1 2
t= [1]2]3]4[1]2]3]4
i
1{1{ofofofo[1|0]0
ap [2]0/0[0]0[1]0]0|0
3[0/1]1]{0/0]0]0]0
1{t]ofofofo|1|1]1
1210/0]0(0]1]{0[0]|0
3[0|1]1]1/0|0]0]0
1{ofofofo[o]1]0]0
v5:12(0]0[0]0[0[0[0]0
3[0/1]0[0/0]0]0]0
1{ofojofofofof0]0
00;1210]0[0]|0[1]0[0]0
3/0]j0jo0jojof0]0]0
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B 4.2 BB B B i B B SR Z LR R

Profit P1

SIL R4 Profit P2

SIL R3 q Profit D1

SIL Profit D2
SIL R1 Profit R1
SIL D2 Profit R2

=—d==T-nOorm= mn = B T-norm = product Two phase net hod




58 1 =015 5 A6 56 27 AT B 5 G
o = = S e L =X
B43 EnFERE - HEREHRER -
098 1000
2000 |
866 866
800 745 745
1500 1447 — 1]
- 1298 13_39
= ] > 600 —
= 11061106 e 518 518 507 507
G 1000 I
3 3 400 —
651 647 651
539
500 —
200 —
0 0
0 0 0 0 0 0
t1 t2 t3 ta t1 t2 t3 ta
ODerand 1106 1298 1339 651 ODemand 518 507 745 866
OSal es 1106 651 539 2098 OSal es 518 507 745 866
mBackl ogs 0 647 1447 0 mBackl ogs 0 0 0 0
Ti me Ti me
FEr=1 EMi=1 FERr=1 EMmi=2
500 483.48 491 4901 47947 1200
T T —— 11101110
423 423 T
400 —
811 811
800 735735 [T
> 300 || — > —T 681 681
s ]
3 200 | Ll | 3
400 —
100 | [
0 0 0
0 o 0 0 0 0
t1 t2 t3 t4 t1 t2 t3 t4
ODenand 483 423 491 479 ODemand 735 681 811 1110
osal es 483 423 491 479 OSal es 735 681 811 1110
mBackl ogs Y 0 0 0 mBackl ogs 0 0 0 0
Ti me Ti me
S5 — | S, 5 — |
FEREr =1 Bt =3 BEMr = Emi =1
800 1000
722 722 ]
685 685 T
600
513 513
> 462 462 [T > E
z T z 512
c 400 — —— < 500 Fre) —
< < 411
a’ 8‘ 372 374
325
200 I 234 224
86
0 0 0 0 0
0 0
t1 t2 t3 ta t1 t2 t3 ta
ODemand 462 685 722 513 ODerand 411 372 599 512
oSal es 462 685 722 513 oSal es 325 234 374 961
WBack! ogs 0 0 0 0 W Backl ogs 86 224 449 0
Ti me Tinme
FERr=2 EMmi=2 FEr=2 EMmi=3
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[ = = Sl =X =X
B 44 ERERE - HERARES -
1200 600
10861086
10001000 T ] 501 501
409 409
800 723 773773 400 400 400 401 401 R
> T >
< €
< <
o] e/
400 — — 200 —
0 0 0 0 0 0 0
0 0
tl t2 t3 t4 tl t2 t3 t4
O Demand 810 1000 773 1086 O Demand 400 501 401 409
OSal es 810 1000 773 1086 OSal es 400 501 401 409
WBackl ogs 0 0 0 0 W Backl ogs 0 0 0 0
Ti me Ti me
ZEREr=3 Emi=1 ZEEr =3 Emi=2
500 1800
16181618
410 410 ﬁ EE
200 | X -
05 1200
> >
Z 300 ™ Tors — 966 966
= — = 918 918 902 902
5 g
3 200 | G
600
100
30
0 0 0 0
0 i 0
t1 t2 t3 ta t1 t2 t3 t4
ODemand 410 305 395 422 ODemand 918 966 1618 902
mSal es 410 275 424 423 OSal es 918 966 1618 902
mBackl ogs 0 30 1 0 mBackl ogs 0 0 0 0
Ti me Ti me
ZEREr=3 Emi=3 ZEEr=4 Emi=1
1200 1154 600
10511051 EE
500
20800 o il 155 45 w11t
800 — 400 I
> 700 >
: [] : 307 307
< c 300 | I
o] e/
400 — 200 I
221
100 —
0 0 0 0 0 0
0 0
tl t2 t3 t4 t1l t2 t3 t4
ODemand 906 1051 1154 700 0O Demand 455 307 536 444
OSal es 906 1051 933 921 OSal es 455 307 536 444
mBackl ogs 0 0 221 0 mBackl ogs 0 0 0 0
Time Ti me
5 — | S5 — |
ZEEr =4 FEfi=2 TEEr=4 FEMi=3
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B s B #r HiE

B 4.5 TRERH P LELMTFER -

1500 2000 00
1361
] 1261
1200
1200 1500
1500
> 900 2
= 761 ot 950 loso
= = 1000 959 1959
8’ 600 600 8’ 760
500
300 347
39 39 39 39 41 41
0 0 0 0 1 0 0
0 - 0
t1 t2 t3 t4 t1 t2 t3 ta
OProduct 1 0 1361 1261 1200 OProduct 1 0 0 2000 1500
OProduct 2 39 39 39 39 OProduct 2 1 959 959 347
mProduct 3 0 0 600 761 mProduct 3 760 41 41 0
Ti ne Ti me
1600 60 60 1800 80
1483
| 1400
1200 [ 1176 _‘

194 1200 || 1130
> > —
G 800 — F 7971| 97

662 —
3 3
613
600 |
400 | 50 365385 382
239
1120 ’7
66
0 0
0 0 0 0
t1 t2 t3 t4 t1 t2 t3 t4
OProduct 1 1185 1600 239 1600 OProduct 1 1483 797 1800 1139
OProduct 2| 1046 120 1176 0 OProduct 2 365 1400 613 0
mProduct 3 356 0 66 662 mProduct 3 385 797 382 0
Ti me

Ti me

g d =1

FedH e d =2
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61

- o =
B 46 EEREMTER -
400 500
350 350 = =
—‘ 400
300 —
266
250 1250 314 1317
- > 300 [ | =
: 204 t
= 200 || - — = 225
3 145 o] 200
1147
135
100 | ]
100 [
52
27
0 0 0 0 0 0 l 0 °
t1 t2 t3 t4 t1 t2 ts t
OProduct 1 0 174 0 27 OProduct 1 314 450 135 450
DProduct 2| 350 350 204 266 OProduct 2 0 817 300 147
mProduct 3| 250 0 145 250 mProduct 3| 52 0 225 0
Ti me Time
FERr =1 FERr =2
300 500 474
250 250 i
238 ]
239 —‘ 400 |
200 312
. 303
> 175 175 175 3 300 7 (]
g % 221
6’ ) 200 200
00 |
100
65
58
" 100 v 71 58
0 0
0 O 0 I ’7
t1 t2 t3 t4 t1 t2 t3 t4
OProduct 1| 39 238 65 0 OProduct 1| 431 312 221 n
mProduct 2 85 250 250 58 OProduct 2 279 474 0 303
mProduct 3| 175 0 175 175 mProduct 3| 200 200 79 58
Ti me Ti me

ZERr = 3
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B 47 EmBiEEEHESR -

2400 39 2339 2400 2400
1900
- 1600 - 1600
- -
g 1039 g
761
800
500 800
100 o1 161
(U] 0 0 ﬂ 0 0 0o o 0O 0 o 0O 0 O
0 [ = 0
tl t2 t3 t4 t1 t2 t3 t4
OProduct 1 1039 2239 100 61 OProduct 1 161 2400 0 0
UspP 203 194 211 211 UsP 215 200 215 215
OProduct 2 761 0 0 0 OProduct 2 0 0 0 0
UspP 364 364 364 364 USP 375 375 375 375
mProduct 3 600 0 1900 2339 mProduct 3 0 0 0 0
UspP 606 606 542 542 USP 615 615 615 615
Tinme Time
A N7 ~ A N ~
Thep =1 HECHFLd=1 Thep =1 HECHF L d =2
000 3000
3000 5761 3000
2281
- 2000 - 2000
- -
= = 1500
P p
= c
[ ©
a 8' 999
1000 1000
719
611
500
0 0 0 0 0 0o 0 0 0 0 40 o 0 0 H H a1
0 0 - -
t1 t2 t3 t4 t1 t2 t3 t4
OProduct 1 0 0 3000 0 OProduct 1 1500 0 3000 500
UspP 211 211 192 211 UsP 197 207 186 207
OProduct 2 0 2761 0 0 OProduct 2 999 2281 0 611
UsP 369 335 369 369 USP 360 325 360 360
B Product 3 0 0 0 0 W Product 3 40 719 0 41
UspP 606 606 606 606 UsP 596 596 596 596
Ti me Ti ne
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B 4.8 EfmE A EEEHESR -

1800 1800
1200 1200
> >
- -
= 826 =
[ = <) 705 736
3 599 636 599 584 3 599 599 599 626
600 566518457 567 600 496
419
365 360
173 162 151 183
[ o [N [
0 - 0
t1 t2 t3 t4 t1 t2 t3 t4
OProduct 1 506 826 365 53 OProduct 1 599 599 496 626
USP 267 260 267 267 USP 272 272 272 265
OProduct 2 518 507 599 599 OProduct 2 162 419 705 360
USP 461 461 461 461 USP 465 465 454 465
W Product 3 483 173 636 584 WProduct 3 151 183 599 736
UsP 749 749 732 749 USP 753 753 753 737
Ti me Time
N ~ N 4 ~
e Ld=1H"EE/™r =1 oL d =1 HEEmEr =2
1800 1800
1200 1200
> >
Z 1021 2
= ‘E
c
] ©
6‘ 600 599 8’
600 600
410 423
349 399 401
235 217
0 0 D 0 0 0 0O 0 O 0 0 O 0 0 O
0 0
t1 t2 t3 t4 t1 t2 t3 ta
OProduct 1 349 399 600 1021 OProduct 1 0 0 0 0
USP 276 276 270 270 Usp 285 285 285 285
OProduct 2 235 0 401 217 OProduct 2 o 0 0 0
UsP 470 470 470 470 UsP 478 478 478 478
mProduct 3 410 0 599 423 mProduct 3 0 0 0 0
USP 757 757 757 757 Usp 765 765 765 765
Ti me Ti e

gD d = | HEERE =3

gL d = 1 HEER - =4
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B 4.9 BB EEEHESR -

2400 2400
2071
1600 1600
> >
o =
= =
= c
< <
3 3 799
800 800
583
329
218
0 0 0 0 0 o0 H 0 0 0 0 ﬂ 0 0 0 0 () 10 0
0 0
t1 t2 t3 t4 t1 t2 t3 t4
OProduct 1 0 0 2071 0 OProduct 1 218 0 799 1
uspP 280 280 265 280 USP 271 271 271 271
OProduct 2 0 0 329 0 OProduct 2 583 0 0 0
usp 473 473 473 473 UsP 464 464 464 464
mProduct 3 0 0 0 0 mProduct 3 0 0 0 0
UsP 757 757 757 757 UsP 749 749 749 749
Ti me Ti nme
N4 ~ N4 ~
e d =2 HEEEr =1 gL d =2 HEE/Er =2
2400 2400
1527
.. 1600 >, 1600 -
= = 1246 1224
o P
= —
: 3
847
3 800 799785 752
800 666 800 =
407 455 458 415 424
307
100 0 0 0 0 0 0 H I
0 o0
0 u 0
t1 t2 t3 t4 tl t2 t3 t4
OProduct 1 800 0 0 407 OProduct 1 799 847 1527 752
UsP 258 267 267 267 usp 284 277 277 284
OProduct 2 666 0 0 0 OProduct 2 785 1246 458 1224
usp 460 460 460 460 usp ar7 466 477 466
mProduct 3 100 0 0 0 mProduct 3 455 307 415 424
UsP 745 745 745 745 usp 762 762 762 762
Ti me Ti e

FodH il d =2 HEERr =3 st d =2 BEERr =4
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NLE ML N3 ~ (= N EN
B 4.10 g AT 85 o0 B EE X AR -
2400 2400
1039 [180] 1039 [180]
1600 — 1600 —
> >
1 I
a 2239 IS 2239
3 761 3 761
800 |— 800 |
0 o 0 )
t1 t2 t3 t4 t1 t2 t3 t4
OProduct 1 1039 2239 100 61 OProduct 1 1039 2239 100 61
OProduct 2 761 0 0 0 OProduct 2 761 0 0 0
mProduct 3 600 0 1900 2339 mProduct 3 600 0 1900 2339
Ti me

Ti me

Thep =1 HEH P Ld=1

3000
—0
2000
>
15 3000
g 2761
1000
0 0 0 0
tl t2 t3 t4
OProduct 1 0 0 3000 0
OProduct 2 0 2761 0 0
EProduct 3 0 0 0 0

Ti me

Thap =2HEH P Ld=1

Thp =1 HECH P L d =2

3000
2000 —
z\ 1500 2281
=
c 3000
<
o]
1000 ——
500
999
611
o 0
tl t2 t3 t4
OProduct 1 1500 0 3000 500
OProduct 2 999 2281 0 611
@Product 3 40 719 0 41
Ti me

Thp =2 HECH P L d =2
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B 4.11 Fogy ol d = 1 T E R 2 foE X AR S -

1800 1800
496
365 626
1200 506 1200
> 826 >
= 500 = 705
5 599 S 599 H
3 518 3
600 600 599
507 419
. =] 0 [=]
t1 t2 t3 t4 tl t2 t3 t4
OProduct 1 506 826 365 53 OProduct 1 599 599 496 626
OProduct 2 518 507 599 599 OProduct 2 162 419 705 360
EProduct 3 483 173 636 584 mProduct 3 151 183 599 736
Ti me Time

Fogs s d = 1 BB EREr =1 g d = 1 WEERr =2

1800 1800
600
1200 — 1200
> 1021 -
g g
349
a 401 a
600 — 600
235 217
399
0 Iy 0 0 0 o 0
t1 t2 t3 t4 1 t2 t3 t4
OProduct 1 349 399 600 1021 OProduct 1 0 0
OProduct 2 235 0 401 217 OProduct 2 0 0 0 0
mProduct 3 410 0 599 423 mProduct 3 0 0 0 0
Ti me Ti me

Mmathd =1 HEERr =3 Fogsthsd = 1 BB ERGr =4
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Sy ~ . = o s E
B 4.12 flgs o d = 2 HEE R0 doE X B -
2400 2400
1600 1600
> >
g 2071 =z
g g
o] o]
800 800
218
799
583
329
0 0 0 0 0 0 o} 0 0 —0—
t1l t2 t3 t4 tl t2 t3 t4
OProduct 1 0 0 2071 0 OProduct 1 218 0 799 1
OProduct 2 0 0 329 0 OProduct 2 583 0 0 0
mProduct 3 0 0 0 0 EProduct 3 0 0 0 0
Tine Time
; ~ ~
e d =2 HEEEr =1 Bl d =2 HEEEr =2
2400 2400
] 847 752
1600 1600 || 799 1527 — |
> >
% 800 E —
1224
g e 1246
800 — 800 | 78 -
458
666 — [
407 455 307 415 424
0 100 0 0 o 0
t1l 2 t3 t4 t1l t2 t3 t4
OProduct 1 800 0 0 407 OProduct 1 799 847 1527 752
OProduct 2 666 0 0 0 OProduct 2 785 1246 458 1224
mProduct 3 100 0 0 0 mProduct 3 455 307 415 424
Tinme Ti me

R D d = 2 HEERE T =3

gL d = 2 HEER - =4
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EEmMBEBAEE T ZRE
HE A i AR i ML

51 EmBEREAHEE

EERNEERET > EANEREAHENAHEEE  MERNE/REEZHE
JTHE S EB R RER o KEM SR - Ak E S ER A E K EE
EHRHGRAERE > 2—EAERBANER - —E BN EEHEERKENERZ
TBERKB > DR A E R E S ER - HE2ERESI A EENMKH ERK - &
B ERITERAS - ERELSEFRANEEE ) - HRELEBREEATEDN
RIF - DI BEET S - 8 B AR S A S — % 2 (USP)§ I > B H &+ W
T A AR A S ME e B 1 (USP)Q I » B 5 RIMERA B - M AREAE ¥ A & -
HEAHNREMERNWMEEgEEERES L7 - BT #GELEREEHRED
feFE (B "ARWE, ~ "TAMWE L %) WHGR HEESEL —ERNES
SP FI— 1 8% 1% BRI 0 6 35 88 5 o B s (USP) 2Ry & ¥ 7 I 2E i R AR B R © Lk
p1sp(USP < (USP)%) = 0 » pusp(USP > (USP)g) = 1 - [AIAERYEEE » $HRE S » )
F—E BRI S & BP F0— {18 i A B 30 00 m A 3¢ JB8 5 oK B s (USP) 2T & H 7 B B o
{ERSHRIT o Hh upp (USP < (USP)p) =1 » ppp(USP > (USP)},) =0«
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B 5.1 /5 (a) B1E 77 (b) AR & (50 88 L ph 2

[ usP) ol usP) 4
1 1
(USP)? (USP), US; 0 (USP),! (USP)? US;
(a) (b)

R TE 588 ] el S R B B R AR BB UK B B FBIFIBT - Leberling (1981) [32]4E3#
{3 Fl#8 IF Y] (hyperbolic tangent) pAE > ffi] Hannan (1981) [26] I3 i 7 SH A& 451 (piece-wise
linear) PR - 33 26 FF A5 T bk BUE SR BB 3 1 GE AL TR $R BLERRE I A RO - (HABEEY » SRR
Lt il U7 B U7 B A L E A B BT R T (Sakawa, 1993 [46]) « 38 15245 1 bR SO 8 7] 1L
BWAOBRTE RO A > DA RBEIEREE  FIL - A SR R % W R DA S s SR 1
BRI R P AR B R bR K L BE SR AV EH & - AR 5.1 B2 (5.1) FR -

1 for USP > (USP)
_ 0
pusp(USP) = w‘fljzs(% for (USP)% < USP < (USP)}
0 for (USP)% > USP 5.0)
1 for (USP)p > USP '
0 —
pupp(USP) = &% for (USP)L < USP < (USP)Y
0 for USP > (USP)%

EmBRNEEEHESE AR EHEPENEB R mEE > mMEFSESP 1BP
FRE R A2 B85 58 2 6 A t-norm TSEHE T - E—RIEE T » AWK E LR A min EH T
{ERy t-norm EE T » A FFI7R -

psprsp(USP) = min (usp(USP), usp(USP)) (52)

IR IRF =5 5 T 7 5 7 ) R ey g S A5 0 R R K B AN 5.2 B T BE s — 2
S H o EA R R A EENEE R E o AlA0 B 5.3 - S5l TR E =R
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B 5.2 [FliF 5 8 B B 5 1981 R i 19 2 A (R 6 (8 e

7 usp) 4

1

>
(USP)? (USP)] (USP)! (USP)¢ USP

#EHE A LIE
52 HEmBEBAHEET ZHERENER

FEEE b (A A E T 2 s B2 50 2 TR MVZUR PR - e — 2/ 2R
i HIBGR AT -

521 RfpS8
28 * € YEHEE
ivy® A EE] ARk Bk T2
(UsPY)L {pd.arrey B R A 2 B o), (e 1))
522 Rfpes
BB * € YHE K

N ST fE v EE & N ERL
mwgf {pdt, drt} fg%ﬁ%@;%ﬁgﬁ@&mmmaﬁ
USPL  {pdt,drt,rc} THgp EFRHFOd BRHEFLIETEER
FE r ETEE c B R ERE -

BB «c VEER
BPL  {pd,dr,rc} BB BT E B P O BRI S -
SPL  {pd,drre}  HRCEJTBHABE S B REF A BURIEE S -
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5.3 Bt B B A9 S AU RO B A5 65 8RR R B

A
L usP)

1

SQL2

/

(USP){ (USP)
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523 BREEMEREN

HEAFRHERT  HTHREHHFE - EEEOREERE R 5% -

B MEER

%> HAAMEBEBELBRENEREL - Fit - BAME G EREZOER > DIkt
BRERE  BEoRHEEENZSEER - MENRERN N > B2 EREER R H
EHAT - EHEEEZOER (USP)S FI+ 2 W i A% (USP) g » LUK B 5 i 1 5 52
FIE R (USP) B+ 53 Wi O A% (USP) -

10 —1 il
SQLpd Vot

i0—1~ 71
SQLZdr Vfil;"t

i,L'—157L'
SQLyy Vi

i, L—1~ 7%
SQLZT Vfif"/t

it
Z Vpat

Ve el
(USP;dt)

+

(USPfirt) :L

<

IN

IN

IN

SQhy < SQLMViE,
Qi < SQLG Vi,
SQhy < SQLLTVIL
Qi < SQLy Vi,

1 ZVifrt =1

vee Ll
> i (usei)
Vel +
S Vi (usei)”
veeLl!
+ € {S,B}, e € {0,1}

VpeP,deD,reR, el el , tcT

BEER 23 i HLAR2.4 36 X (2.13) B (2.19) -

53 aEmBRREAEETRALERKLR

v e{12,..., L' -1}

Vee{1,2,... ,L—1}

(5.3)
(5.4)
(5.5)
(5.6)

(5.7

(5.8)

(5.9

Fo Y 25 W 88 2 i fEU A S i O S R (A B SRR R O 2 %88 RS SE AR B B R B AP
Wt ie ~ BERB KL kL EKEFZEHE AR EELRERAEET > &
AR e 2k Y L I A I A L PR o S S ) R i A 2 e M o B {1 o B SR

e fEAS B E R - FT AR E MR R —E " 2 BER S BEBEER M RS E |

A (5.10) FR -

40
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max J(x) = Z ZZpt—i— szt+ ZZ”
x'e€) vteT \VpeP vdeD VreR
and max pgpi (USPi)
x' e * )
7
and }I{I/lgé KBpi (USP*) (5.10)
x € {pdt,drt,rc},Vp e P,d € D,re R,ceC,ic I, teT

bty Bl Votr Oty SQhg SQyys SQhey; USPL s | i € Z,pe P, d € D,r € R,

x' = Usggrt; ESP?C; TQpes TQh i Y pa Yt ceCte T’,él c L,
V;;dt’ Vfirt; I;t’ Izdt7 I?’t; B7Z"t; D;;ta D}jta D7Z»t§ f € ‘Cv k; € IC ) k € ’C

EHEETENEZE  RITZEMEBEFHNELEES  HESEANTNEEHEEH A GY
EE AR - A G BB RN - KAt e EE - v LI E 51
EHEH® 5 ETRE - IR EER USP. AT E #H TN THRE -

max min . (USP) , ugp: (USPE
Eséi{pdt,fjtj:v(p € 73), dM:Z,Eﬁ € R,)z) eZ,teT 1D
B min EE T ARG EEEETNEBIRERE - Kt > £30 610 > JAFTE

ErEEE N EMEENRRE - SERORELN 6.12) Bk -

mps J0) = Y (Y74 Y Zat Y7
xef} VteT \VpeP vdeD VreR

and WX fispy, (USP.,)
xXE .

and WX figp;, (USPL,) Vre R,ceCii€l (5.12)
xe

aéta ﬁ;ta 7;;t7 O;t; SQ;dt; Sinrt; sQi‘ct; ) S I,p S P, d S D, re R,
X = USP!; TQE,,, TQh ,, YK, Yk ,; ceCteT,l el
Ve Ve Tt Ly Tt Bos Dy Dy, Dl te LK eK kek
SR BRI J(x) BRI st B AR T FRE R - OB TR 2% B ARSI R B
FIRE o [F] R SO Ik B AR Z & g B A MRV R B8 - /FERIREER - 52

RRES FD -

FD=JNSP,,NBP:,, VieI,reR,ceC (5.13)
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AR E prp(x) - AT tnorm SEE T B H B 8 H R M E M E £
B B E AR E SRR E -

prp(x) = T [MJ; pspi, pppi | Vi€ L,r € R,ceC (5.14)

FE (5.14) A B E] - A£G R REAMEER - FRERREFOEES 2IRC M -
B R A REB A AE M - DR ER R EREE - Fik > KT RS E
B iy SR AV B B - AW SE i A SR iR A RE By - P 65 p B I & A9 (E A%
Rl - SERIRFAE S — P B RS R tnorm @S T T R - R - S B > ¥ t-norm
HE T T BEBMUCE RS LR - EREENERRE > AR -

prp(x) = T [MJ,'JIH ( MSP;;C,MBP;;J VieI,reR,ce C)] (5.15)

PP MM EZEEMS > T AT MR ESHRAESEEHETF - E2EHESHE

FAE SRR B A E S MY TR 2B AR R RS - £
B—REE - T1 T HEHEAH min EHE T > RAMEWEERENWEE -

urp(x*) = ma(}zcmin I:/,LJ;ILLS’,)};C,MB'pf;C VieZLreR,ce C]

XE
= lumin
FER B > T AT AR R E T FRMRERERENRZT  RE

ST {18 1) 5 B S o B M

(5.16)

. 1 1
mﬂ)—z@ﬂﬁ+ﬁ@Z§:ZWmﬁ%%” 5.17)
X Vi€Z VreR Veel :
Q+ = ﬂm{ﬂjzlu’mm7us73,7;c Zumin’lu’B'P;‘:C Zumin‘ViGI’TGR’CGC}

531 RABREFAITRE R

THEE IR SRR ZE FH AT — AT - AHER AV 2 B E B MR - 3108 B0 53 AL & E SR
BT RS2 BRSNS 5.1 K 52 - HpyHAERRSHE AT - B85 BEEZr
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fEH% (USP)S 53 Wi O /4% (USP) g » LUK B 5 fEvE B2 2 1 [E s (USP)Y, BE+43 Wi 10
fE#% (USP) L «

EREE R
KigH @A - AEBEANE -
SPEE 1 BRI SR USRS B iR T Bl AR o iR O -
JT =14,559,034 and J° = 5,765,355 (5.18)

Rk - T ERRERHRBEAET -

1 for J > 14,559,034
g (J) JoT08355  for 5,765,355 < J < 14,559,034 (5.19)
0 for 5,765,355 > J

AER2 (B —) Dlmin @H7 T RACMERERENBE > g =06

SER3: (BRD) EREMREREENRET  DREBCFHIER 7 H 282 7HE 538 &
RREHIME -

2 5.3 I Al i 5w AL 7 vk s Eg o 35 R e R A MR e R 2 7 AR R E S e
BEMNEGLEE HRBEHEEREKRTCERE  BKRALBREE A2 - KItEEK
Albeas - HE—BEMFRVERZ R/ MEMRA - HESFERA ~ RHEEA ~ EERA ~ DL
KEGERA - BHRBRWBERE py =09 - HEARTEVIZER TRE - MERA
BAFT— {8 AR - B2 R DUE AR A TSR MEEREE vy = 094 185
ZEME TEFNEMSER - B mEKA - Bt s REE A R E R -
HEFERREEAE - MgRRATS R - RILHEREENEE RS ERLEN - T
AR B O Al b ik - BEAR W] DU i W RO AR EE - Bb4h - HA3R 5.3 JRAT DUBIZ 2|
© 8 A min ST ORTS AR A L BE I B BCPSER TR RS HEF S 0 8- KK min
HET AR B RFORYE - T a5 I TEE — R R oE g -
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% 5.1 FTE R M B 5B AU K i BT RV 2 3

V] B V] B

o lipdrtf(e)gl()s[(Op](e)p] o i pdre(o)s|(e)s](0)p](9)5
1 111 259|273| 267| 276 2 211|458 484| 469 488
1 11 2| 254| 264| 260| 267 2 21 2| 449| 470| 458| 473
1 11 3| 248| 256| 253| 258 2 21 3| 440| 456| 447| 459
1 121|263 274] 268| 281 2 221|451| 472| 461| 477
1 122|258| 267| 262| 273 2 222|441\ 458| 448| 462
1 12 3| 253| 260| 256| 264 2 22 3| 430| 444| 436| 447
1 131 266| 283| 275| 286 2 23 1| 448| 463| 454| 472
1 13 2|262] 275 269| 278 2 23 2| 437| 449| 442| 457
1 133|257 268| 263| 270 2 233|426 436| 429| 441
1 141 273| 288| 278| 296 2 241|461\ 481| 470| 493
1 14 2|270] 282| 274| 289 2 24 2| 453| 469| 460| 479
1 143|267 276 269| 281 2 24 3| 444\ 457| 450| 465
1 211 269] 288| 277 290 3 111 728| 762| 748| 770
1 21 2| 264| 279| 270| 281 3 112|715| 742| 731| 749
1 21 3| 258] 270| 263| 271 3 113|702| 723| 714| 728
1 221]262| 276 268, 280 3 121731 757 744| 775
1 22 2| 255] 267| 260| 270 3 122 719| 740| 729| 755
USP%T 1 22 3| 248| 258| 253| 260 USPﬁfT 3 123|706 723| 715| 734
1 23 1| 258| 269| 262| 275 3 131 734| 772| 754| 780
1 23 2| 251| 260| 254| 265 3 132 723| 754| 739| 760
1 23 3| 244| 250| 246| 254 3 13 3| 711| 735| 724| 740
1 241 273| 287| 279| 295 3 141 740| 771| 750| 790
1 24 2| 268| 279| 273| 286 3 142 730| 756| 738| 771
1 24 3| 263| 272] 267| 277 3 143 720| 740| 726| 752
2 111 448] 468| 460| 473 3 211731 778 751| 784
2 11 2|439| 455| 449 459 3 212 719| 757| 735| 762
2 113|430 442| 437| 445 3 213 706| 736| 719| 740
2 121 453| 468| 460| 478 3 221|724 763| 742| T4
2 122|444 456| 450( 465 3 222 711| 743| 725| 751
2 123|435 444| 439| 451 3 223|697 722| 708| 728
2 13 1| 456| 479| 468| 483 3 231 723| 752| 734| 768
2 13 2| 448] 466| 457| 470 3 232 708 732| 717| 745
2 13 3| 439| 454| 447| 457 3 233|693| 711| 700| 722
2 141 462| 482] 468| 494 3 241 734| 768| 750| 789
2 14 2| 455] 471| 460| 481 3 242 723| 751| 736| 768
2 14 3| 448]| 461| 452| 469 3 24 3| 711| 733| 721| 746
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& 5.2 FIE 5 0 B A B (E U K e BT R 2

/7 B V] B

o lipdrli(e)s|(®)s|(®)p|(®)p] o [ipdrcli(e)s](e)s]()s|(®)s
111 1|202 213| 207| 220 311 11577 614| 594| 636
111 2195 204| 199| 210 311 2| 550| 580| 564| 599
111 3|188] 196/ 192| 200 311 3| 523| 547| 534| 561
112 1|204| 221 212| 225 312 1| 583| 634| 607| 648
112 2199 212| 205| 216 312 2| 560| 602| 579| 613
112 3|193] 203| 198| 206 USP% 312 3| 537 569| 552| 578
121 1|198|216| 203| 224 321 1] 568| 620| 581| 645
121 2191 205| 195| 212 321 2| 543| 585| 554| 606
121 3| 184|195 187| 200 321 3| 518| 551| 526| 567
122 1|196| 213| 207| 219 322 1] 557] 616| 593| 635
122 2| 188] 202| 196| 206 322 2| 530| 579| 560| 594
USP;% 122 3179 190| 186 194 322 3| 503| 541| 526 553
211 1] 347| 368| 357| 382 1 11 320| 344| 332| 360
211 2] 336| 354| 344| 365 1 21 305| 337| 310| 345
211 3] 325| 339| 332| 348 1 31 310] 335| 322| 350
212 11359385 371| 391 1 41 315| 341| 325| 355
212 2] 348| 368| 357| 374 2 11 540| 577 557| 600
212 3|336] 352| 343| 356|USP:L |2 21 510| 546| 528| 570
221 1] 348| 376] 356| 390 2 31 520| 558| 535| 580
221 2] 335 358| 341 369 2 41 530| 578| 552| 590
221 3] 322| 339| 326| 348 3 11 840| 898| 863| 930
222 1] 340| 370| 358| 379 3 21 810| 866| 836| 900
222 2] 326| 351| 341 358 3 31 820| 874| 847| 910
222 3] 312| 331| 324| 337 3 41 830| 901| 863| 920
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% 5.3 HfE i d A Tk LR

B EE | mXERNEEE min BECPFHERT R B

i r|USP|uppi |  pspi |USP|uppi |pspi |USP|uppi |pspi |USP|uppi | pspi

1 1(339| 0.77 0.771 343 | 0.60| 0.96|352| 0.33| 1.00| 343 | 0.60| 0.96

1 21324 0.60 0.60( 324 | 0.60| 0.60|332| 0.40| 1.00|324 | 0.60| 0.60

1 3(329| 0.75 0.75 333 | 0.60| 0.92|336| 0.48| 1.00|333 | 0.60| 0.92

1 4|333| 0.72 0.721 337 0.60| 0.86|340 | 0.47| 1.00|337| 0.60| 0.86

2 1568 | 0.75 0.75| 574 0.60| 0.92|577| 0.53| 1.00|574| 0.60| 0.92

USPiC 2 2538 0.77 0.77| 545 | 0.60| 0.97| 546 | 0.57| 1.00|545| 0.60| 0.97

2 3|548 | 0.72 0.72| 553 | 0.60| 0.86|559 | 0.48| 1.00| 553 | 0.60| 0.86

2 41563 | 0.70 0.70| 567 | 0.60| 0.78| 578 | 0.33| 1.00| 567 | 0.60| 0.78

3 1882 0.72 0.721 890 | 0.60| 0.86|900| 0.40| 1.00|890| 0.60| 0.86

3 2852 0.75 0.75| 862 | 0.60| 0.92| 866 | 0.53| 1.00|862 | 0.60| 0.92

3 3862 | 0.77 0.77(873 | 0.60| 0.97|878| 0.48| 1.00|873 | 0.60| 0.97

3 41880 0.70 0.70 886 | 0.60| 0.78|901| 0.33| 1.00|886 | 0.60| 0.78

TN 17,227,300 17,397,600 17,579, 200 17,397, 600

7E 199,000 487,300 199,000 199,000

Po 1,210, 600 1,361,200 1,210, 600 1,210, 600

RA [EX 737, 500 1,122,100 727,500 727,500

TE 1,438,000 3,159,000 1,438,000 1,438,000

e 3,575,100 6,129,600 3,575,100 3,575,100

s 13,652, 200 11,268,000 14,004, 100 13,822, 500

1% 0.90 0.63 0.94 0.92
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54 aEmBREAHEET ZSHERERNRRRBEL

[FIRF %5 B2 B A A PR 0B - BEIRE KYE ~ Z2F E/KEDIRFEK S H
REMERRNMERE > Bl "2 HEESBEIERIERSRE, - 05X 5.20) For

mz;gl( (Si(x),...,Ju(x)) = (Zp, Zq, Zy; SIL,, SIL4, SIL,; CSL,;)
x€
and max pgspi (USPL)

xeﬂ * .
and max pgp: (USP)

L (5.20)
x € {pdt,drt,rc},Vp e P,d € D,r e R,ceC,i€I,teT '

a;;taﬂ;igta’)féta O;tS SQ;dt; SQZmS SQf«ctSUSP;,dtS 1€L,peP,deD,r € R,
X = USPY,,; USP: ; TQE, TQE,,, YE, Yk ; ceCteT, l el
V;%t’vgrt;lét’létvlit;Bit§D§;t’D§t’Dit; te LK ek kek
KR it FE 8 N S E R B & i B R B S 2 i > M B R A2 53 B By
Bz —  FiAREEHEEE HETRE - 2K EE Jn(x) B ENEE T,
HITR R - B R BT A 26 E AR i B (L R R < (R BRr 35 5 15A) E A RO 5 (B VR R AT 5=
HE > BIEMREES FD -

FD = Jm NSPLy N SPy, N SPL N BPL, N BP,, NBPL,

21
VmeM,i1€Z, peP,deD,reR,ceC,teT (5:21)

BERWER wrp (x) - WHEH tnorm EH 7 REN X EM B EMEENEEE);
HE B RE R RE

M}-D(X) =T (/J’Jm; MS’P;dt),U'S’Pji aMS’P}:C;MB’P;M7MB’/J&M’MB’P};C vmaiap7 d7 r, ¢, t> (5.22)

rt

fEA (5.22) AEEE c A EREWEER - BH-HWEEY) - 0 TR p EECHET
Ood BRSO d HEER - ARNERREEER 2IT f# - 0t > BHE -HEEHE
Jio AR r HEAE o GRNERREEB G 27 8 - DUEREARE R 78 7 E A% R
IFREEME - FELR 7S &S IR EER R NEZEME - AR B R R
RSB« e B HEHEGNERRL - 5 —BEBRAEH tnorm SER 1 T, B4 - #3F
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el

JRER FE B #SHR t-norm SEE T To LS M HARR E L HE — BRGNS HE
HESEBRE - AR -

_ pd . . ;
prp(x) = T2 [Hjmﬂh ( Hspi,Hppi, | VI ETL,LE 7‘),

¢ ( tspy, sps,, |Vi €T, T), (5.23)
T{C( pspi tppi | Vi € I)(vm, p,d,r, c}
TS RIS T1 AT, HEGEARA ST ET - R ENTEI 5
TR G EBR B E R BUE S i AT BRI e 2R 6 M P B 2 B - 1
R T AT HEHRAH min EH ¥ > EALWEERENERE -

max = maxmin ; i i e i i i |VYm,i,p,d,r,c t)
XEQN]-'D o) (#vaMSdet7:U'S’Pth?:U'S’PrcvMBdetnu'B’PdM’MBPTC y L, P, a, T, Gy
= ,LLmin
(5.24)

FER B > T AT AR EBCFIEHE T FRMRERERENRZT  RE
ST {18 1) 5 B o B M

St D3 (Y

<Hs7>;‘)dt + /‘BP;dt)>
YmeM VpeP VdeD eT

Z Z
DS (zize 3 (uon, +MBPM))

VdeDVreR
+ 22 (ﬂ > (usp:, + HBP:LC)>
LUFD (X*) — max — VreR VeeC Vi€l n
-+ 2P +2D + 3R + PD + DR+ RC

Ot =0n {HjmnuS’P};aHBP}; > | * € {pdt,drt,rc};Ym,i,p,d,r, c,t} (5.25)

541 BRABRE[IITRE R

TSGR AE AT — =BT - MBS BECEE A - T0R]TE 5 B A7 B
FERR BT R 2 B E E—Fey P T AR - 205K 5.1 Fos - Bh 2 B AR A 2 B g s A 4
A S 3878 AR ~ 1268 {558 Bofn 672 {5 0-1 28 -
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ERMET R

% H AR AR EE B O X R BT ORI @A - T EANE ¢

FER 1

53R B — B SR USRS iR T, SR AR EIRO R IO, o SR BB TR - 40
F5A4MFEK S5 s - Rk o B EERBIO T EZER [J),, ] 10K 5.6 ik -
AW GETEE B DL L, fER A B IR JY, o BRI JO, F Rl -
REETER TR - FiLREEEEE SRS BB EMIER J), Rt
TR R P BRAREIE Ry - &R TF B ME R IR B 7k e TR J),

(BB —) Dmin @7 TRACMERERENBR > g =045 -

(R ERMREMERNRET UEBCHER 7 H B2 538 &
RREHIE -
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% 5.4 BAERIE T £
I (z7)

Zp=1 Zp=2 Za=1 Za=2 Zr=1 Zr=2 Zr=3 Lr=4
Z,-1]4,849,095|1,392,088| 835,871| 711,353| —418,710| 422,245| 382,578 781,712
Zp,—2|1,548,669(5,620,679| 388,390| —118,023| 703,231|1,018,242| 172,273 824, 353
Zi=1|1,525,554| 833,513|3,985,165|2,177,910 209,691| 218,340|—474,074|—1,084,046
Zi=2|1,772,353|2,565,585|1,460, 226 (4,527,048 —34,329| —925,524| —64,148| —790, 186
Zr=1|1,527,911|1,971,963|1,290,209|1, 149, 4891, 589, 110| 412,772 329,874 712,442
Zr—2|1,707,349|1,252,812| 256,818|1,680,242| 998,564(1,243,161| 641,713 927, 382
Zr—=3| 905,009|2,435,253|1,190,986|1,173,928| 775,899| 660,459|1,149,759 590, 261
Zr—4|1,141,475|2,204, 287 477,373|1,179,252|1,009,334| 592,584 530,503| 1,536,114

SIL,-=1{2,091,514(1,931,575|1, 300,668| 617,668 692,525| 680,942| 307,722 874,457
SIL,—2| 981,674(1,435,844|1,256,368|1,168,157| 646,954 580,299| 199,895 834, 640
SILg=1(1,913,951|1,778,674| 133,739|1,758,280|1,228,621| 762,155| 652,427 940, 490
SILg=2(1,589,030(1,315,910|1,574,933| —47,696| 937,585| 522,190 574,477 590, 433
SIL,=1|1,819,707|2,067,451(1,318,174|1,542,665| 393,944| 548,688| 484,819 488,992
SIL,—2|1,752,525|2,365,488|1, 118,0151, 293,645|1, 231,264| 507,630 453,109 767,448
SIL,—3|1,666,705(2,107,644| 312,436|1,810,847| 969,989| 607,206 620,090 871,204
SIL,=4|2,040,176|2,168,252(1,610,188| 762,386|1,248,058|1,038,630| 262,442 292,120
CSL,=1{1,963,295|1,954, 6891, 132,485|1,604,497| 798,665 588,271 422,746 452,462
CSL,=2(1,018,479|1,874,597| 501,286|2,165,219| 870,175 403,943|—137,849 697,678
CSL,=3|1,682,603|2,295,894|1, 360,029 1,462,137 387,240 485,056| 695,237 131, 355
CSL,=4|1,952,586|1,496,203|1,573,880|1,611,047(1, 303,508 | 423,042|—235,752| 1,130,103
% 5.5 BAERIE T £
Im (z7)

SILp—1|SILp=2|SILg=1|SILg=2|SIL;—1|SIL,—2|SIL;—3(SIL;—4|CSL;=1|CSL,=2|CSL,=3|CSL,—4

Zp,—1| 0.06] 0.07 0.32| 0.27 0.19] 0.17| 0.08 0.07 0.83 0.78 0.90 0.78
Zp,—2| 0.11| 0.03] 0.27) 0.40f 0.25 0.28 0.31] 0.15 0.78 0.78 0.82 0.80
Zqs=1| 0.00] 0.06] 0.00f 0.31] 0.12 0.60{ 0.58 0.42 0.80 0.82 0.87 0.84
Zg—2| 0.02 0.10] 0.15 0.11] 0.23] 0.32] 0.15| 0.66 0.78 0.80 0.78 0.93
Zr—1| 0.00] 0.00{ 0.30] 0.35| 0.00{ 0.17] 0.20 0.33 0.80 0.85 0.78 0.85
Zr—2| 0.18 0.20 0.34] 0.28 0.31] 0.00{ 0.35| 0.19 0.90 0.82 0.82 0.80
Zr=3| 0.00] 0.18 0.38 0.25 0.17] 0.17] 0.00f 0.00 0.85 0.80 0.78 0.79
Zr—4| 0.00 0.00] 0.51] 0.27{ 0.13] 0.25] 0.18] 0.14 0.85 0.82 0.82 0.78
SIL,—:| 0.82] 0.08 0.28] 0.34] 0.21] 0.24] 0.32| 0.13 0.78 0.78 0.78 0.82
SIL,—2| 0.08 0.90 0.31 0.27] 0.00f 0.25] 0.15| 0.06 0.78 0.82 0.80 0.78
SILg=1| 0.11f 0.04] 0.99] 0.19] 0.09| 0.31] 0.17] 0.16 0.80 0.81 0.82 0.78
SILg—2| 0.09] 0.00] 0.21f 0.99] 0.17( 0.06 0.37] 0.15 0.81 0.78 0.87 0.79
SIL,.—:| 0.19] 0.08 0.29] 0.33] 1.00] 0.25| 0.12] 0.08 0.80 0.86 0.81 0.78
SIL,—2| 0.00] 0.05 0.17] 0.11] 0.45| 1.00{ 0.25 0.17 0.78 0.78 0.80 0.82
SIL,—s| 0.00] 0.00{ 0.34 0.21] 0.00] 0.18 1.00{ 0.00 0.83 0.81 0.86 0.81
SIL,.—4| 0.00] 0.14] 0.28 0.31] 0.45| 0.35 0.23] 1.00 0.83 0.83 0.85 0.78
CSL,=1| 0.19{ 0.00f 0.33] 0.23] 0.42] 0.42] 0.08 0.29 1.00 0.79 0.80 0.82
CSL,—2| 0.00] 0.16] 0.31] 0.25/ 0.07] 0.18 0.50 0.28 0.78 1.00 0.84 0.88
CSL,—3| 0.10{ 0.11| 0.21] 0.29] 0.27] 0.21] 0.24 0.37 0.80 0.78 1.00 0.79
CSL,—4| 0.10{ 0.00[ 0.25| 0.40f 0.29] 0.09] 0.15| 0.42 0.78 0.78 0.78 1.00
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% 5.6 FTERE M B AT R L A BT RIS B

m | Jn Jo Jo Jh JL
1| Zy— —1,437,784 | 905,009 | 4,849,095 | 4,849,095
2| Zp—s —1,297,977 | 833,513 | 5,620,679 | 5,620,679
3| Zg— —3,936,082 | 133,739 | 3,985,165 | 3,985,165
4| Zg—s —3,868,513 | 617,668 | 4,527,048 | 4,527,048
5| Zi— —2,664,441 | 209,691 | 1,589,110 | 1,589,110
6| Zp—s —2,557,497 | 218,340 | 1,243,161 | 1,243,161
7| Zp—s —2,503,984 | 172,273 | 1,149,759 | 1,149,759
8| Zy—y 2,172,127 | 131,355 | 1,536,114 | 1,536,114
9 [ SIL,—; 0.00 0.00 0.82 0.82
10 | SIL,—, 0.00 0.00 0.90 0.90
11 | SIL4_, 0.00 0.00 0.99 0.99
12 | SILg—s 0.00 0.11 0.99 0.99
13 | SIL,—; 0.00 0.00 1.00 1.00
14 | SIL,_, 0.00 0.00 1.00 1.00
15 | SIL,_3 0.00 0.00 1.00 1.00
16 | SIL,—4 0.00 0.00 1.00 1.00
17 | CSL,— 0.78 0.78 1.00 1.00
18 | CSL,—y 0.78 0.78 1.00 1.00
19 | CSL,—3 0.78 0.78 1.00 1.00
20 | CSL,—4 0.78 0.78 1.00 1.00
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RS P B — [ B i o S TR T SR AR AU A5 SR BN SR 5.7 o » HepdIH T 25l B I
it~ BEFEKE - DU E IR KES BAR N B S R s BUE - 1A BT
fELLEE > ] LUBIRIE 5.4 o €45 R AT DUE HE 2 min SEH 71 - o] IR E R
JR L bR B RIS IR T - TS BIBOR PR R R B i - BT S 0 & BRI
JE bR BB BT AU B AE 0.45 BT - (B2 > min ER T AR BB HERANKTE > GFIFE—F
MECEERIE R L - BREFHCHSER TR > BEEBEAREEFEE - 7TLOKGHE
— i E o B B R R R BUE AT - A0 Ty = 2 BRSO d =1
d =284k - DURR#HFLd =1/d =2 Z2FEKE - HRE  mEErEIK
AR - ERRAYAG R - AR ERG B AR A 2 o M A TSR A @i 2 - i fE F e R B
Bl B bk - R DUE B iR B 0.45 MRE T » BB NMENZ I # -

KS5BMKSI REHHE GHEMEEWREE - BAEMARHERNER  GRE
PREFRETAE - GREREANNRE T E - R E M2 K g 2
MURER - MEBE/RE TERENEEIERNREEGEANNME > W2 BEN At EME
AR A 3% L ARFER - B2 > HEEFENREEAE  MgERATESIE - Kb
R Y B i T PR R o T A s R s A3 - BEAR W] DU 4 A o T R P R

# 5.10 FIH TR BEE R - EEEENE - TROELEHHE BEAT—F 0T R
AR - LEL RN > EMAEEB LA E TRSGESE - B 5.5 fE 5.6 &
ZEMNFREERERE > DAKBEEFRE - B 57 hIBREKHT LNFEE - MmiE
S58HIEZEMMTER - B 5.9 £HE 5.11 EHEMBEEEEERNREG - BEG
AILUREE > FTHEAMENRA B gREREERANKE I ERE T - DIREE
e AL EE o B 5.12 R TR EC 8 b0 Y E A E X AR 8 - T [ 5. 13 AN 5.14 AR AC
HP LK ERVEMEXHE - B THAEXRA  HERGHERFEARNRHEL
BEXSTA -
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& 5.7 f UK IR A SR
min [ BB PR T R
HiZ HEE | WEE HIEEE | WEE HIEEE | WEE

p=1]2,664,071] 045 |2,890,304| 0.50 |2,749,585| 0.47
p=22,968,58| 045 |2,543,579| 0.36 |2,968,589 | 0.45
d=1[1,851,475| 0.45 |1,725,350| 0.41 |1,851,475| 0.45

e d=2[2,361,251| 0.45 |1,920,544| 0.33 |2,361,251| 0.45
r=1| 824,912| 045 |1,084,524| 0.63 | 824,912| 0.45

r=2| 675410| 0.45 917,038 | 0.68 | 702,800 | 0.47

r=3| 608232| 0.45 819,040 | 0.66 | 624,698 0.46

r=4| 812,220 048 |1,015,641| 0.63 | 898,116| 0.55

p=1 0.39| 0.48 0.43| 0.52 0.47| 0.57

p=2 0.40| 0.45 0.49| 0.54 0.40 | 0.45

d=1 0.44| 0.45 0.35| 0.35 0.44| 0.45

REFEAKE | d=2 0.50 | 0.45 0.40 | 0.33 0.50 | 0.45
r=1 0.45| 0.45 0.57| 0.57 0.47| 0.47

r=2 0.49| 0.49 0.71| 0.71 0.52| 0.52

r= 0.45| 0.45 0.71| 0.71 0.56 | 0.56

r= 0.46 | 0.46 0.66 | 0.66 0.62| 0.62

r=1 088 0.45 1.00| 1.00 0.94| 0.74

EERBAKE [r=2 0.88| 0.45 1.00| 1.00 0.96| 0.83
r= 0.88| 0.45 1.00| 1.00 0.99 | 0.96

r=4 0.89| 0.48 0.98 | 0.92 1.00| 1.00
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5.4 B — 5k B B B BGE R A LR

Profit P1

Profit P2
Profit D1

Profit D2

Profit RL

Profit R2

Profit R3

Profit R4

g T-NOrM = M N = B T-norm = Average Two phase net hod
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%58 B HETHEMEBEREE

i pdrit\ugplpsp ipdriipsp|usp ipdrtiusp|usp
111 1[1.00]0.47 1 111[1.000.59 2 211/0.99/0.45
111 2[1.00/0.47 1 112(1.000.59 2 212(0.99(0.45
111 3/0.53/1.00 1 113{1.00/0.59 2 213/0.99(0.45
111 4/0.53/1.00 1 114{1.00/0.59 2 214/0.99/0.45
112 1]1.00[0.46 1 121[0.57[1.00 2 2210.45] 0.9
112 2[1.00/0.46 1 122/0.57|1.00 2 222(1.00(0.46
112 3/1.00/0.46 1 123/0.57|1.00 2 2231.00(0.46
112 4/1.00/0.46 1 124/0.57|1.00 2 2241.00/0.46
121 1]0.45[0.95 1 131[1.00{0.53 2 231]0.48]1.00
121 2/0.45(0.95 1 132(1.000.53 2 232(0.481.00
121 3/0.45(0.95 1 133|1.000.53 2 233(0.481.00
121 4/0.45/0.95 1 134[1.00[0.53 2 234/0.481.00
122 1]0.91]0.67 1 141[0.47[1.00 2 241]0.53]1.00
122 2[1.00/0.61 1 142/0.47|1.00 2 242(0.53(1.00
122 3/0.45/1.00 1 143]0.47|1.00 2 243(0.53[1.00
122 4/1.00/0.61 1 144/0.47/1.00 2 244/0.53[1.00
211 1[1.00[0.47 1 211[0.99]0.45 3 111[1.00[0.59
211 2/0.53|1.00 1 212/0.99/0.45 3 112(1.00(0.59
211 3|0.53|1.00 1 213]0.99/0.45 3 1131.00(0.59
211 4/0.53]1.00 1 214/0.99]0.45 3 1141.00/0.59
212 1[1.00[0.46 1 221[1.00[0.46 3 121]0.57[1.00
212 2(1.00[0.46 1 222(1.00/0.46 3 122(0.57(1.00
212 3|1.00[0.46 1 223[1.000.46 3 123(0.57(1.00
USP?;,[212  4]1.00/0.46{USP},, |1 224/1.00/0.46|USP;,.,3 124/0.57|1.00
221 1[0.45/0.95 1 231[0.48[1.00 3 131[1.00[0.53
221 2/0.45/0.95 1 232/0.48]1.00 3 132(1.00(0.53
221 3|0.45/0.95 1 233|0.48|1.00 3 133[1.00/0.53
221 4/0.45/0.95 1 234/0.48]1.00 3 1341.00/0.53
222 1[0.45[1.00 1 241[0.53[1.00 3 141]0.47|1.00
222 2(0.45(1.00 1 242/0.53|1.00 3 142(0.47(1.00
222 3/1.00/0.61 1 243|0.53|1.00 3 143(0.47(1.00
222 4/1.00/0.61 1 244/0.53]1.00 3 144/0.47[1.00
311 1[1.00]0.47 2 111[1.00[0.59 3 211]0.99|0.45
311 2/0.53|1.00 2 112(1.00/0.59 3 212(0.99(0.45
311 3|1.00]0.47 2 113(1.00/0.59 3 213/0.99(0.45
311 4]1.000.47 2 114/1.00/0.59 3 214/0.99/0.45
312 1[1.00[0.46 2 121[0.57[1.00 3 221[1.00[0.46
312 2[1.00[0.46 2 122/0.57/1.00 3 222(1.00(0.46
312 3[1.00[0.46 2 123|0.57/1.00 3 223(1.00(0.46
312 4]1.00[0.46 2 124/0.57|1.00 3 2241.00/0.46
321 1]0.45[0.95 2 131[1.00[0.53 3 2310.48]1.00
321 2/0.45/0.95 2 132(1.00/0.53 3 232(0.481.00
321 3|0.45/0.95 2 133[1.00/0.53 3 233(0.48(1.00
321 4/0.45/0.95 2 134/1.00/0.53 3 234/0.481.00
322 1[0.45[1.00 2 141[0.47[1.00 3 241]0.531.00
322 2[1.00/0.61 2 142/0.47/1.00 3 242(0.53[1.00
322 3|1.00]0.61 2 143/0.47/1.00 3 243(0.53[1.00
322 4]1.00]0.61 2 144/0.47/1.00 3 244/0.53[1.00
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k)59 B HEETHEMEEREE

i 1 |USP|upp: | pspi,
1 1|344| 0.57| 1.00
1 2]329| 045| 0.77
1 3(335| 053] 1.00
1 4]341| 048] 1.00
2 1|577| 0.53| 1.00
USP;. |2 2|546 | 0.57] 1.00
2 3|559| 048] 1.00
2 4|573| 045 0.90
3 1[898] 048] 1.00
3 2]866| 0.53| 1.00
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i N EEBEEERSR - KERABRY  WEEFMERNZE "VESENE,
m o ANEEE MHERR BT RO IS INER - HBEENTRRKERR G - ESFEREGHRN
BLEABR R - FrAIE/EHE ESE M s 4 AE BRI BRI RE > M HAZ & - KA
MEE2BmA StEsE s » & BB Bl R B A i E 2 B £ B 75 X (Gupta and
Maranas, 2003 [25]) - #8 5 # 5% F Bk 7 A A =

L. LUBE =R 73 i Fs Z 5 (distribution-based) BYJ5i% + DUH T8 73 4 AL AH B ~F 35 (B B AR ME 22
SRAE I AT E 28 -

2. DA R B G Ry ZE B (fuzzy-based) BTG + 58 RO B5RIIAH B 58 JB8 B8 ok O3 . A T
EBH -

3. DU HS B EL i (scenario-based) By /53 © 3B B 5 52 (scenarios) FIAH 8 2% 4 # SR 5k
AT E 2 B -
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6.2.3 RS

DUIE 52 R B B & 7 R R AW A A e 8 JH IR - P B i e B B S AR 20 SR

N

0,188 +c [HEN | BNYEES

YE,  {dr} s EIEEET - BB d 65 ¢ B  YRER S &

et BE RS E B R -

YE,  {pd} e s ST TR p 15 ¢ WK BUERHE K S
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6.3 HiZEBRMRHEN

IEER o AU PRI A B 2 AR %P AR - BR T TR BB G B S A R o A AR 15X

FRIRE R 352 A 58 A P i -

6.3.1 TREAY4EE BHERH

Z ﬁ;ts =1

Vi€l
% %
Opts S apts S Bpts

’7;)t8 > ﬁ;ts - /g;),t—l,s

Y D O SMTO,

VieZ VteT

N
> Gpins <N

Vi€eZ n=0
wherei € Z,pe P,t € T,s €S

BRI A AH B R B AT 25 2. 4. 16

6.1

(6.2)
(6.3)

(6.4)

(6.5)
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6.3.2 FEGRERRH

k' —1~xk' K k'~ k'
TCLpd Ypdts < Tdets < TCLdepdts

k—1~/k k k ~k
TCLdr Yths < Terts < TCLdr Ydrts

Z Y];,dts S 1 Z YSrts < 1

Vk'eK! Vkek
k' i
Tdets = Z Tdets = Z SQ;)dtS
VEk'eK! VieZ
TQdT‘tS = Z TQZTtS = Z SQzlrts
Vkel Vi€l
> TQpats < MITCy
VpeP
> TQarts < MOTCy
VreR

VdeD,peP,reR, K eK,kecK,teT,scS
PR X B AH B AR B v 25 2.4 26 -
6.3.3 ZERHE

vdeD

i _ i i i
Lis = Ir,t—l,s + Z Ser,t—TLTdT,s - Z SQrcts
VdeD Veel
dts T dit—1,s + Z Sde,t—TLTpd,s - Z Serts
VpeP vreR
Uy = I, +FMQial, | +OMQhoh, 1 — > SQ
pts - p,t—1,s p“p,it—1,s pYpit—1,s pdts
i _ i i i 2
Brts - Br,t—l,s + Z FCDrctS - Z SQT’CtS? rTs — 0
VeeC VeeC
> L, <MIC,
Viel
SIQi - Iits S Dits

I, SQl,, B, Dl

*ts) T *ts

>0

where x € {p,d,r}, and pe P, deD,reR,i€Z,tcT,seS

(6.6)
(6.7)

(6.8)

(6.9)

(6.10)

6.11)

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)
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PRI AE BRI ZR B AT 225 2.4 44 -
634 MAERWKZ
TMCpis = Y [EMChviy, + FIC) (8L, — o) + UMCLEMQl o
VieZ
+OMC;,0MQ; 0}, ] (6.20)
TPCys = > USPL.SQhy,  TPCus = > Y USP, . SQh,, (6.21)
VpeP Viel YdeD Viel
TIC.s; = » UICLL, € {pdr} (6.22)
VieZ
THCy, = Y UHC, (FMQp ahy1s+OMQh0L, 1+ SQ;dts) (6.23)
VieZl vdeD
THCzs = Y UHC) | > SQhusmir,ps + O SQhrts (6.24)
VieZ VpeP Vrer
THC,;s = »_ UHC; (Z SQi—tirs + D SQicts> (6.25)
VieZ vdeD Veel
TIC,, = > > (FTCHYhy, +UTCLTQ,) (6.26)
VEk'eK! VpeP
TTCus = > 3 <FTCZTY§NS+UTC§TTQ§MS> 6.27)
VEeX VreR
PSPyc = > ) USPL.SQhu, PSPas = Y ) USP) SQY..,
VdeDViel VreRViel
PSPNS = ZZUSPTCSSQiCtS (628)
VeeCViel

VpeP,deD,reR, teT

FRI X FEBR AR BH P 2% 2,456 -
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635 BEFEEH

HAE— © Ry R b B B RIS

Z. = Y PPDZ, * € {p,d,r}
VseS
where

Zps = Y (PSPpys — TMCpys — TTCpys — TICps — THCpys) VpEP,s €S

it ©29)
Zas = Y (PSPgs — TPCqts — TTCqts — TIC44s — THCyy,) Vd€D,s€S

vteT
Zrs = Y (PSPyys — TPCpye — THC,s — TIC,4,) VreR,s€S

vteT

HEEZ R Z 2 FEKYE

SIL, = > PPDSIL.,, =€ {p,d,r}
VseS
100 Di,, (6.30)
where SIL,; = IT Z Z (1— SIQi) %, VseS§
vteT Viel
HEE= @ ARG PR IR 7k ¥
CSL, = Y PPD,CSL,, WreR
VseS '
SQZ‘cts
where CSL,; = 100 Z Z VCZEC %, VseS @30
T VteT Viel Bi’,t—l,s + Z FCD;cts
VeeC

HARMY : s RAEAETR RKAHEE T HAZAIBI M (robustness)

HEARERET - BEETESEHRARE - ERHEABENHEERFSRKE W
> BEERmA LGSR - BEENBERE M ARz - Fit - 0
A B AR EAE A RIS S P Ay 8 - gl 2 0 o SRV BT - 58 B R 5 R TR B
HEME - HRBERKXENER > RRBAUAGAEBERNPLENEEE - Fit
AR Fete H — M B H MR - T 7R FI1E (lower partial mean) » & ET] /)N
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REAAE Jpy BIBEARE Jos > MLUR SR A RIBER B HEER T -

RLy = Y PPDymin{0, Jyys — Jp},  Ym' € M (6.32)
VseS
Hep M B2 (629) ~ K (631 h 2 HEMES > HEAX/NE M| =M =2P+

2D + 3R -
636 SERBRRBAZHERRANES

WiEiE6.3.1 ~ 6.3.2 ~6.33~ 634~ 6358 T HMIRGE A EEEABBEK —M@ T
ZHERGBEIEMMERBRE, - 00X (6.34) FioR -

Zp, Za, Zy; SILp, SILg, SIL,; CSL,; Rl,;

max (J1(x),... ,JM(x)):< VpeP.deD. reR, m' e M ) (6.33)

xen

% % % 7. i i . K k
apts’ ﬁpts’ ’ths’ Opts7 SQ*tsv USP*sv Tdets, Terts’

x = Ypdts7 Ydrts’ Ipts7 Idtsa Irtsﬂ Brtsﬂ Dpt87 Ddts’ Drts (634)

x € {pd,dr,rc};i € Z,pe P, de D, r e R,
ceC,kekK,kek,teT,seS

6.4 BNZRREE

5 8 — 8 TR ~ WSS b0 ~ W8 = i B W R E L E B AR I o L
FodH ol d1 B E R — BN GEX B - FHRERVN) (B PR (5 %2 ) 1t 36
oty o FEEAE LB SR A DUPRGERCE 550 REMKE TROEXZIZE > DEEZRE
R TH] 3 72 G TR SR AR I NI - (7 BEFE HEC & Pl d1 DR BN AU DX JE 1S EE o~ DAMERF
—E IR K HE o TIECHH F 0 d2 DK BEE X T AR B EGETHGE - A REEELE
LRI E LA - B R ETRE 1 HIREXATERE - il d #BRER R
RO B S SEE AR

R SRR IR B B IE 5 B 5 IR R (KB IR /K HEFR I Ry 0.7 5 AR
AR P it BSE X T U =M (K] = [K'] = 3) SRR IR sE MR (N =2)
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4 6.1 FEfn T KB 15 55 B AR BR A 38 2R R

s | 1 | 2|3 | 4|5 ] 6|7
PPD; [0.15] 0.2 |0.12[0.24 | 0.09 [ 0.13|0.07
j FCD!,
160 | 160 | 160 | 160 | 160 | 160 | 160
170 [ 170 | 170 | 160 | 150 | 150 | 150
180 | 180 | 180 | 160 | 140 | 140 | 140
190 [ 180 | 170 | 160 | 150 | 140 | 130
200 | 180 | 160 | 160 | 160 | 140 | 120
180 [ 180 | 180 | 180 | 180 | 180 | 180
200 | 200 | 180 | 200 | 160 | 160 | 160
220 | 220 | 180 | 220 | 140 | 140 | 140
220 | 240 | 180 | 200 | 140 | 120 | 160
220 | 260 | 180 | 180 | 140 | 100 | 180
240 | 240 | 240 | 240 | 240 | 240 | 240
240 | 270 | 210 | 210 | 270 | 270 | 210
240 | 300 | 180 | 180 | 300 | 300 | 180
240 | 270 | 210 | 150 | 330 | 300 | 180
240 | 240 | 240 | 120 | 360 | 300 | 180
280 | 280 | 280 | 280 | 280 | 280 | 280
320 | 240 | 320 | 320 | 240 | 240 | 280
360 | 200 | 360 | 360 | 200 | 200 | 280
320 | 200 | 400 | 360 | 160 | 240 | 280
280 | 200 | 400 | 360 | 120 | 280 | 280

r

v

NN NN NOR,R,R R, R RR R R R R
NN NNNFRERFREFERFRRNNMNNONNDNRR R R e
U CON | OT R GO N O R N —| O W N |

B 78 SREC 8 B STARIIR) 2 MR AT 6.1 T+ 0 58 16 T S O 2 B o2 7
R+ FIRE S — B SRS AR B P S TR e SR S B AR e B IS 24
R PSR D - DUE— ISR 1 R MR R 0.15 - BAERGr = 1 FTEBHAY
B = L 2R BEERSTR © TR = 2 AR = 1 2R - %
MR BT - AL WIS WA AT 6.2 FF 6.4  TETEHB 016 58
PR ) 2 L AIAI R 6.3 T

B0 % 4924 7 S R VB 45 5702 BT AZ5X + 4079 (S E BT 910 {1 0-1
Y -



6.4 A EHEHE

111

% 6.2 A ZH

i pdr|$ Epdr|$ kpdr $
1 1150 1 11/60 1 1 1| 1800
UIC! |1 2|40 2 1145 2 1 1| 2700
2 1130 3 11|33 3 1 1| 3200
2 2|24 1 1 2[50 1 1 2| 1500
1 1 |45 2 1 237 2 1 2| 2200
UIC; |1 2 [20|UTCK |3 1 2|27|FTCk |3 1 2| 2600
2 1 |27 I 2 1[25 1 2 1] 3000
2 2 |12 2 21|18 2 2 1| 5250
UIC; [1 1 15 3 21|14 3 2 1| 6750
21 9 I 2 2(30 12 2| 2000
L7 B B R A 2 2 2|22 2 2 2| 3500
1 1115 3 2 2|16 3 2 2| 4500
UHC! | 1 2|12 1 11 [40 111 2000
2 109 2 11 (30 2 11 3000
2 2| 7|UTCk; |3 1 1 |20|FTCk; |3 1 1 3500
1 1 |12 112 |20 112 3200
UHC, (1 2 6 212 |15 21 2 5600
2 1 7 312 |10 312 7200

2 2 4 B BB RA I 2 HRLAR / T AR
UHC;, |1 1 5 i p $ i p $
21 3[0MCE |1 1 60 |[FMC}, [1 1 48000
2 1 30 2 1 36000
OMC} |1 1 90 [FIC] [1 1 4800
2 1 45 2 1 3600

& 6.3 515E B M B A7 5 fE HUB e AT R I 2

BT B BT B
o lipdr[(@%(@gl(@p]@F] o i pdr[@i()5](0)5](0)%
1 1 1[1350]1450[1400(1500 111 | 850] 950| 900[1000
11 2/1400{1500{14501550|USP?,|1 12 | 750/ 850| 800| 900
1 2 1]1250|1350(1300|1400 211 | 400| 500| 450| 550
USP?, |1 2 2|1200|1300|1250|1350 212 | 300] 400 350| 450
2 11| 650 750| 700{ 800 1 1|1650[1750]1700[1800
2 12| 700 800| 750 850|USPi |1  2|1600|1700|1650|1750
2 21| 600 700| 650| 750 2 1/1000|1100{1050|1150
2 22| 550| 650 600| 700 2 2| 950/1050{1000{1100
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% 6.4 HAh 28

S i AR GEFER e K B

pdr i pdr kpdr
11 0 1 1| 150 1 11| 60
TLT4 | 1 2|  0|SIQ. |1 2| 150 2 11| 120
21| 1 2 1| 250 3 11| 180
22 1 2 2| 250 1 12| 60
TLT,q|1 1 0 I 1 200 2 12| 120
12 1/SIQ} |1 2 | 300|TCLE |3 12| 180
BAGEE 2 1 | 300 1 2 1] 220
pdr 2 2 | 500 2 21| 440
MIC, 1] 600[SIQ} [1 1 400 3 21| 660
2| 800 21 600 1 2 2] 220
MIC,; | 1 [1000 R EEE 2 2 2| 440
2 4000 i p 3 22| 660
MIC, |1 2500 [FMQ} [1 1 1200 111 100
BRI B 21 1500 211 | 200
P OMQ; |1 1 300|TCLE, [3 11 | 300
MTO, |1 3 21 400 112 | 400
212 | 800
312 [1200

RAEHER
d

MITC, 1 | 300/MOTC, 1 | 300
2 1200 2 1200
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6.5

£ 5R BT o

% H AR AR EE B O X R BT ORI SRR - T EANE ¢

FER 1

53R B — A SR U S e T, SRR AR T, o ART% 0 R E AT R O ]
B EE (I, JL) 0 A 6.6 R o SR EARMRAE T RANE 6.5 R o E %LU
A A 1o 25 ) 0 A M B A /N 1R s 2 B 1 B A M B 2 IR S 7 Y i T 4 2 i
o DR M0 2ok P SB B KC - R e 0 LB AE R A 1 2 P R S B A R PR T, T
BRI IE S FE R TRR JO, » B 7 3R M AR S S 1 sk DUBAR A o e o
B AARAE VR R TR JO, » T SURSEBAE 0 1k LR J), -

(BB —) Dlmin ER T RACWEEREABEE  fw = 0.53

(FEB ) FERMREWE BRI T - D product EH T 3% 8 12 7+ 715 & B 4
HHIME -

KRy S R MR > L EEE AR EEREEERNEEERE LS
R — S A P R E E T o T product SEEL B B AR B R ok UL
P U - FERRTHE BIEORR R B R BT 1 - B ERBUF IR - P LUE E B F 3R
product JEH F -

58 Y BR — s B g e B R SRR RS R B A0 R 6.7 Az » Hh Bl 7 /s B I

=5~

LA EKYE ~ BEIRE KHE LU B M 5 AR S B AR ok B (e B SR p e - BE 41

R T GELEER - ATLUERIE 6.1 FefE 6.2 o fEKE R T LI HEE min EH I 0 ALK

Sy
I

JEE TR AR ) 0 o o AT R 2 IS 4R T - SEE T 15 B R P O 0 L R B o - B

BT+ 4% A B R L SIS A 0.53 WS - (LR » i 3BT 7 LS B
BAME B I — R R W B+ SEAR product SEST T + BERCEUA B4 AR
PETT » TSR AGUE—RSHAR - (55 R I B A R MY - B S RE r = 1
SRR L d = 1R » DUREBE L d = 2 M9 277 B MR A - SEAERORSSL -

EiAH

PN

PR BAEMMEE 2 A S A PrEZe - 5 AR R EN R b - MITEE <
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EE

0 ==
aH o

KELERE AT T & PLERERE B B i b

% 6.5 HIAMEAT R

JIm (™)
Zo—1 Zi=1 Za—a yZm— Zr—3] SILy—1] SILg—1] SlLg—a] SILy—1] SLy—3] CSL,—1] CSL,—
Zp=1|4, 623, 672| —290, 481| —467,993| —66,190| 378,442 0.09 0.89 0.38 0.69 0.45 0.80 0.79
Z4—112,578,221|1,104, 309 928, 878| —331, 591| —107, 931 0.50 0.07 0.50 0.67 0.58 0.86 0.86
Z4—2|2,334,497| 178, 486(3,155,891| —797,333| —755, 271 0.32 0.59 0.02 0.56 0.53 0.84 0.82
Zr—1|2,338,916 37,429 762, 862(1,345,449| 348, 385 0.47 0.73 0.38 0.06 0.53 0.86 0.80
Zr—2|2,399, 587| —114, 566| 840,698 114, 141(1,553, 022 0.43 0.76 0.39 0.62 0.04 0.83 0.84
J(z:n) SIL,=1(2, 273, 758] 306, 059 814,994 639,630| 498,635 0.92 0.49 0.35 0.54 0.39 0.78 0.77
SIL4—1|2, 442,893 149,166 760,583 241,220| 568,705 0.42 0.97 0.38 0.70 0.49 0.80 0.76
SIL4y—2(2,478,343| 260,017| 888,137 66, 280| 455,904 0.38 0.72 0.95 0.48 0.36 0.77 0.77
SIL,.—1(2, 348, 545| 173, 654|1, 109, 662| —124, 708| 648, 639 0.42 0.71 0.39 0.94 0.42 0.81 0.78
SIL,.—2|2,664, 123 570,869| 892,511| —41,741| 276, 206 0.44 0.66 0.29 0.74 0.93 0.83 0.80
CSL,—1(2,533,777| 107,139 866,952 28,323 597,719 0.39 0.82 0.40 0.53 0.48 1.00 0.78
CSL,—2|2, 484, 884| 192,277 855,998 29,145 596, 632 0.45 0.76 0.42 0.67 0.32 0.81 0.96
Rlz,_q| Rlzy_ | Rizy o] Rz 4| Rz, _,Rlsi, o [Rlsi,_, Rlsi,_o [Rlsi,_q [RIsiL, 5 [Rlcest,— [Rlest,—o
Zp—1| =178, 497] —71,420] —94,462| —73,922] —170, 170] —.066] —.073] —.012] —.020] —.085] —.017] —.026
Zg_1| —172,497| —101, 687| —169, 495| —200,097| —84,493| —.044| —.073| —.045| —.086| —.024| —.022| —.025
Zg—2| —160, 485 —9,135| —138,878| —76,272| —244, 216 —.048 0.00 —.024 —.027 —.071 —.032 —.025
Zr—1| —46,935| —75,487| —20,799| —47,447| —107, 369 —.034 —.069 —.006 —.028 —.069 —.036 —.022
Z,—s| —9,226| —63,297| —159, 639| —130, 202| —113,714| —.005| —.026| —.057| —.057| —.044| —.012| —.015
J(.Tfn) SIL,—1| —204, 289] —81, 035| —154,748] —59, 715] —139, 514 —.048 —.067 —.025 —.034 —.076 0.000 —.007
SILg—q| —129,519| —62,691| —193, 525| —149, 626 —128, 164 —.039 —.060 —.028 —.022 —.066 —.011 —.019
SILg—o| —40,559| —61,627[—188,704| —78,999| —198, 440 —.046 —.058 —.049 —.018 —.063 —.012 —.013
SIL,.—1| —95,039| —43,324| —148,899| —94,324| —97,162 —.059 —.044 —.034 —.034 —.008 —.023 —.017
SIL,.—o| —73,047| —41,060| —193,354| —117, 435| —204, 592 —.048 —.019 —.039 —.056 —.063 —.014 0.000
CSL,—1| —66,775| —65,029( —104, 873 —109, 680| —113, 246 —.028 —.038 —.016 —.055 —.035 —.006 —.007
CSL,—_o| —78,853| —47,335[—145,368| —128, 402| —125, 506 —.006 —.027 —.039 —.034 —.015 —.011 —.003
=T et % S ==
4% 6.6 F17E B H AR HUB K A B R 2 B
m| T, 7 7 7 JE | m| I, 70 7
1Z,, 242,032[2, 273, 758]2, 664, 123/4, 623, 672| 13| Rlz,_, |—204,289|—129,519
2| Zg—1 —824,650, 37,429 570,869|1,104,309| 14|RIz, , |—101,687 —75,487
3| Zg—2 |—3,242,066| 762,862(1,109,662(3,155,891 15|RIz,_, [—193,525/—159,639
A 7Z,_1 |-1,142,110] 28,323| 639,630(1,345,449| 16|Rlz_, |-200,097—117,435
9 Zr—p |—1,358,013| 276,206| 648,639|1,553,022| 17|Rlz. _, |—244,216|—139,514
6| SIL,—1 0.00 0.09 0.92 0.92| 18 Rlsi,_, —0.066) —0.048
7| SIL4—1 0.00 0.07 0.97 0.97| 19(Rlsm,_, —0.073] —0.060
8| SILg—2 0.00 0.02 0.95 0.95 20/ RIsy,_,| —0.057| —0.039
9 SIL,—; 0.00 0.06 0.94 0.94| 21|RIsp,_, —0.086) —0.034
10| SIL, =2 0.00 0.04 0.93 0.93| 22|RIsy,_, —0.085 —0.066
11| CSL, = 0.76 0.80 1.00 1.00| 23|Rlcst,_,| —0.036 —0.017
12| CSL, =2 0.76 0.77 0.96 0.96| 24|RlIcsy,_,| —0.026] —0.019
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% 6.7 1K RS R
min | Product | mREBE
L BEE |WEE | BHEE WEE HEHEH|WEE
p=1(2,479,891| 0.53 |2,537,108| 0.67 |(2,502,549| 0.59
d=1| 319,114 0.53 279,356| 0.45 327,660( 0.54
A d=2| 945,991| 0.53 |1,029,761| 0.77 987,458 0.65
r= 351,125| 0.53 295,882| 0.44 351,482 0.53
r=2| 472,870 0.53 575,933 0.80 565,329| 0.78
p= 0.53| 0.53 0.57| 0.58 0.53| 0.53
d= 0.55| 0.53 0.73| 0.73 0.65| 0.64
TEFEKE |d =2 0.51| 0.53 0.43| 0.44 0.51| 0.53
r= 0.52| 0.53 0.57| 0.58 0.52| 0.53
r=2 0.51| 0.53 0.61| 0.64 0.55| 0.57
BEE IR KHE |r = 0.91] 0.53 1.00| 1.00 0.95| 0.74
r=2 0.87| 0.53 0.96| 1.00 0.96| 0.97
p=1| —58,681| 0.55 —22,277| 0.83 —34,298| 0.74
d=1| —35,626| 0.53 —1,798| 0.98 0| 1.00
S H IR (d = 2] —75,341| 0.53 —52,334| 0.67 —44,178| 0.72
r=1 —55,423| 0.53 —9,851| 0.92 —6,895| 0.94
r=2 —61,992 0.56 —27,046| 0.81 —16,963| 0.88
p= —0.02| 0.53 —0.001| 0.99 0.00| 1.00
d= —0.03| 0.53 0.00{ 1.00 0.00| 1.00
TEFEKE |d=2 —0.02| 0.53 0.00{ 1.00 0.00| 1.00
B fg r= —0.02| 0.53 0.00{ 1.00 0.00| 1.00
r= —0.03| 0.53 —0.001| 0.98 0.00| 1.00
EE RE/KE |r=1 —0.01| 0.53 0.00{ 1.00 0.00| 1.00
B fe r=2 —0.01| 0.53 0.00{ 1.00 0.00| 1.00

\

%68 EmB M EEEETETHMEE
p

i p dr|USP|ugp|pusp i pdr|USP|\ugp|usp
1 1 1|1425|0.75|0.75 111 926(0.74(0.76
1 1 2|1475/0.75|0.75 USP;)d 112 826/0.75|0.75
1 2 1)1326/0.74|0.76 211 476(0.74(0.76
USPZT 1 2 2|1276|0.75|0.75 212 375(0.75(0.75
2 11| 725/0.75|0.75 1 1{1728]0.7210.78
2 12| 775/0.75|0.75 USF’ic 1 211678(0.72(0.78
2 21| 676/0.74|0.76 2 1{1079|0.72]0.78
2 22| 626|/0.74|0.76 2 2(1031{0.69(0.81
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6.1 Wit ~ 2 & 17 7K ME DURe A % ik 55 7K HE B 52 [

Profit of r=1

SIL of p=1 Profit of r=2

SIL of d=2 Profit of d=1

Profit of d=2

SIL of d=1 @1

SIL of r=2 Profit of p=1

AY
AN
\
\
SIL of r=1 A\ CSL of r=1
CSL of r=2
‘ ==g==T-norm= mn = & T-norm = product Two phase nethod

B 6.2 B4 5 AR AT R 2 ]

Rl of profit r=1

Rl of profit r=2

R of profit d=1

R of SIL d=1 @ Rl of profit d=2

R of SIL r=2 R of profit p=1

R of SILr=1 A1 R of cSL r=1

. ':.l
Rl of CSL r=2

=—g==T-norm= mn = & T-norm = product Two phase net hod
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%69 EEHZBYMIEFEREEEREERL T - A EENEEE

| ey LeFEKHE R I s Ak HE

e p=1 d=1 d=2| r=1 r=2p=1ld=1d=2|r=1r=2|r=1] r=2

1 2709353| 353342(1300455| 657240| 288886/ 0.60| 0.64| 0.43| 0.60| 0.53| 1.00 1.00

2 2036686| 413862 821158| 852790| 917316 0.47| 0.82| 0.50[ 0.74| 0.53| 1.00 1.00

3 2806934| 250369(1196849| 79628| 736006/ 0.49| 0.71| 0.57| 0.50| 0.62| 0.99 1.00

RI 4 2447388| 375178| 936194| 234508| 756312| 0.61] 0.97| 0.57| 0.59| 0.75] 0.99 0.85
not 5 2648390| 421579(1159809| 210789|—271410| 0.65| 0.84| 0.55| 0.68| 0.74| 1.00 1.00
included| 6 2760923| 123027(1053518| 229115| 46819| 0.64| 0.91| 0.57| 0.62| 0.67| 1.00 1.00
7 2387742 318640| 772951|—253262| 853122| 0.69| 0.95| 0.60[ 0.63| 0.75| 1.00 0.99

HAEE{H | 2502362| 3321011023055 366009 538010| 0.58| 0.84| 0.53| 0.62| 0.65| 1.00 0.96

RI |—114353|—37930| —78733|—141041(—152013|—.033|—.050|—.021|—.025|—.046|—.004| —.026

1 2627463| 327660 987458| 396451| 637799 0.53| 0.65| 0.51| 0.52| 0.55| 0.95 0.96

2 2580353| 327660(1034208| 350482| 595791 0.53| 0.65| 0.51| 0.52| 0.55| 0.95 0.96

3 2502549| 327660(1151319| 350482| 565329 0.53| 0.65| 0.51| 0.52| 0.55| 0.95 0.96

RI 4 2502549| 327660(1050643| 350482| 565329 0.53| 0.65| 0.51| 0.52| 0.55| 0.95 0.96
included| 5 2485710| 327660 817240| 299611 452736| 0.53| 0.65| 0.51| 0.52| 0.55| 0.95 0.96
6 2451158| 327660 765471| 332659| 528373| 0.53| 0.65| 0.51| 0.52| 0.55| 0.95 0.96

7 2129671| 327660 987458| 350482| 536394| 0.53| 0.65| 0.51| 0.52| 0.55| 0.95 0.96

HASE{H | 2502549| 327660 987458 350482 565329| 0.53| 0.65| 0.51| 0.52| 0.55| 0.95 0.96

RI | —34298 0| —44178| —6895| —16963| 0.00[ 0.00{ 0.00{ 0.00| 0.00] 0.00 0.00

KoBFHEMBMEFHETETHWMERE - X 6.9 QB - f£5 EF M fEIR MK
FHEMEER T - AR EEE - EESEYMEER > BEEESESE T AR
KHVEEH) - THEER r = 1 r =2 EREEEPRREER  EEHBREHE - m
I PEFE AR AN A B AR R B - RIRT DUAA B ek K E AR (A9 2 ) -
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BHME - BEAS 2R B R K2 o0 FE P REAE I8 bk B R O B 0 T 15 2 — (B AR B 2 o Y R A i
AT — 25 5 BEF % B AR SR R 2 S AR - BN SR R B e
BEZEFEEWAEA LS -

FETH 2 S A AT E R - AR R0 B E U7 B 2T 07 B0 B RG 2 N AR R £ 5 RO AH R

119



120 i B2 R K IR

SR KB - R BT E MERN R - HERERRGA © KA M2 Bt
S B S IR B E > RN EMNREIRME - ARIERENRE T
e MEEME THRENVEEINEENHEETEANNME - )R BEN RIS
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PORERZ BN - AWTEiRH —EEE - THREHFEE  REERROHINE - IHR
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A% 52 H AR RO 32 E) -

72 FRREE

ARSI & i A R B Ry a0 2 AR 1 - BRI R/ NVEFER] » REREIBTSE ST 1A
AT A [FR/ NGB - f140 ¢ BREERAE A A M RE I DUR R AL - B st DR S
A FR RN R BEBSRETURE -FREAX - EB@EE TR > e
IR S A R — B RE SR 5 - 3 — 2D SRA HARRR R 1 -

AT BT - BLEEE AR AR AR - BB - TEREANARNCE
Bl a0 SEEREtEME - HhuSBEARP AR B Al RARK - %iEE
F o AR AL - E X TG - EXRTER DR R T AFFREHRAN
ANE  EFEEFENTNEERNIEZR > G140 RARTEEREXBBEER PR -
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Multiobjective Optimization for a Multienterprise Supply Chain

Network

Cheng-Liang Chen,* Bin-Wei Wang, and Wen-Cheng Lee
Department of Chemical Engineering, National Taiwan University, Taipei 10617, Taiwan, R.O.C.

The problem of a fair profit distribution for a multienterprise supply chain network is investigated
in this paper. To implement this concept, we construct a multiproduct, multistage, and
multiperiod production and distribution planning model to achieve multiple objectives such as
maximizing the profit of each participant enterprise, the customer service level, and the safe
inventory level and ensuring a fair profit distribution. A two-phase fuzzy decision-making method
is proposed to attain a compromise solution among all participant companies of the supply chain.
One numerical example is supplied, demonstrating that the proposed two-phase decision-making
method can provide an improved compensatory solution for multiobjective optimization problems
in a multienterprise supply chain network.

1. Introduction

Given industry structure in recent years, all indus-
tries are gradually becoming more global and special-
ized. To face global competition, companies have to pay
more attention to increasing customer service in its
entirety. Thus, in addition to having good internal
management and controls, companies should be oriented
toward maintaining good strategic partners and coop-
eration. A company can create the best operating
efficiency by working with other companies through
communication and specialization. This new type of
relationship between companies has developed into a
“supply chain” relationship, and the concept of supply
chain management has evolved. Recently, issues con-
cerning supply chain management in chemical indus-
tries have attracted many researchers.1~7

In traditional supply chain management, minimizing
costs or maximizing profit as a single objective is often
the focus when considering the integration of a supply
chain network.8 For example, Cohen and Lee® formu-
lated the problem of making resource allocation deci-
sions in a global supply chain system and solved a
single-objective mixed-integer linear programming model
with different scenarios. Tsiakis et al.’® proposed a
multiproduct, multiperiod deterministic single-objective
linear programming model for a supply chain network
design problem. The objective function included produc-
tion, transportation, and inventory costs. By solving this
model, the locations and numbers of plants, warehouses,
and distribution centers can be determined under
uncertainties in customer demand.

Although these strategies can create an optimal result
for the entire system, they can also increase costs or
decrease profits for some members in the supply chain
system. For example, under the economies of scale for
transporting goods, distributors will try to ship an entire
shipment downstream to its customers at one time to
minimize costs and protect their profit margins. How-
ever, when one focuses on minimizing costs or maximiz-
ing profit for the entire supply chain system as a whole,
the best overall result could force a distributor to
increase his transporting frequency, making him unable

* To whom correspondence should be addressed. Fax: 886-
2-2362 3040. E-mail: ccl@ccms.ntu.edu.tw.
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to take advantage of economies of scale in shiping his
goods. This could certainly increase the costs while
lowering profit margins of this particular distributor.
Therefore, members would be unwilling to cooperate if
an efficient decision-making process that organizes and
manages the resources of all members in the supply
chain, while evenly guaranteeing that costs and profits
be fairly distributed, cannot be created. For this reason,
Gjerdrum et al.ll! proposed a mixed-integer linear
programming model for a production and distribution
planning problem and solved the fair profit distribution
problem by using a Nash-type model as the objective
function. However, this approach could also encounter
two problems in guaranteeing a fair profit distribution.
First, the lower bound of each member’s profit might
be difficult to determine because of the inherent uncer-
tainty. Obviously, it would be influenced by decision
maker’s favor and cause different solution as the case
might be. Second, directly maximizing the production
of profits might cause an unfair profit distribution
because of the different scales of profits. Furthermore,
today’s consumers are demanding better customer
service, whether it be in the manufacturing or service
industry. A company can only benefit by constantly
improving its customer service. Thus, customer service
should also be taken into consideration when formulat-
ing a supply chain system. In the traditional supply
chain management approach of minimizing costs or
maximizing profit as a single objective, however, it is
difficult to quantify customer service as a monetary
amount in the objective function. To solve this problem,
the model presented here uses multiple-objective opti-
mization to formulate the production and distribution
planning problem of a supply chain system. In addition
to maximization of profit for the entire system, we also
consider fair profit distribution for its members, cus-
tomer service, and safe inventory levels as objectives.
The model presented here also considers the problem
in light of the economies of scale for manufacturing or
shipping faced by most firms today. Binary variables
are added to the model to act as policy decisions on
whether to use economies of scale for manufacturing or
shipping. This model is then formulated as a multi-
objective mixed-integer nonlinear programming (MO-
MINLP) problem.
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Many methodologies have been proposed for treating
multiobjective optimization problems. Among them, the
weighted-sum method, the e-constraint method, and the
goal-programming method are all rooted in the conver-
sion of vector objectives into a scalar objective.’> The
resulting problem can then be solved by using any
existing optimization technique. If the algorithm does
not converge to a suitable solution or the decision maker
(DM) does not agree with the result, the DM can adjust
the related parameters used in the algorithm, such as
weighting factors in the weighted-sum method. The
computation can then be repeated until a satisfactory
solution is obtained. This is inherently an interactive
process, and the DM is constantly involved in the
decision. Because the optimization of a multiobjective
problem is a procedure looking for a compromise policy,
the result, called a Pareto-optimal or noninferior solu-
tion, consists of an infinite number of options. Methods
for finding a Pareto-optimal solution are thus filled with
subjective and fuzzy properties.

To overcome the difficulty of describing fuzzy at-
tributes, Zadeh'® proposed the fuzzy-set concept. By
using multivalued logic to replace the traditional Bool-
ean logic, one can quantitatively elucidate unclear
information or knowledge. Subsequently, Bellman and
Zadeh? further extended the fuzzy concept to the idea
of decision making under a fuzzy environment. Tanaka
et al.’® introduced the concept of fuzzy mathematical
programming and demonstrated that fuzzy mathemati-
cal programming can be reduced to a conventional
nonlinear programming problem. A two-phase method
has also been studied to guarantee uniqueness of the
optimal solution by a max—min approach.’® In this
paper, we attempt to establish a production and distri-
bution planning model that can fairly distribute profit
and also take several performance indices, such as
customer service and safe inventory level, into consid-
eration and that can then be turned into a multiobjec-
tive programming problem. Then, we proposed a modi-
fied two-phase method for solving the multiobjective
programming problem, so that we can guarantee that
each member of the supply chain system can strive for
its own maximum profit on the basis of the minimum
required profit.

In the rest of this article, the problem statement and
assumptions are outlined in section 2. The formulation
of production and distribution planning model is de-
scribed in section 3. The procedure for grouping the
vector objectives into a scalar objective using the fuzzy-
set concept is described in section 4. A numerical
example demonstrating the usefulness of the proposed
method is given in section 5. Section 6 shows the results
and provides a discussion of the illustrative numerical
example. Finally, some conclusions and discussions are
made in section 7.

2. Problem Description

A general supply chain is considered, as shown in
Figure 1, that consists of three different level enter-
prises. The first-level enterprise is the retailer or market
from which the products are sold to customers subject
to a given lower bound of customer service. The second-
level enterprise is the distribution center (DC) or
warehouse, which uses different types of transportation
with different capacities to deliver products from the
plant side to the retailer side. The third-level enterprise
is the plant or manufacturer that batch manufactures
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Figure 1. Research region.

one product during one particular period. If the produc-
tion line is changed over to manufacture another
product, then the manufacturer encounters a fixed
manufacturing cost. Also, if the production line is set
up to manufacture product i but actually the production
line remains idle, then the manufacturer encounters a
fixed idle cost. The plant has options of manufacturing
in regular time or overtime to satisfy the customer
demand. To simplify the problem here, we do not
consider the raw material purchasing and inventory
problems for plants, and we include the purchasing cost
in the manufacturing cost. Therefore, the research
region of this paper is from manufacturer to customer,
as indicated by the region enclosed in the dashed line
in Figure 1.

In addition, the following assumptions have been
made: (1) Products are independent of each other, in
terms of marketing and sales price. (2) All required
information is available for the entire supply chain
system. (3) The customer demand is forecasted for the
entire planning period. (4) The optimal decisions will
be made on the basis of the forecasted customer
demand. (5) Each enterprise has its own safe inventory
guantity to reduce the influence of uncertainty caused
by demand forecasting. (6) Each cost is different for each
different location and character of each enterprise.

The overall problem can thus be stated as follows:

Given

(1) each cost parameter, such as manufacturing,
inventory, etc.;

(2) manufacturing data, such as batch manufacturing
guantity of regular time and overtime, overtime number
constraint, etc.;

(3) transportation data, such as lead time, transporta-
tion capacity, etc.;

(4) inventory data, such as inventory capacity, safe
inventory quantity, etc.; and

(5) forecasted customer demand and product sales
price,

determine

(1) the production plan of each plant,

(2) the transportation plan of each distribution center,

(3) the sales quantity of each retailer,

(4) the inventory level of each enterprise, and

(5) each kind of cost.

The targets are to (1) integrate the multienterprise
decisions simultaneously, so as to generate a fair profit
distribution, and (2) increase the customer service level
and safe inventory level as much as possible.

3. Mathematical Formulation

3.1. Indices, Sets, Parameters, and Variables.
According to the assumptions listed in section 2, we can



Table 1. Indices, Sets, and Parameters

index/set dimension physical meaning
reR [R1=R retailers
deD [D]=D distribution centers
peP [P1=P plants
iel [mn=1i products
teT [TI=T periods
keK [K]=K transportation capacity level, from
DC to retailer
k' e K' [Kl=K transportation capacity level, from
plant to DC
parameter X € physical meaning
Us,R‘X {pd, dr, r} unit sale revenue of i, sold from
p to d, etc.
U|(:‘X {p,d, r} unit inventory cost of i for p, d, r
UH(;‘x {p,d, r} unit handling cost of i for p, d, r
uTCK {pd} k'th-level unit transportation cost,
fromptod
UTCE {dr} kth-level unit transportation cost,
fromdtor
FTC‘;' {pd} k'th-level fixed transportation cost,
fromptod
FTC‘; {dr} kth-level fixed transportation cost,
fromdtor
UMCix {p} unit manufacturing cost of i
oMmcC, {p} overtime unit manufacturing cost of i
|:|\/|(:‘X {p} fixed manufacturing cost for changing
p to make i
|:|(:iX {p} fixed idle cost to keep p idle
FCDix {r} forecasted customer demand for i
TLTx {pd, dr} transportation lead time, from p to d
orfromdtor
SIQ! {p, d, r} safe inventory quantity in p, d, r
MICyx {p,d, r} maximum inventory capacity of p, d, r
TCL';' {pd} k'th transportation capacity level,
fromptod
TCLE {dr} kth transportation capacity level,
fromdtor
MITCy {d} maximum input transportation
capacity of d
MOTCy {d} maximum output transportation
capacity of d
|:|\/|Q‘x {p} fixed manufacturing quantity of i
o|\/|Q‘X {p} overall fixed manufacturing quantity
MTOx {p} maximum total overtime in

manufacturing period

design the indices, sets, and parameters of the supply
chain model, as shown in Table 1. In this table, the
parameters are divided into two categories: the cost
parameters, including inventory costs, transportataion
costs, etc., and other parameters describing the system
information, such as inventory capacities, transporta-
tion lead times, etc. Furthermore, relevant variables,
including binary ones, which act as policy decisions on
whether to use economies of scale for manufacturing or
shipping, and other continuous variables are listed in
Table 2.

3.2. Constraints and Objective Functions for
Retailer r. All mathematical relations concerning
retailer r € &2 are itemized in Table 3, for which some
details are stated below.

3.2.1. Constraints. 1. Inventory Balance. The inven-
tory level of product i of retailer r during period t, I;, is
equal to the amount at period t — 1, I;, ,, plus the
amounts received from all DCs, zdsgr,t,mdr, less the
amounts sold to customers during period t, S;;. Nota-
bly, S,'Jlrvt_TLTd is the quantity of product i shipped from
distribution “center d to retailer r, considering the
delayed shipment caused by the transportation lead
time TLTq4,. Also note that all inventories should be
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Table 2. Binary Variables and Other Continuous
Variables for t € &~

binary X e meaning when value = 1

th {pd} K'th transportation capacity level, from p to d
YEt {dr} kth transportation capacity level, fromd tor

aixt {p} manufacture with regular-time workforce
P {p} set up plant p to manufacture i
Vit {p} change p over to manufacture i
Oy {p} manufacture with overtime workforce
real X € physical meaning
Sixt {pd, dr, r}  sales quantity of i, from p to d, etc.
QX {pd} k'th-level transportation quantity,
fromptod
Q';t {dr} kth-level transportation quantity,
fromdtor
Qxt {pd, dr} total transportation quantity, from p to d
or fromdtor
IiXI {p,d, r} inventory level of i inp,d, r
B {r} backlog level of i in r at end of t
Dy {p,d, r} shortage in safe inventory level inp, d, r
TMCyx:  {p} total manufacturing cost of p
TPCyx: {d, r} total purchase cost of d, r

TICx {p,d, 1}
THCx {p,d, r}
TTCx {d, pd, dr}

total inventory cost of p, d, r

total handling cost of p, d, r

total transportation cost of d, from p to d
or fromdtor

product sales revenue of p, d, r

safe inventory level of p, d, r

customer service level of r

net profitof p, d, r

PSRy {p,d, r}
SlLyt {p,d, r}
CSLx  {d}

Zx {p.d, 1}

greater than the safe inventory quantities for last
period. Similarly, the backlog level of product i at
retailer r during period t, By, is equal to the amount at
period t — 1, By, plus the amount of customer de-
mand forecasted for period t, FCDy,, less the amounts
sold to customers during period t, S;,. Also, the backlog
at last period should be 0 for the purpose of fulfilling
customer demand. Finally, all physical variables should
be greater than 0.

2. Maximum Inventory Capacity. The amounts of all
products at retailer r during period t, Yil;, cannot
exceed the maximum inventory capacity of retailer r,
MIC,.

3. Safe Inventory Quantity. By using safe inventory
guantity constraints, we can make the shortage in the
safe inventory level of product i at retailer r during
period t, Dy, be 0 if the inventory level I, is greater
than the safe inventory quantity SIQ,, or we can make
it be the less of safe inventory quantity and inventory
level if the inventory level is smaller than the safe
inventory quantity. Notably, the requirement of all
inventories being greater than the safe inventory quan-
tities at the last period implies that there should be no
shortage in safe inventories att =T, i.e., D,y = 0 for all
retailers r.

3.2.2. Costs, Revenues, Customer Service Levels,
and Safe Inventory Levels. 1. Total Purchase Cost.
The total purchase cost of retailer r during period t is
equal to the sum of the unit sales revenue of product i
for DC d selling to retailer r, USRY,, multiplied by the
quantity of product i sold by DC d to retailer r during
period t, Sy, for all DCs and all products.

2. Total Inventory Cost. The total inventory cost of
retailer r during period t is equal to the sum of the unit
inventory cost of product i for retailer r, UIC',, multi-
plied by the product i inventory level of retailer r at the

end of period t, Iirt, for all products.
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Table 3. Mathematical Relations Relevant to Retailer
reds

Table 4. Mathematical Relations Relevant to
Distribution Center d € ¥

Constraints
iy i i
Irt - Ir,tfl + str,thLTdr Srt

Iy = SIQ;
B;t = Blr,t—_l + _FCl_Dlrt — Si
Bl =0, I}, Bl S = 0

Zl'ns MIC,

shortage in safe SIQL — I, < D!, < SIQ!

inventories D:'t >0 (D:'T — O)

inventory and
backlog levels

maximum inventories

Costs

TPC, = Z ZUSRLr St

TIC, = ZUICir I

THC, = ZUHCKZSLMLTm +57)

purchase cost
inventory cost

handling cost

Revenue

product sales PSR, = ZUSR‘r s

Service Level
customer service level 100 s,
CSLy (%) = —Z -
I FCD}, + By, ,

Inventory Level

safe inventory level 100 D,
SILy, (%) =—z 1-—
I SIQ;
Objective Functions
overall profit TG%X ert =PSR,, — TPC,, — TIC,

— THC,;

average customer

1
service level max — % CSL

xeQ T

average safe

1
inventory level max — % Sl

xeQ T

3. Total Handling Cost. The total handling cost of
retailer r during period t is equal to the sum of the unit
handling cost of product i for retailer r, UHC;, multi-
plied by the total amount of product i handled during
period t, 3aSqrr, + Sp for all products.

4. Product Sales Revenue. The product sales revenue
of retailer r during period t is equal to the sum of the
unit sales revenue of product i for retailer r, USR'r,
multiplied by the quantity of product i sold by retailer
r to customers during period t, Sy, for all products.

5. Customer Service Level. Considering all products,
the customer service level of retailer r during period t
is defined as the average percentage ratio of actual sales
quantity of product i from retailer r to customer during
period t, S, to the total demand quantity. The total
demand quantity is the sum of the forecasted customer
demand for product i from retailer r during period t,
FCDy,, and the backlog level of product i of retailer r at
the end of period t — 1, B, ;.

6. Safe Inventory Level. The safe inventory level of
retailer r during period t is defined as the average
percentage of 1 minus the ratio of the shortage in the

inventory balance

maximum
inventories

shortage in safe
inventories

output
transportation

Constraints

i i i _ i
Idt - Id,t*l + Zspd,t*TLTpd strt

lir = SIQY, Iy, S = 0

Zugts MIC,

SIQq — g = Dy = SIQq
Dy = 0 Dy = 0)

Qqrt = Zert = ZSL"

TCLG:" Ve = Qan = TCLGr Yan

ZYEn <1
Z ZTCLEr Y&, < MOTC,

input — K _ N g
transportation Qo Zde‘ Z pet

TCLfG ™" Yiar < Qe = TCLfy Vi
)
vam <1
k' k'
Z ZTCLpd Yhg < MITC,

Costs

TPC,, = Z ZUSRLd Shat

TIC, = chg I

THC, = ZUHcstLmepa + Zsi,ro

TTCq = ZZ(FTCEr Ve + UTCG Qi)

purchase cost
inventory cost
handling cost

transportation
cost

k r
+ Z Z(FTcggvg;ﬁ + UTCH,Qk)

Revenue
PSRy, = Z z USR, S,

Inventory Level

100
SILy, (%) = TZ 1-

product sales

safe inventory level Dl

SIQ;

Objective Functions
overall profit max § Zg, = PSRy, — TPCy, — TIC,

xeQ
— THCy — TTCy

average safe
inventory level

safe inventory level of product i for retailer r during
period t, D;, to the safe inventory level of product i for
retailer r, S1Q,, for all products.

3.2.3. Objectives over T Periods. Some conflicting
objectives, including the overall profit, the average
customer service level, and the average safe inventory
level, are considered simultaneously, as stated in Table
3. Therein, the overall profit is equal to the sum of the
sales revenue less each kind of cost. The customer
service level and the safe inventory level are average
values for all products over the whole forecasting period.

3.3. Constraints and Objective Functions for
Distribution Center d and Plant p. The consider-



Table 5. Mathematical Relations Relevant to Plant p € &

Constraints

i [T [
|nv;;;orrgle Ipe = lpe1 + FMQp o
+ OMQ;J Ohi1— Zs;ml
pT = SIQp’ pt pdt =0
maximum ZI:)t = MIC,
inventories
shortage in safe s|Q‘p — Il < D}, =< SIQ},
inventories

Di, = 0 (D;DT )
Zﬁpt =1 apt = ﬂ:al

i i i
th ﬂpt ﬁp t—1 Opt = apt

ZZO < MTO,
ZZ pthrlsN_1

Costs
TMC,, = Z[Flvlc;) Vit + FICL(Bh — o)

manufacturing

manufacturing
cost

+ UMCLFMQ}, o, + OMCLOMQ}, 0},]
TIC, = ch'p It

THC, = ch;(FMQ; ey

inventory cost

handling cost
+OMQ} 0y, ; + Zs;,dt)

Revenue
PSR, = Z ZUSRLd Shat

Inventory Level
safe inventory )

product sales

level SlLy (%) = _Z
SIQ;

Objective Functions
max sz = PSR, — TMC,, — TIC

XeQ

overall profit
pt
— THC,,

average safe 1
inventory level Max— % SILy

xeQ T
ations for the distribution centers and plants are similar
to those for the retailers, so we will not repeat the
descriptions. The relevant mathematical formulations
are listed in Tables 4 and 5, respectively. Therein, some
output constraints exist for DC d to transport product
i at different economic scales to retailers. The quantity
of each product i shipped to retailer r during period t,
YiSy is translated into a total quantity shipped to
retailer r, Qart = SkQX,.. There are upper/lower bounds
for each type of transportation. DC d can choose only
one mode of transportation to retailer r during period
t, and DC d cannot exceed its maximum transportation
energy to transport products to all retailers. Similar
constraints for transportation from plants to distribu-
tion centers also exist. The transportation cost is the
sum of the input and output transportation costs. For
instance, with output transportation quantity Qqrt =
QY. e[TCLE,, TCLKM, the output transportation
cost from d to r during period t is a composite of
the transportation-level-dependent fixed cost, FTCEr,
and a transportation-quantity-dependent carrying cost,

Ind. Eng. Chem. Res., Vol. 42, No. 9, 2003 1883

TC
1
................... O//
S
......... /

el
FIC!

0 TCL! TCL? oL > .

Figure 2. Piecewise linear relationship (solid lines) between
transportation cost, TC, and shipment quantity, Q.

UTCEerrt. This would cause a piecewise linear output
transportation cost from d to r, TTCqy, as a function of
the distribution center’s output shipment quantity,
TCart, as shown in Figure 2, where the subscripts have
been omitted. This relation applies for input transporta-
tion costs and shipment quantities.

Notably, we pose six constraints on manufacturing,
as shown in Table 5. First, the plant must be set up to
manufacture product i (only one of the variables ﬁ'pt
can have value 1). The second constraint, apt < Bov
restricts the plant to manufacture product i in regular
time only after it has been set up to manufacture
product i. Third, when | ot ﬁpt = 1, the plant can
change over to manufacture product i during perlod t.
Fourth, the plant is able to manufacture product i in
overtime only when regular time production is not
sufficient. The fifth constraint implies that the total
number of overtime periods should be less than the
maximum allowable number of overtime periods, MTOy;
the last restriction also says that the number of con-
tinuous overtime periods should be less than N. The
manufacturing cost is the sum of the fixed manufactur-
ing and idle costs, plus the regular and overtime
manufacturing costs. The equation for manufacturing
cost can help explain the meanings of apt, ﬁpt, ypt, and

For example, the ! pt. value (to measure whether
tﬁe production plan is going to be changed to produce
product i) will be either O (if ,Bpt Bp1-1 = O, continue
to produce or to not produce product i) or 1 (if ﬁpt
ﬂ;)t = 1, change over to start producing product i).

3. 4 Integration of Production and Distribution
Models. We integrate three different levels of enter-
prises to establish a mixed-integer nonlinear program-
ming model. Then, we can solve this model using the
fuzzy approach, which is discussed in section 4. The
numbers of objectives, constraints, and variables are
summarized as follows: (1) The number of objective
functions is 3R + 2D + 2P; (2) the numbers of con-
straints are (a) for retailers, (21 + 2T + 71 x T) x R,
(b) for DCs, [ x D+ (3+ 2R + K x R + 2P + K' x
P + 51) x T] x D, and (c) for plants: (2 + 1 + 2T +
8l x T) x P; and (3) the numbers of variables are (a)
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(KxDxR+K' xPxD+4l x P) x Tbinary variables
and ) KxDxR+K xPxD+3lxR+2l xD+
21 x P) x T continuous variables.

4. Fuzzy Approach for Multiobjective
Optimization

Consider the multiobjective mixed-integer nonlinear
programming problem defined below

max (Jy(x), ..., Js(x)) @)

where X is the variable vector and Q denotes the feasible
searching space. The objective functions Jij(x) usually
conflict with one another in practice. It is thus impos-
sible for every objective function to attain its own
optimum, Js, s € J = [1, ..., S], simultaneously. The
optimization of one objective implies the sacrifice of
other targets. Therefore, the decision maker (DM) must
make some compromise among these goals. In contrast
to the optimality used in single-objective optimization
problems, Pareto optimality characterizes the solutions
of multiobjective optimization problems.12

Several methods for solving multiobjective optimiza-
tion problems can be found in the literature. Among
them, the weighted-sum method is used most often. On
the basis of a subjective understanding of each objective,
the DM can weigh these objectives and assemble them
into a scalar form. However, as the possible ways of
combining weighting factors are numerous, this method
becomes tedious, and the solution might still be invalid.
Moreover, it is difficult for the DM to assign a set of
incompatible objectives, such as cost, economic ef-
ficiency, and service level, without knowledge of the
possible levels of attainment for these objectives. The
physical meaning of the final scalar objective function
is thus usually vague.

One method of relaxing parallel comparisons of objec-
tives with different units is to scale each of the objectives
directly onto the range [0, 1] or some other interval by
suitable factors. Then, one can optimize the weighted
sum of the scalar functions or a product of them, such
as the Nash-type function. However, we adopt the fuzzy-
set concept®? in the following because it can provide a
clearer theoretical analysis. By considering the uncer-
tain property of human thinking, it is quite natural to
assume that the DM has a fuzzy goal, %, to describe
the objective Js in an interval [J7, J_]. The sth maxi-
mum objective is quite satisfied if the objective value
Js = J;, and it is unacceptable if Js < J;. A strictly
monotonically increasing membership function, u«(x) €
[0, 1], can be used to characterize such a transition from
objective value to degree of satisfaction

1 for J, = J;
1y (X) ={F(JIsdg,J9) for g < I < I, sed (2
0 for J, < Jg

where F(Js,J;,Jz) is a monotonically increasing mem-
bership function for which a value of 1 denotes abso-
lutely satisfactory and a value of 0 means unacceptable.
The original multiobjective optimization problem is now
equivalent to looking for a suitable decision that can

provide the maximum overall degree of satisfaction for
the multiple fuzzy objectives

Max (1,09, .. 1,,(x)) )

Under circumstances of incompatible objective, a DM
must make a compromise decision that provides a
maximum degree of satisfaction for all of the conflicting
objectives. The new optimization problem, eq 3, can be
interpreted as the synthetic notation of a conjunction
statement (maximize jointly all objectives). The result
of this aggregation, &, can be viewed as a fuzzy
intersection of all fuzzy goals %, s € «J; and is still a
fuzzy set

@ :(7i m(% m o m(%’ (4)

The final degree of satisfaction resulting from a certain
variable set, u»(x) can be determined by aggregating
the degree of satisfaction for all objectives, u4(X), s € J,
via a specific t-norm, T

1) = TG00, 1,00, e, () (6)

As the firing level for each policy is determined by the
above procedure, the best solution x* with the maximum
firing level, u(x*), can be selected

(K%)= M ) = MaX T, (X), 14,09, - 1,0)

(6)

Now the original problem, eq 1, has been modified into
the new multiobjective problem, eq 3. Using the t-norm,
this new problem is converted into a single-objective
problem, eq 6. Several t-norms can be chosen for T, for
which the two most popular selections are shown
below’

T(‘Mh’ 'u,Yz’ "u/s) -
min(u,, tty, .., ;) T = minimum
Uy X lhg X == X g T = product

(7

Selecting the product of scaled objective functions can
guarantee a compensatory solution, but the drawback
is that product operator might cause an unbalanced
solution between all objectives by the inherent character
of product. This also conflicts with the original purpose
of obtaining a compromise solution for multiobjective
programming. The minimum operator represents the
worst situation. However, the minimum operator might
result in a noncompensatory solution.'® We thus propose
a modified two-phase method by combining the advan-
tages of these two t-norms. The minimum operator is
used first in phase | to maximize the satisfaction of the
worst situation; then the product operator is applied in
phase Il to maximize the overall satisfaction with
guaranteed minimal fulfillment for all fuzzy objectives
as additional constraints. Notably, we have substituted
the average operator in the original two-phase method6
with the product for phase Il, because the average is
not a t-norm and its physical meaning is vague. Such a
modification can provide the best achievable perfor-
mance, as demonstrated in section 6. The merit of the
proposed method is that we can not only obtain the
unique optimal solution by using the product operator
but also guarantee each objective to go after their own
maximum on the basis of the least degree of satisfaction



as the lower-bound constraint. Thus, now we can
summarize the procedure of the fuzzy satisfying ap-
proach for the multiobjective optimization problem,
eq 1.

Step 1. Determine the ideal solution and the anti-
ideal solution by directly maximizing and minimizing
each objective function, respectively

max J, = J;
(ideal solution of J,, totally acceptable value)

C)

min J, = Jg
(anti-ideal solution of J,, unacceptable value)

9)

Notably, if an objective function being maximized is
minimized, its value could sometimes be negative or
zero. In such a case one can also choose a meaningful
expected lower-bound as the anti-ideal solution of its
objective.

Step 2. Define membership functions for those fuzzy
objectives. To simplify treatment of the problem, we
adopt a linear function for F, although optimal fuzzy
membership functions exist for specific problems. It is
noted that the use of a linear membership function
results in simple scaling of all objective values onto the
interval [0, 1]

1 J, = J;
J,—J;
u,={——— 3 =J;=<J,Oses (10)
Js = Js
0 J, = J;

Step 3 (Phase 1). Obtain the maximum degree of
satisfaction for the worst situation, umin, by the mini-
mum operator

max u,,

max min(u., u, ..., 4.,
na nas g s s 1)

= Hmin (11)
Step 4 (Phase 11). Maximize the overall satisfaction

of the problem by using the product operator with
guaranteed minimal fulfillment for all objectives

Max g = MaX(ug x py x == x fig)  (12)
where
Q" =QN{u, = tyin, Os €S} (13)

5. Numerical Example

Considering a supply chain consisting of one plant,
two distribution centers, two retailers, and two products.
The first distribution center is a smaller-scale but faster-
delivery-service distributor. This means that the first
DC can rapidly respond to suddenly increasing customer
demand to maintain a retailer’s customer service level,
but it also implies higher operating costs. The second
DC, on the other hand, is a large-scale but slower-
delivery-service distributor. This means it can use
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Table 6. Cost Parameters of Illustrative Example

unit sales unit fixed
revenue transportation cost transportation cost
ipdr $ k p d r $ k pdr $
USR" uTCk FTCK
1 1 1700 1 1 1 45 1 1 1 7000
1 2 1700 2 1 1 27 2 1 1 10000
2 1 1700 3 1 1 27 3 1 1 10000
2 2 1700 1 1 2 50 1 1 2 7000
USRY 2 1 2 30 2 1 2 10000
1 1 1 1600 3 1 2 30 3 1 2 10000
1 1 2 1600 1 2 1 45 1 2 1 3000
1 2 1 1250 2 2 1 30 2 2 1 4600
1 2 2 1200 3 2 1 18 3 2 1 7200
2 1 1 1600 1 2 2 35 1 2 2 2500
2 1 2 1600 2 2 2 25 2 2 2 4000
2 2 1 1250 3 2 2 15 3 2 2 6000
2 2 2 1200
USRy, uTCy, FTChq
111 900 1 1 1 60 111 10 000
112 800 2 1 1 40 211 16 000
211 900 1 1 2 25 11 2 12 000
212 800 2 1 2 15 212 15 000
unit unit unit
inventory cost handling cost manufacturing cost
ipdr $ ipdr $ i p $
uIC, UHC, umcC,
1 1 50 1 1 15 1 1 80
1 2 50 1 2 15 2 1 40
2 1 50 2 1 15 o|v|c:]
2 2 50 2 2 15 1 1 120
UICy UHC, 2 1 60
1 1 60 1 1 20 fixed manufacturing/
1 2 20 1 2 10 idle cost
2 1 60 2 1 20 [:|\/|(:;J
2 2 20 2 2 10 1 1 32000
) ) 2 1 ~ 64000
uic, UHC, FIC,
11 30 11 10 1 1 3200
21 30 21 10 2 1 6400

economies of scale for transporting goods to lower its
operating costs, but on the other hand, it cannot provide
prompt delivery. We assume that the transportation
lead time between each level for the second DC is 1
week. Thus, the distribution channels between plants
and retailers are complementary, with faster, smaller
shipments and slower, larger shipments. In addition,
to simplify the problem, we neglect the fluctuating rate
of cost parameters. The whole planning horizon is 10
periods (weeks) based on a forecasted customer demand
with a normal distribution with a mean and standard
deviation.

Other indices and sets are [/] = 5, [%] = 3, and
[77] = 2. We assume values of all parameters as listed
in Tables 6 and 7. By way of parameter design, there
are only two effective selections for the smaller but
faster distributor (d = 1), although the allowable
number of output transportation levels is [%] = 3. To
solve this mixed-integer nonlinear programming prob-
lem for the supply chain model, the generalized alge-
braic modeling system (GAMS),'8 a well-known high-
level modeling system for mathematical programming
problems, is used as the solution environment. The
MINLP solver used is SBB, which employs a standard
branch-and-bound strategy, and the NLP solver is
CONOPT. We used a personal computer with an Intel
Pentium 111 866 CPU for all computational runs with a
tolerance of optimality of 5%.
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Table 7. Other Parameters of Illustrative Example

transportation safe transportation
lead time inventory quantity capacity level
p d r i p d r kpdr
TLTar sIQ! TCLY,
1 1 0 1 1 100 1 11 50
1 2 0 1 2 100 2 11 100
2 1 1 2 1 100 3 11 100
2 2 1 2 2 100 1 12 50
TLTpg s|Q‘d 2 12 100
1 1 0 1 1 100 3 12 100
1 2 1 1 2 600 1 21 150
maximum 2 1 100 2 2 1 300
inventory capacity 2 2 600 3 2 1 600
MIC, SIQ:J 1 2 2 150
1 400 1 1 400 2 2 2 300
2 400 2 1 400 3 22 600
MICq fixed manuf quantity Tc|_[‘§'d
1 800 FMQ}, 111 100
2 6000 1 1 800 211 200
2 1 800 112 600
MIC, OMQL 212 1000
1 3200 1 1 1 200
total overtime # 2 1 1 200
MTO, max input/output transportation capacities
1 5 MITCy MOTCyq
1 200 1 200
2 1200 2 1200

Table 8. Ideal and Anti-ldeal Solutions of Each Objective

objectives

ideal anti-ideal
p d r solution solution
profit 1 1, 378, 004 —142, 710
2 1,570, 641 92,130
1 944, 700 —365, 523
2 2, 856, 482 224,354
service level 1 5,305,600 2,964, 022
safe inventory level 1 0.99 0.73
2 0.99 0.73
1 0.94 0.00
2 0.95 0.00
1 1.00 0.00
2 0.97 0.00
1 0.98 0.00

6. Results and Discussion

According to the problem description, mathematical
formulation, and parameter design provided above, we
solved the multiobjective mixed-integer nonlinear pro-
gramming problem for a production and distribution
planning problem by using the fuzzy procedure dis-
cussed in section 4.

Step 1. Obtain the ideal and anti-ideal solutions by
directly maximizing and minimizing each objective
function, respectively; the results are reported in Table
8. As we have mentioned previously, one can also
subjectively select ideal and anti-ideal solutions for each
objective if meaningful upper and lower bounds can be
expected. Alternatively, the DM can also adjust these
values according to subjective judgment if not satisfied
with the final result. Without loss of generality, we
adopt the computed ideal and anti-ideal solutions
directly without any adaptation.

Step 2. Establish each linear membership function
and the overall degree of satisfaction u as described
in the preceding section.

Step 3 (Phase I). Obtain the least degree of satisfac-
tion for all objectives, umin, by the minimum operator.
For this example, the result is umin = 0.66.

Step 4 (Phase 11). reoptimize the problem with new
constraints of maximized satisfaction for the worst
situation. The results are shown in the following figures
and discussed below. In these figures, the results
obtained by using only the minimum or product t-norms
and results obtained using a Nash-type objective and a
single profit-based objective are also provided. In the
latter two cases, the service levels and safe inventory
levels have been ignored.

As shown in Figure 3, by selecting the minimum as
the t-norm, we can obtain more balanced satisfaction
among all objectives, with an overall degree of satisfac-
tion of around 0.66. By using the product operator to
guarantee a unique solution, however, the results are
unbalanced, with the lowest degree of satisfaction for
the profit and safe inventory level of distributor d = 2
and the profit of plant p = 1. On the other hand, higher
performance objectives or goals are given a very high
emphasis. Obviously, this is not desirable for a compro-
mise solution. To overcome the drawbacks of a single-
phase method, the proposed modified two-phase method
can combine the advantages of these two t-norms. The
minimum operator is used in phase | to find the
maximum satisfaction for the worst situation, and the
product operator is applied in phase Il with a guaran-
teed satisfaction level for all fuzzy objectives. The results
of the original two-phase method, where the average
operator is applied in phase Il optimization, are also
provided for comparison. To summarize, the resulting
satisfaction levels for all fuzzy objectives are greater
than 0.66, which is the maximized worst fulfillment
obtained by phase I, and the modified two-phase method
can provide the best achievable performance, as depicted
in Figure 4.

We can also compare these results to the single-
objective programming method of maximizing the over-
all profit summed over all participants, the most
common method in the traditional approach to supply
chain planning in which only profit-related terms are
considered, because it is difficult to quantify customer
service and other nonmonetary goals into monetary
amounts in the objective function. We can also project
the result caused by single-objective programming on
the membership functions, as shown in Figure 5.
Obviously, the satisfaction levels are extremely unbal-
anced, because the objective function is taking only the
sum of the overall profit into consideration. We can also
compare the results of the two-phase approach to the
use of a Nash-type model as the objective function.1! The
lower bound on the profit of each member might be
difficult to determine because of the inherent uncer-
tainty, so we use the lower bound on the membership
function in the fuzzy approach instead. As the single-
objective programming, we can also project the result
caused by Nash-type model on the satisfaction levels,
as shown in Figure 5. The satisfaction levels are
extremely unbalanced, because the objective function
is taking only profits into consideration. The results of
modified two-phase method are also shown for compari-
son.

By the computation results of the modified two-phase
method, we can also obtain all decision variables, such
as the production schedule, transportation plan, etc., to
achieve the goal of fair profit distribution. For example,
the transportation quantities from DCs to retailers,
Qﬁrt, are showed in Figure 6.
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Figure 3. Comparison of satisfaction level of each objective using single-phase optimization by selecting minimum or product as t-norm.
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Figure 4. Comparison of satisfaction level of each objective by single-phase minimum operator and original and modified two-phase

methods.

It can be seen that the DCs will select the proper
economical transportation capacity level, such as 150,
300, and 600 products from DC d = 2 to retailerr =1
in Figure 6¢, to transport products. This is caused by
the noncontinuous piecewise linear transportation cost
function, which is composed of fixed and variable
transportation costs for different levels of capacities.
Analyses of other variables are omitted due to space
limitations and can be found elsewhere.'?

7. Conclusion

In this paper, we investigate the problem of a fair
profit distribution for a typical supply chain network.
The range is from manufacturing plant to customer site,
including factories, distribution centers or warehouses,
and retailers or markets.

To implement this concept, we construct a multiprod-
uct, multistage, and multiperiod production and distri-
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Figure 5. Comparison of satisfaction level of each objective by single-objective programming method, Nash-type method, and modified

two-phase method
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Figure 6. Plans for transportation from DCs to retailers.

bution planning model to achieve objectives such as
maximizing the profit of each participant enterprise,
maximizing the customer service level, maximizing the
safe inventory level, and ensuring a fair profit distribu-
tion. The model is then formulated as a multiobjective
mixed-integer nonlinear programming (MOMINLP) prob-
lem.
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M Product_1 15 6 100 100 0 71 0 0 0
OProduct 2| 85 94 0 0 100 30 0 [ 67

Time
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Quantity @ Product_1
300 OProduct 2

76 %) 59| 53 A 56|

@ Product_I | 294 27 8 355 60 77 70 206 275 40
OProduct_2| 213 176 142 97 90 225 159 153 197 156

(d) fromd=2tor =2

The fuzzy-set theory is used to attain a compromise
solution among all participant companies of the supply
chain. Therein, each objective function is viewed as a
fuzzy goal. The ideal and anti-ideal solutions are
determined by maximizing and minimizing each indi-
vidual objective function, respectively. A linearly in-
creasing membership function is used to denote the



degree of satisfaction of each objective by using the ideal
and anti-ideal solutions as upper and lower bounds,
respectively. The final decision is interpreted as the
fuzzy aggregation of multiple objectives, and the best
compromise solution can be found by maximizing the
overall degree of satisfaction for the decision. Two
popular t-norms, the product and the minimum, are
studied for implementing the fuzzy intersection. It is
found that using the product operator might cause an
unbalanced solution among all objectives, whereas using
the minimum operator might result in noncompensatory
solutions. We proposed a modified two-phase method
by combining the advantages of these two t-norms to
reach a fair profit distribution solution. The minimum
operator is used in phase I to find the maximum
satisfaction for the worst situation, and the product
operator is then applied in phase Il with a guaranteed
minimal degree of fulfillment for all fuzzy objectives.
One case study is discussed, demonstrating that the
proposed two-phase decision-making method can pro-
vide an improved compensatory solution for multi-
objective problems in a supply chain network.
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Abstract

A multi-product, multi-stage, and multi-period scheduling model is proposed in this paper to deal with multiple incommensurable goals
for a multi-echelon supply chain network with uncertain market demands and product prices. The uncertain market demands are modeled
as a number of discrete scenarios with known probabilities, and the fuzzy sets are used for describing the sellers’ and buyers’ incompatible
preference on product prices. The supply chain scheduling model is constructed as a mixed-integer nonlinear programming problem to satisfy
several conflict objectives, such as fair profit distribution among all participants, safe inventory levels, maximum customer service levels, and
robustness of decision to uncertain product demands, therein the compromised preference levels on product prices from the sellers and buyers
point of view are simultaneously taken into account. The inclusion of robustness measures as part of objectives can significantly reduce the
variability of objective values to product demand uncertainties. For purpose that a compensatory solution among all participants of the supply
chain can be achieved, a two-phase fuzzy decision-making method is presented and, by means of application of it to a numerical example,
proved effective in providing a compromised solution in an uncertain multi-echelon supply chain network.
© 2003 Elsevier Ltd. All rights reserved.

Keywords:Supply chain management; Uncertainty; Robustness; Multiple objectives; Mixed-integer nonlinear programming; Fuzzy optimization

1. Introduction Grossmann, & Ydstie, 20Q0(Pinto, Joly, & Moro, 2000
Zhou, Cheng, & Hua, 200@o name a few).

Industries around the world are now all rushing the ter-  In traditional supply chain management, the focus of the
ritory of globalization and specialization. Cooperating with integration of supply chain network is usually on single
good strategic partners is the sure way to tackle the po-objective, minimum cost or maximum profit. For example,
tential problems arising from competition. Companies can Gjerdrum, Shah, and Papageorgiouet (20pfgposed a
achieve the optimum operating efficiency by working with Mmixed-integer linear programming model for a production
other companies through communication and specialization,and distribution planning problem and solve the fair profit
which evolve a new type of relationship, the supply chain distribution problem by using the Nash-type model as the
relationship, among these companies and further foster asingle objective function. However, there are no design tasks
new concept in management: the supply chain managementhat are single objective problems. The design/planning/
concept. A great variety of companies, those in chemical scheduling projects are usually involving trade-offs among
industry included, can also take advantage of this novel different incompatible goal{Cheng, Subrahmanian, &
management scheme. Therefore, many researchers in pro¥vesterberg, 2003)Recently, a multi-objective production
cess systems engineering (PSE) society devote themselvednd distribution-scheduling scheme for a supply chain sys-
to this interesting field Applequist, Pekny, & Reklaitis, ~tem is formulated byChen et al. (2003)In this method,
2000 Bose & Pekny, 2000Chen, Wang, & Lee, 2003 in addition to maximizing profit for the entire system, fair
Garcia-Flores, Wang, & Goltz, 200@upta & Maranas, profit distribution among all members, customer service
200Q Gupta, Maranas, & McDonaldet, 200Perea-Lopez,  levels, and safe inventory levels are taken into account

simultaneously. All the problem parameters are determin-
istically known in the model. In practice, however, this is
rarely the case as it is usually difficult to foretell prices

* Corresponding author-886-2-23636194; fax:886-2-23623040. of chemicals, market demands, and availabilities of raw

E-mail addressCCL@ntu.edu.tw (C.-L. Chen). materials, etc., in a precise fashidny & Sahinidis, 1997.

0098-1354/$ — see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compchemeng.2003.09.014
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A number of works have devoted to studying supply chain mands, and simultaneously considering incompatible prefer-
management under uncertain environments. For example.ence of product prices for all participants will be determined
Gupta and Maranas (2000), Gupta et al. (2068prporate by applying the fuzzy multi-objective optimization method.
the uncertain demand via a normal probability function and In the rest of this article, the problem statement and
propose a two-stage solution framework. A generalization assumptions are outlined iSection 2 The considered
to handle multi-period and multi-customer problems is re- uncertain issues in supply chain scheduling are de-
cently proposedGupta & Maranas, 2003 Tsiakis et al. scribed inSection 3 The formulation of a production and
(2001)use scenario planning approach to describe demanddistribution-scheduling model is set out 8ection 4 The
uncertainties. Therein a number of demand scenarios withprocedure for grouping the scenario-dependent multiple
assigned non-zero probabilities is used as discrete stochasticonflict objectives and uncertain fuzzy product prices into
demand quantities. All scenarios are simultaneously takena scalar one using the fuzzy sets concept is presented in
into account in the supply chain network design. However, Section 5 The contents of a numerical example, used to
the robustness of decision to uncertain product demands isdemonstrate the usefulness of the proposed method, are
not considered in these studies. Due to the potential of deal-given in Section 6 Finally, some concluding remarks are
ing with linguistic expressions and uncertain issugsdgh, drawn inSection 7
1965; Petrovic, Roy, & Petrovic, 199&ise fuzzy sets to
handle uncertain demands and external raw material prob-
lems, and further considering uncertain supply deliveries in 2. Problem description
a later work Petrovic, Roy, & Petrovic, 1999Giannoccaro,

Pontrandolfo, and Scozzi (2008)so apply fuzzy sets the- A general supply chain that consists of three different lev-
ory to model the uncertainties associated with both market els of enterprises is considered and showeHig 1 (Chen
demand and inventory costs. The product price, despite withet al., 2003: the first level enterprise is retailer or market
their obvious negotiable and uncertain characteristics in from which the products are sold to customer under the con-
real businesses, seems seldom to be taken into account as @itions subject to a given low bound of customer service; the
source of uncertainty in previous works. Instead, the prod- second level enterprise is distribution center (DC) or ware-
uct prices at selling points are usually treated as determinedhouse using different type of transport capacity to deliver
parameters. products from plant side to retailer side; and the third level

In this paper, we incorporate two kinds of uncertain- enterprise is plant or manufacturer that batch-manufactures
ties including the market demands and product prices. Theone product at one period. The fixed manufacture/idle costs
scenario-based approach will be adopted for modeling theare also employed: on one hand, if the production line is
uncertain market demands, and the product prices will be changed over to manufacture another product, manufacture
taken as fuzzy variables where the incompatible preferencecost would be remained fixed; on the other hand, if the pro-
on prices for different members are handled simultaneously. duction line is set up to manufacture one specific product
The whole supply chain scheduling model would turn into but actually is idle, the idle cost, also fixed. Furthermore,
a mixed-integer nonlinear programming (MINLP) problem the plant has options of manufacturing in regular time or
ultimately. The compromised solution for ensuring fair profit overtime to satisfy the customer demand. To simplify the
distribution, safe inventory levels, maximum customer ser- problem here, we do not consider the problem of purchase
vice levels, decision robustness to uncertain product de-and inventory of the raw material in plants nor incorporate
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the purchasing cost into manufacturing cost. The research& Maranas, 2008 first, the distribution-based approach,
region of this paper, therefore, is from manufacturer to cus- where the normal distribution with specified mean and
tomer, like the dash line region showedhig. 1 And the standard deviation is widely invoked for modeling uncer-
following assumptions have been made: tain demands and/or parameters; second, the fuzzy-based
approach, therein the forecast parameters are considered as
fuzzy numbers with accompanied membership functions;
and third, the scenario-based approach, in which several dis-
crete scenarios with associated probability levels are used
to describe expected occurrence of particular outcomes. We
will address issues of demand uncertainty and uncertain
product prices in the following.

To simplify the subsequent mathematical calculations, we
will adopt the discrete scenario-based approach for model-
The overall problem can thus be stated as follows: ing uncertain product demands. For applying the discrete
cases representation for modeling uncertain demands, sev-
eral possible outcomes with known probabilities, RRDe
S where) '\, .sPPD = 1, should be determined at first.
Then all variables will become scenario dependent, and the
expected value of any variable will be the weighted average
of those scenario-dependent values. That is, for any vari-
ablev, we have to solve for several scenario-dependent val-
ues,vs, s € S, and the expected value ofcan be taken
S Y vses PPDus. In such a case the deterministic supply
ain model can be easily extended to cope with uncertain

1. Products are independent to each other, related to mars
keting and sales price.

2. Each enterprise has its own safe inventory quantity to
reduce the influence of uncertain product demand.

3. Several scenarios of product demands with known proba-
bilities are forecasted over the entire scheduling periods.

4. The buyer’s acceptability for product price can be quite
different from the provider’s.

e Given:

1. Manufacture data, such as batch manufacturing quan-
tity of regular time and overtime, overtime number
constraint, etc.

2. Transportation data, such as lead time, transport ca-
pacity, etc.

3. Inventory data, such as inventory capacity, safe inven-
tory quantity, etc.

4. Each cost parameter, such as manufacturing, |nventory, ch

5 E_?lf b ' and ders’ table levels f q demand conditions, as shown in the next section.
' ucteprilgeirs and providers: acceptable Ievels or prod- e 19 the obvious negotiable and uncertain characteris-

tics of products’ prices at various selling sites in real busi-
nesses, the final product prices are usually result of com-
promised considerations. When contemplating the compet-
itive positions hold between sellers and buyers in settling
sales/purchase prices for a specific product, the preference
of the price would be very different from each one’s point of
view. For example, the retailer would be fully satisfied if the
selling price to customers is higher than an expected high
value, saXUSHl on the other hand, it would be totally un-
acceptable for a price less than a lower m|n|m(,ln$HS,
and the degree-of-acceptability will increase in accordance
) S ~ . with the increase of price between these two bounds. To de-
1. Guarantee a fair profit distribution among all partici- - gcripe such a transition from numerical price value to linguis-
pants. tic preference expression, it is quite suitable to set up a fuzzy
2. Elevate the customer service levels, the safe mventoryset SP, with some kinds of monotonic increasin member-
levels, the product-prices satisfaction levels, and the ghjp funcuon,usp(usg wherepsp(USP < (USPY) =
robustness of all considered objectives to product de- MSP(USP > (USP}) = 1, and MSP((USHO < Usp <

6. Several scenarios of forecasted product demands with
known probabilities.
e Determine:
1. Production plan of each plant.
2. Transportation plan of each DC.
3. Sales quantity and compromised product price of each
participant.
4. Inventory level of each enterprise.
5. All kinds of cost.
e The target is to integrate the multi-echelon decisions si-
multaneously to:

mand uncertainties as much as possible. (USP}) = ch(usp uspP?, (USP?) e [0, 1], to mea-
sure the seller’s preference for product price. The buyer side,
3. Uncertaintiesin the supply chain scheduling on the other hand, has its own fuzzy preference of purchase

price, BP, and corresponding monotonic decreasing mem-
In the market, the participants of a supply chain not only bersh|pfunct|onugp(USFb whereupp(USP < (USHB) =
face the uncertainties of product demands and raw mate-1, MBP(USP> (usp?) =0, andMBP((USHB < USP<
rial supplies but also faces the uncertainties of commodity (USFQ ) = Fged(USP, (USHB, (USD ) € [0, 1]. The de-
prices and costd {u & Sahinidis, 1997. The first concern termination of membership functions are usually based on
in incorporating uncertainties into supply chain modeling decision maker's subjectivity. It has been shown that use
and optimization is the determination of suitable repre- of linear membership functions can provide similar solu-
sentation of the uncertain paramete@upta & Maranas, tion quality to that using more complicated nonlinear mem-
2003. Three distinct methods are frequently mentioned bership functions Pelgado, Herrera, & Verdegay, 1993
for representing uncertaintyiy & Sahinidis, 1997; Gupta  Sakawa, 1993; Liu & Sahinidis, 1997 hus, we will assume
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Fig. 2. Membership functions for seller's (a) and buyer's (b) fuzzy product prices.
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Fig. 3. Typical membership functions for fuzzy product prices when
simultaneously considering the seller’'s and buyer’s viewpoints.

constant rate of increased/decreased membership satisfac

tion and will adopt linear membership functions, as shown
below andFig. 2

usp(USP)
0 for USP< (USP
USP— (Usp?
= 1( HSO for (USP2<USP<(USP}
(UsPi — usp?
1 for USP> (USP?}
upp(USP)
1 for USP< (USSP}
usP? — USP
= ( ?B - for (USP}<USP<(USP)
(USPY — (USP}
0 for USP> (USP

(1)

The final product price is determined by a compromising

to customers; the second level enterprise is the distribu-
tion center (DC) or warehouse using different type of trans-
port capacity to deliver products from plant side to retailer
side; the third level enterprise is the plant or the manufac-
turer that batch-manufactures one product at one period. In
the following, we develop an integrated multi-echelon sup-
ply chain model for optimal decision€ben et al., 2003

The scenario-based representation for uncertain product de-
mands is considered in the modeling.

4.1. Indices, sets, parameters, and variables

The indices, sets and parameters, designed to model the
supply chain network with product demand uncertainty are
shown in the nomenclature. Therein, parameters are divided
into two categories: the cost parameters, including inventory
cost and transport cost; and other parameters describing the
system information, such as inventory capacity, transport
lead time, etc. Two kinds of scenario-dependent variables are
used: the binary variables that act as policy decisions to use
economies of scale for manufacturing or transportation, and
continuous variables that include manufacturing quantities
and product prices.

4.2. Manufacture constraints

Six constraints on manufacturing are set up for all prod-
ucts and plants over concerned periods.

procedure taken place between these conflicting fuzzy pref-

erences. Some typical final membership functions of the
fuzzy product price—incorporating both the seller's and
buyer's—are depicted iRig. 3.

4. Supply chain modeling with demand uncertainty
A general supply chain that consists of three different

levels of enterprises is considered here: the first level en-
terprise is the retailer from which the products are sold

VieZ

O;Jts = a;)ts = lgi)ts ®3)
V;l)ts z ﬂé)ts - ﬂ;,t—l,s (4)
> D 0= MTO, (5)
VieZIVteT

Yo o SN-1 (6)
VieZVneN

whereieZ, pe P,teT,s€S.
Eq. (2)denotes that the plant can be setup for manufactur-
ing one productEg. (3)states that the plant is able to manu-
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facture a product in regular time only after the plant has been
setup to produce it, and the plant is able to manufacture the
product in overtime only when the regular time production
is insufficient. INEq. (4) yiys = 1 only if Bi— ﬂ;,t—l,s =1,

thus the plant can be changed to manufacture prodatt
periodr. Eq. (5)implies total number of overtime periods is
less than the maximal allowable overtime periods, MTO
And Eg. (6) says the number of continuous overtime peri-
ods should be less than a specified valueNotably, these
constraints are scenario dependent.

4.3. Transportation constraints

The transportation constraints at considered periods,
7, in different economic scales are given below.

K -1y k' kK vk
TCLpd Yoats < TQpats = TCLpgY pats (7)
k—1
TCLdr Ygrts < TQ]érts = TCL]ccirY(]j(rts (8)
Z Y[])(dts =1 Z Ygrts =1 (9)
VK eK' Vkek
TQpats = Z TQédtsz Z S%dts (10)
Vk'eK' VieZ
TQurns = Z TQgrts = Z SQ(‘jrts (11)
VkelkC VieZ
> TQpats < MITCy (12)
VpeP
>~ TQuns < MOTC, (13)
VreR
YVieD, peP, reR, kKek,
kek, teT, seS§

Egs. (7)—(9)mply that several transport-capacity levels with
various unit transport costs can be used, as depicteiirt
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i

Ié)ts= I;),Zfl,s + FMQ;ap,tfl,s
+OMQ,0), 15— D SQhas (16)
YdeD
Bﬁts = Bf‘,t—l,s + FCI:YI:tS - Z chts’ iTs =0 (17)
VeeC
Y I < MIC, (18)
Viel
SIQ{k - Iits = Dits (19)
tte SQts Biys: Dis = 0 (20)

wherex € {p,d,r}, pe P,d e D,re R, i€, teT,
seS.

Here, Eq. (14) states that inventory level of one prod-
uct of a retailer at each period equals the amounts at pre-
vious period plus the amounts received from all DCs and

for a three-level case, and at most one transport capacity Canggs the amounts sold to customers. Similar constraints ap-

be chosen at each period.Hqgs. (10) and (11}the transport
guantities of each product from plants to DCs or from DCs to
retailers at each period are respectively translated into total
transport quantities, anégs. (12) and (13are constraints

on these total transport quantities.

4.4. Inventory constraints

All relevant inventory constraints in all plants, DCs, and
retailers can be summarized as follows:

Ins=1, 1.+ Z SQyr —TiTgrs — Z SQets (14)
VdeD veeC
I(ljts: Iél,t—l,s + Z Sde,t—TLTpd,s - Z SQdr'(s (15)

VpeP VreR

ply for DCs and plants, as shown EBqgs. (15) and (16)
Egs. (14) and (15also consider delayed transport quantity
caused by transport lead timEqg. (17)means that backlog
level of one product equals the amounts at previous period
and added to the amounts of forecasting customer demand,
less the amounts sold to customer; and the backlog at the
last period should be zero for fulfilling expected customer
demandEq. (18)says that the amounts of all products can
not exceed the maximal inventory capacity. By using safe
inventory quantity constraints, we can make the short safe
inventory level of a product to be zero if inventory level is
greater than safe inventory quantity, or to be the difference
of safe inventory quantity and inventory level if inventory
level is smaller than safe inventory quantity, as shown in
Eqg. (19)
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4.5. Costs and revenues

The plants’ manufacturing costs, purchasing costs for

are going to change production plan to produce product
will be either zero (ifﬂfms - ;’t_l’s = 0,. cont?nuing to
produce or not to produce produgor 1 (if ﬁéts—ﬂ',,,t_l =

DCs, retailers and customers, all inventory and handling 1, changeover to start producing prodictEq. (22)gives
costs, and the transportation costs are listed in the following the purchasing costs for DCs and retaileEsy, (23)is the

forall pe P,deD,reR,te 7, ands € S.
TMCpts = Z[FMCnyéts—l— FIC!, (Bhts — dpts)
Viel
+UMC!FMQ, arpys + OMC,OMQ) 01 (21)

TPCyts = Z Z USP4S Qs

VpePViel
TPGis= Y Y USP;SQqs (22)
YdeDViel
TICus= Y UIC.ILs x€{p.d.r) (23)
Viel
THCpts
=Y UHC|
VieZ
(G 1+ OV 1+ T S
YdeD

(24)

THCqts = Z UHCﬁi Z SQ;‘)d,thLTpd,s + Z SQ&rts

VieZ VpeP VreR
(25)

THCis = ) UHC] ( D S ity D chts)

VieZ VdeD VeeC
(26)
TTChs= »_ > (FTcg’dYg;ter UTC’F‘J;jTQ’F‘)/dtS) 27)
Vk'eK' VpeP
TTCyts = Z Z (FTCY, YA s+ UTCE, TQN o) (28)
VkeK VreR
PSRys= Z Z uspﬁdssqbdtg
YdeDViel
PSF()jtsz Z Z USP&rsSQ&rIS’
VreR Viel
PSRts - Z Z Usqcssq.tts (29)
VceeCViel

In Eq. (21) the manufacturing cost is a composite obtained
by fixed manufacture and idle cost plus regular and overtime

manufacturing costs. Here, th%ts value (measured if we

inventory cost, antgs. (24) and (26re handling costs for
plants, DCs, and retailers, respectivegs. (27) and (28)
are transport costs for plant and DC, respectively. Here, the
transport cost is a composite of transport level-dependent
fixed cost and a transport quantity-dependent carrying cost.
This would cause a discontinuous piecewise linear transport
cost, as illustrated iRig. 4with skipped subscripts. Notably,
the discontinuities in the transport cost make the model more
general than the continuous one proposedrbiakis et al.
(2001) Finally, Eq. (29)is product sales for all plants, DCs,
and retailers.

4.6. Multiple objectives

The conflict objectives such as each participant’s profit,
the average customer service level, and the average safe
inventory level are considered simultaneously, as stated in
the following.

Obijectivel: to simultaneously maximize participants’ ex-
pected profits fop € P, d € D, andr € R.

Instead of directly maximizing the overall profit of
the integrated supply chain network, we intend to fairly
distribute the profit to all members within scheduling
periods. The profits of all participants to be maximized
are considered separately, where the profit at period
is equal to the product sales less all kinds of costs.

Z.=) PPDZ., x€{pdr) (30)
VseS

where

vteT
- Tlets — THCpts) Vp € P, seS

Zgs= Y (PSRits— TPCyts— TTCus
vieT
—TICgis— THC4s) Vd e D,se€ S

Zis= Y _(PSRis — TPGis — THCis — TICns)
VteT
VreR,s €S.

Objective2: to maximize average safe inventory levels for
peP,deD,reR.

The safe inventory level of retailerat period: for
scenaria is defined as the expected average percentage
of 1 less the ratio of short safe inventory level of product
i of retailerr at periodt, Di, over the safe inventory



C.-L. Chen, W.-C. Lee/Computers and Chemical Engineering 28 (2004) 1131-1144

quantity of product of retailerr, SIQ,, for all products.
Similar definitions are also applied to plants and DCs.
All participants’ safe inventory levels are concerned as
objectives for simultaneous optimization.

SIL, = Y PPDSIL,,, *¢€{p.d.r} (31)
VseS
where
100 Dl
SlLys (%) = FZZ (1_S|_Q;>’ VseS

VteTViel

Objective3: to maximize average customer service levels
forr e R.
Under the condition of taking all products into con-
sideration, the customer service level of retaiteat
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Here, M’ is the index set of objectives Egs. (30)-(32)
with dimension (Ml = M’ = 2P + 2D + 3R.

In summary, the feasible searching spag, are
composite of all constraints mentioned above. The
multiple objectives/,,(x), m € M, where M is the
index set of all objectives including the robustness
indices with [M] = M 2M’, and the decision
vector x are shown below. Notably, further to the
scenario-dependent product prices, the decision vector
x includes all production, transportation, sales quanti-
ties and inventory levels during considered periods.

max(Ji(x), ... , Ju(x))
xeR
=(Zp, Zq, Z;; SIL,, SlLg, SIL,; CSL;; Rl

VpeP,deD,reR,m e M) (34)

period: is defined as the expected average percentage

ratio of actual sales quantity of productrom retailer
r to customers at period ) ... SQs Over the ex-

pected total demand quantity. The expected total de-

mand quantity is the sum of backlog level of product
i for retailerr at the end of period — 1, B, , , and
forecasting customer demand of produtd retailerr

at periodr, Y y.cc FCIjI.’CtS'

CSL = ) PPDCSLs, VreR
VseS

(32)

where
100

CSLs () =

2.2

VteT VieZ

sq
><< i ZVCEC Qrcts . > . Vsed.
B + ZVCEC FCDrcts

rt—1s

i i i i.en. - i . TOV k
X = {‘xptsv ,Bptsv Ypts Opts SQs USF,: Tdets TQqrtss
k' k .gi i i . pi . i i i
Y pdts Y drts> “pts Idts’ 1 rts» BrtS’ D pts ~dts D rts»
x e {pd, dr,rc};ieZ, peP,deD,reR,

ceCkek ke teT seS) (35)

5. Supply chain optimization with uncertain demands
and prices

By considering the uncertain property of human thinking,
it is quite intuitive to assume that the DM has a fuzzy goal,
Jn, 10 describe the maximizing objectivg, with an ac-
ceptable interval{,?,, J11. It would be quite satisfactory as
the objective value is greater thd;j, and unacceptable as
the profit is less thadf,’l, the minimum acceptable objective
value such that the company would like to enter to negotia-

to demand uncertainties

monotonic increasing membership functigry, (J,,(x)) €

It has been mentioned that all variables are scenarios[0: 11, can be used to characterize such a transition from nu-
dependent when the explicit scenario-based approachmerical objective value/,, (x) to degree-of-satisfaction for

is applied to the uncertain product demand. However,

the profit realization might be unacceptably low for cer-
tain scenarios with especially low probabiliticduh &
Lee, 200). It is thus significant to reduce the variabil-
ity of above-mentioned objective values for any real-
ization of scenarios. An important issue in enforcing
robustness to uncertainties is the choice of variabil-
ity metric (Ahmed & Sahinidis, 1998 For those ob-

jectives to be maximized as mentioned previously, the

decision-maker usually does not care if the objective

value is greater than the expected one. We thus propose
the lower partial mean as the measure of robustness,
where only objective values less than the expectation

Jm- Without loss of generality, we will adopt the linear
membership function since it has been proved in providing
qualified solutions for many applicationkig & Sahinidis,
19979).

I'L«Tm(‘]m(x))
L for J,, (x) > J3
I (x) — JO
a n‘;:rll_-]r(y)lm; for‘];?zflm(x)f.],:b Ym e M

0; for JO > J,(x)

(36)

are penalized and are weighted by probabilities of re- Here,x denotes the argument vector as showiq (35)

lated scenarios.

Rl,y = Y PPOMINO, Sy — Ju},  ¥m' € M’
VseS
(33)

The effective range of the membership functio];?,,[],},],

can sometimes be subjectively defined by company’s deci-
sion makers. Some procedures can also follow for providing
reasonable limiting values for the objective. For those ob-
jectives such as profits and inventory levels and customer
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service levelsJ,,,, m" € M’, one can use the most op-
timistic expectation as the upper Iimifi,,i, = Jw (X)),
where x>, is the optimal solution of the single objective
maximizing problem, mayg J,/(x). And choose the most
pessimistic expectation[?n,, as the lower limiting value
(Zimmermann, 1978; Sakawa, 199%here

I8, = min{J, (x}), i e M}, Vm' e M’ (37)

As for objectives measuring robustness to uncertainties, the
reasonable upper limit is zero (i.e., absolute robustness),
i}w,m, = 0, and the lower limiting value can be found
similar to Eq. (37)

The minimum operator concerns the worst situation
only, and the product operator results in a Nash-type objec-
tive. Maximizing the single worst scenario may end in a
non-compensatory solution, and maximizing the Nash-type
objective can guarantee a compensatory solutidi. (Lee,
1993. But the drawback is that product operator may cause
an unbalanced solution between all fuzzy terms by the in-
herent character of product. We thus propose a two-phase
method to combine advantages of these two operators, as
summarized in the followingGhen et al., 2003

Step 1. Determining membership function for each fuzzy
objective based on expected upper/lower bounds for the ob-

Ly sy = Min{Jp e (7). i € M}, Ym' e M’ (38)  jective value, as shown ifig. (36) where

One can thus subjectively determine the effective range for
membership functions with the restriction &f, < JO <

JI < JL. The original multi-objective optimization prob-
lem is now equivalent to look for a suitable decision vector
that can provide the maximal degree-of-satisfaction for the
aggregated fuzzy objectivegy N ... N Jy. When simulta-
neously considering the incompatible fuzzy preference on
product prices from sellers and buyers viewpoints, the final
fuzzy decision,FD, can be interpreted as the fuzzy intersec-
tion between all fuzzy objectives and fuzzy product prices.

FD = Jn N 8Py N SPy, N SPie N BPpy N BPy, N BP;g
VmeM,ie€el peP,deD,reR,celC (39)

Noted that the expected product prices, USP >\ s
PPRUSP,,, * € {pd, dr, rc}, should be used in evaluating
the degree-of-acceptability of various fuzzy preferences.
The final overall satisfactory leveltrp(x), can be de-
termined by aggregating the degree-of-satisfaction for all
objectives, u 7, (Jn(x)), and sellers’ and buyers’ prefer-
ence on product price&,sﬁ(USF{k) andy,Bp;(USP,;), via
specifict-norm, T.

nrp () =Ty, : lspi - hspi - spi:
MBpL e HBP, - “BP’}J Vm, i, p,d,r,c) (40)

The best solution™ with the maximal firing levely #p (x*),
should be selected.

prp(x*) = maxurp(x) (41)
xeR

Severalt-norms can be chosen fdF, therein two most
popular selections are shown bel@dlir & Yuan, 1995).

T g, Hspiy Kspi» PSP Ippi s HBp,  KBpi,) (42)

min(u z,,; Hspi o Hspi - Ispi;
Ippi » ppi > Hppi)s

— pd dr rc (43)

/’LxZn X I’LS'P’pd X Mgp'dr X MSP;C

Xty X Hsps, X Hispls

T = minimum

T = product

L <0 <yl<it vmeM.

Step 2 (Phase ). Considering all fuzzy objectives and fuzzy
product prices and using the minimum operator, maximizing
the degree of satisfaction for the worst situation.

max = maxmin ; i, i =
xeR Hrp xeR (M‘Z” ﬂsp’pd MSP’dr Msprc

/“LBP’bd’ MBPfjr’ /“LBPﬁC) = Kmin (44)

Step 3 (Phase 1). Applying the product operator, maximiz-
ing the overall Nash-type satisfactory level with guaranteed
minimal fulfillment for all fuzzy objectives and sales pref-
erences.

Table 1
Scenarioss(= 1, 2, 3,4,5,6 and 7) of forecasting product demands and
probabilities of illustrative example

i or ot FCDjys

0.1 0.2 012 024 0.094 013 0.07

1 1 1 160 160 160 160 160 160 160
1 1 2 170 170 170 160 150 150 150
1 1 3 180 180 180 160 140 140 140
1 1 4 190 180 170 160 150 140 130
1 1 5 200 180 160 160 160 140 120
1 2 1 180 180 180 180 180 180 180
1 2 2 200 200 180 200 160 160 160
1 2 3 220 220 180 220 140 140 140
1 2 4 220 240 180 200 140 120 160
1 2 5 220 260 180 180 140 100 180
2 1 1 240 240 240 240 240 240 240
2 1 2 240 270 210 210 270 270 210
2 1 3 240 300 180 180 300 300 180
2 1 4 240 270 210 150 330 300 180
2 1 5 240 240 240 120 360 300 180
2 2 1 280 280 280 280 280 280 280
2 2 2 320 240 320 320 240 240 280
2 2 3 360 200 360 360 200 200 280
2 2 4 320 200 400 360 160 240 280
2 2 5 280 200 400 360 120 280 280
a ppQ.
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max urp(x) = max(uyg, X phep X fgpi X Mgpi Table 3
xet xeRt Splpd SPar Pre Parameters for defining fuzzy product prices in illustrative example
X Mppi X Hppi X Ippi,) s i p d r  seller Buyer
where @ @5 @ (@
USP 1 1 1 1350 1450 1400 1500
+ . . . . dr
2T =20{1g,. hspi s hpp = Mminl* € {pd, dr, rc}; 1 1 2 1400 1500 1450 1550
Vm, i, p,d,r,c) (46) 1 2 1 1250 1350 1300 1400
1 2 2 1200 1300 1250 1350
2 1 1 650 750 700 800
2 1 2 700 800 750 850
6. Numerical example 2 2 1 600 700 650 750
' 2 2 2 550 650 600 700
Considering a small-scale but typical supply chain con- USR,, 1 1 1 850 950 900 1000
sists of one plant, two DCs, two retailers, and two prod- 11 2 750 850 800 900
ucts. The first DC, a smaller scale but faster delivery service 2 11 400 500 450 550
o i . . 2 1 2 300 400 350 450
distributor, can rapidly respond to the suddenly increasing _
customer demand to keep retailer's customer service level,YSFc i ; 1228 i;gg iggg 1328
but this also implies a higher operational cost; the second
. . L 2 1 1000 1100 1050 1150
one, a large scale but slower delivery service distributor, on 2 2 950 1050 1000 1100

the other hand, can use the economies of scale to transport
goods at lower operational cost, but the prompt delivery is
not available, however. We assume one period of transportthe fluctuating rate for cost parameters. The whole schedul-
lead time between each level for the second DC. So, theing horizon is five periods. The product demand scenarios
distribution channel between plants to retailers is comple- and the assigned probabilities are showrTable 1for the
mentary with the faster, smaller shipment and slower, larger case study. Other indices and sets &g £ 3, [K] = 3, and

shipment. And in order to simplify the problem, we neglect [K'] = 3. Values of all cost parameters are listedables 2
and 3 and other parameter&able 4 Notably, Table 3gives

Table 2 the required parameters for defining fuzzy product prices
Cost parameters of illustrative example

Unit Inventory Cost Unit Transport Cost Fix Transport Cost Table 4 ' '
ipdr $ kpdr $ kpdr $ Other parameters of illustrative example
1 1 50 1 11 60 1 11 1800 Trans. Lead Time  Safe Inven Quant Trans. Cap. Level
UICE 1 2 40 2 11 45 2 11 2700 pdr ipdr kpdr
2 1 30 3 11 33 3 11 3200 11 0 1 1 150 1 11 60
2 2 24 1 12 50 1 12 1500 TLT; 12 0 SIQ: 1 2 150 2 11 120
1 1 45 2 12 37 2 12 2200 21 1 2 1 250 3 11 180
UIC, 1 2 20 UTCE. 3 12 27FTCE 3 12 2600 22 1 2 2 250 1 12 60
2 1 27 1 21 25 1 21 3000 TLTpg 11 0 11 200 2 12 120
2 2 12 2 21 18 2 21 5250 12 1SIQ; 1 2 300TCLE 3 12 180
UIC, 11 15 3 21 14 3 21 6750 Max Inventory Cap 2 1 300 1 21 220
21 9 1 22 30 1 22 2000 pdr 2 2 500 2 21 440
Unit Handling Cost 2 22 22 2 22 3500 MIC, 1 600SIQ, 11 400 3 21 660
1 1 15 3 22 16 3 22 4500 2 800 21 600 1 22 220
UHC: 1 2 12 111 40 111 2000 MIC; 1 1000 Fix Manuf Quantity 2 22 440
2 1 9 211 30 211 3000 2 4000 tp 3 22 660
2 2 T7UTCK;311 20FTCE; 311 3500 MIC, 1 2500 FMQ; 11 1200 111 100
11 12 112 20 112 3200 Total Overtime # 21 1500 211 200
UHC)1 2 6 212 15 212 5600 P OMQ}, 11 300 TCL’;; 311 300
2 1 7 312 10 312 7200 MTG, 1 3 21 400 112 400
2 2 4 Unit Manuf. Cost Fix Manuf/Idle Cost 212 800
UHCf,ll 5 ip $ i p $ 312 1200
21 3UMC; 11 60 FMC; 11 48000 Max Input/Output Transport Capacities
21 30 21 36000 d d
OMC;', 11 90 FICZ, 11 4800 MITC, 1 300 MOTC, 1 300

21 45 21 3600 2 1200 2 1200
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Table 5 Table 6

Parameters for defining membership functions for objectives The compromised product prices of the illustrative example

m Jy IO JO Ji J: i p d r USsP upp ISP
1 Z,2 2,273,758 2,273,758 2,664,123 4,623,672 USP, 1 1 1 1425 0.75 0.75
2 Zi=1 —290, 481 37, 429 570, 869 1, 104, 309 1 1 2 1475 0.75 0.75
3 Zy=2 —467,993 762, 862 1, 109, 662 3, 155, 891 1 2 1 1326 0.74 0.76
4 Z,1 —797,333 28, 323 639, 630 1, 345, 449 1 2 2 1276 0.75 0.75
5 Z= —755271 276, 206 648, 639 1, 553, 022 2 1 1 725 0.75 0.75
6 SlLy,—1 0.09 0.09 0.92 0.92 2 1 2 775 0.75 0.75
7 Slz=1  0.07 0.07 0.97 0.97 2 2 1 676 0.74 0.76
8 Sl4—2> 0.02 0.02 0.95 0.95 2 2 2 626 0.74 0.76
9 SlL=1 0.06 0.06 0.94 0.94 ;

10 SiIL— 0.04 0.04 0.93 0.93 USR 1 1 ; Z;g g;g 8;2
11 CSL-1 0.80 0.80 1.00 1.00 5 1 1 476 0'74 0-76
12 CSL-» 0.77 0.77 0.96 0.96 5 1 5 375 0'75 0'75
13 Rz, —204,289 —129519 ) )
14 Rlg,_,  —101687 —75,487 USF, 1 1 1728 0.72 0.78
15 Rz, —193 525 —159 639 1 2 1678 0.72 0.78
16 Rlz_, —200,097 —117,435 2 1 1079 0.72 0.78
17 Rz, —244 216 —-139514 2 2 1031 0.69 0.81
18 Rlgi,., —0.066 —0.048

19 Ris,, -—0.073 —0.060

20 Rls,, —0.057 —0.039

21 Rl —0. —0.034 . . .

9o Rlz:tle 78 822 78 826 is used as the solution environment. The MINLP solver
23 RICSI;:,Zl —0.036 —0.017 used is DICOPT and the NLP SOlver, CONOPT.

24 Rics,_, -0.026 —0.019 According to the problem description, mathematical for-

mulation, and parameter design mentioned previously, we
solve the multi-objective mixed-integer non-linear program-
for sellers and buyers, respectively. Membership functions ming problem for a production and distribution scheduling
shown inFig. 3 are respectively adopted for all aggregated by using the fuzzy procedure discussedsiction 5

fuzzy product prices.

The problem includes 5702 equations, 4079 contin- Step 1. Select suitable ranges for defining membership
uous variables, and 910 binary variables. To solve this functions. Relevant lower/upper limitsf® and J%, and
mixed-integer nonlinear programming problem for the sup- selected effective ranges/9, /1], for membership func-
ply chain model, the Generalized Algebraic Modeling Sys- tions are shown infable 5 As mentioned previously, one
tem (GAMS,Brooke et al., 1998 a well-known high-level can subjectively select values fdf and J} for each ob-
modeling system for mathematical programming problems, jective if meaningful lower/upper bounds can be expected.

Profit of r=1

RI of profit r=1

RI of SIL p=1 RI of profit r=2

RI of SIL d=2 RI of profit d=1

RI of SIL d=1 RI of profit d=2

RI of SIL r=2 RI of profit p=1

RI of SIL r=1 RI of CSL r=1

(b) RI of CSL r=2

| A T-norm = min = & T-norm = product Two phase method I

Fig. 5. Radar plots by using minimum or prodaatorms (single-phase optimization) and proposed two-phase optimization method. (a) Objectives such
as profits, inventory levels, and service levels; (b) robustness measures.
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Table 7
Variability of scenario-dependent objective values
Scenario Profit Safe inventory level Service level
p=1 d=1 d=2 r=1 r=2 p=1 d=1 d=2 r=1 r=2 r=1 r=2
RI not included 1 2709353 353342 1300455 657240 288886 0.60 0.64 0.43 0.60 0.53 1.00 1.00
2 2036686 413862 821158 852790 917316 0.47 0.82 0.50 0.74 0.53 1.00 1.00
3 2806934 250369 1196849 79628 736006 0.49 0.71 0.57 0.50 0.62 0.99 1.00
4 2447388 375178 936194 234508 756312 0.61 0.97 0.57 0.59 0.75 0.99 0.85
5 2648390 421579 1159809 210789 -271410 0.65 0.84 0.55 0.68 0.74 1.00 1.00
6 2760923 123027 1053518 229115 46819 0.64 0.91 0.57 0.62 0.67 1.00 1.00
7 2387742 318640 772951 —253262 853122 0.69 0.95 0.60 0.63 0.75 1.00 0.99
Expected 2502362 332101 1023055 366009 538010 0.58 0.84 0.53 0.62 0.65 1.00 0.96
RI —114353 —-37930 —78733 —141041 —-152013 —0.033 —0.050 —0.021 —0.025 —0.046 —0.004 —0.026
RI included 1 2627463 327660 987458 396451 637799 0.53 0.65 0.51 0.52 0.55 0.95 0.96
2 2580353 327660 1034208 350482 595791 0.53 0.65 0.51 0.52 0.55 0.95 0.96
3 2502549 327660 1151319 350482 565329 0.53 0.65 0.51 0.52 0.55 0.95 0.96
4 2502549 327660 1050643 350482 565329 0.53 0.65 0.51 0.52 0.55 0.95 0.96
5 2485710 327660 817240 299611 452736 0.53 0.65 0.51 0.52 0.55 0.95 0.96
6 2451158 327660 765471 332659 528373 0.53 0.65 0.51 0.52 0.55 0.95 0.96
7 2129671 327660 987458 350482 536394 0.53 0.65 0.51 0.52 0.55 0.95 0.96
Expected 2502549 327660 987458 350482 565329 0.53 0.65 0.51 0.52 0.55 0.95 0.96
RI —34298 0 —44178 —-6895 —16963 0.00 0.00 0.00 0.00 0.00 0.00 0.00

We thus directly use 2, J1] as the effective range for ~ single phase method, the proposed two-phase method can
defining fuzzy objectives such as inventory levels and incorporate advantages of these tiarorms. The minimum
customer service levels. Due to the wide variability of Operator is used in phase I to find the maximal satisfaction
scenario-dependent profits, it is suggested using the lowesfor worst situation, and the product operator is applied in
positive profit as the lower bound, and the second |argestphase Il to maximize the overall satisfaction with guaran-
value as the upper bound. For emphasizing robustness meateed minimal fulfillment for all fuzzy objectives and fuzzy

sures, we suggest adopting the second lower value as thdroduct prices.
lower bound, and the zero as the upper bound. Resulting objective values for all scenarios either consid-

ering robustness measures or not are listethinle 7 It can
Step 2 (Phase 1). To maximize the degree of satisfaction P€ found that the variability of scenario-dependent objec-

for the worst objective by using the minimum operator. The five values is quite high if the robustness measures are not
result ismin = 0.53. included as objectives. In such a case, some profit realiza-

tions are unacceptably low for certain scenarios especially

Step 3 (Phase 1l). Re-optimize the problem with new con- for reta;:lerSrbz 1 andr = 2. When smgj_ltar_leous_ly cons_ld- :
straints of guaranteed minimum satisfaction for all fuzzy ob- €Mnd the robustness measures as objectives, I.e., objective

jectives and fuzzy product prices. The results will be shown Values less than the expectation are penalized, the vari-
and discussed in the following. ability of scenario-related objective values is significantly

reduced.

The radar plots for profits, safe inventory levels, customer
service levels, and the robustness measures are shown in
Fig. 5 and the resulting compromised sales prices are listed7. Conclusion
in Table 6

Form the results obtained by selecting minimum as  This paper investigates the simultaneous optimization of
t-norm, we can get a more balanced satisfaction among allmultiple conflict objectives and the uncertain product prices
objectives where the degrees of satisfaction are all aroundproblem in a typical supply chain network with market
0.53. By using product operator to guarantee a unique solu-demand uncertainties. The demand uncertainty is modeled
tion, however, the results are unbalanced with lower degreeas discrete scenarios with given probabilities for different
of satisfaction for profits of = 1 andd = 1, and the safe = expected outcomes, and the uncertain product prices are
inventory level ofd = 2. On the other hand, the high profit described as fuzzy variables. The problem is formulated as
of r = 2 and service levels of= 1 andr = 2 are givenvery  a MINLP model to achieve fair profit distribution among
high emphasis. Obviously this is not desirable for obtaining whole network’s participants, safe inventory levels, max-
a compromise solution. Overcoming the drawbacks of the imum customer service levels, maximum robustness to
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demand uncertainties, and to guarantee maximum acceptfuzzy goals and the fuzzy product prices, and the best com-
ability levels of sellers’ and buyers’ preference on product promised solution can be derived by maximizing the overall
prices. Considering the robustness measures as part oflegree of satisfaction for the decision. The implementation
multiple objectives can significantly reduce the variability of the proposed fuzzy decision-making method, as one can
of other objective values to product demand uncertainties. see in the case study, demonstrates that the method can pro-
To find the degree of satisfaction of the multiple objec- vide a compensatory solution for the multiple conflict ob-
tives, the linear increasing membership function is used; jectives and the fuzzy product prices problem in a supply
the final decision is acquired by fuzzy aggregation of the chain network with demand uncertainties.

Nomenclature

Indexset
ceC
deD
iel
ke
K ek
meM
m e M
neN
peP
reR
teT
seS

Parameters
FCD*tS
FICL
FMC.
FMQL
FTC
FTCY
MIC.
MITC,
MOTC,
MTO.
oMCL
OMQ,
PPD,
SIQ,
SQLEY
UHCL
uic
UMCL
(USP)3
uTck
uTcy
TCLX
TCLY
TLT,

Binary variables

Dimension
[C(l=C
[D] =D
(7] =1
[K] =K
K=K
M]=M
M] =M
[M=N
[Pl=P
[Rl1=R
[MT=T
[S]=S
* €

{r}

{p}

{p}

{p}

{dr}

{pd}
{p.d,r}
{d}

{d}

{p}

{pr}

{p}

{s}
{p.d,r}
{p,d}
{p.d,r}
{p.d,r}
{p}

{pd, dr, rc}
{dr}

{pd}

{dr}

{pd}

{pd, dr}

* €

{dr}

{pd}

{p}
{p}

Physical meaning
customers
distribution centers
products
transport capacity level, DC to retailer
transport capacity level, plant to DC
all objectives
objectives 1-3
counter for overtime manufacturing
plants
retailers
periods
scenarios

Physical meaning

forecast customer demand iof

fix idle cost to keepp idle

fix manufacture cost changed to make

fix manufacture quantity of

kth level fix transport cosy to r

k'th level fix transport costp to d

maximum inventory capacity o, d, r
maximum input transport capacity df
maximum output transport capacity @f
maximum total overtime manufacture period
overtime unit manufacture cost of

overall fix manufacture quantity

probability for scenaria

safe inventory quantity i, d, r

sales quantity levels af (%, V) € {(p, £), (d, £)}
unit handling cost of for p, d, r

unit inventory cost of for p, d, r

unit manufacture cost af

parameters for defining piecewise unit sale prices {S, B}, e € {0, 1}
kth level unit transport cost] to r

k'th level unit transport cosip to d

kth transport capacity leved] to r

k'th transport capacity leveh to d

transport lead timep to d (d to r)

Meaning when having value af

kth transport capacity leved] to r

k'th transport capacity leveh to d
manufacture with regular time workforce
setup plantp to manufacture
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V;ts {p}
Olts {p}

Real variables * €

fgts {r}

Dis (p.d, 1)
s {p.d,r}

J {m}

PSRis {p.d,r}
RI, {m’}

SQ!ktS {pdv dr? rC}
TICys {p.d,r}
THC.s {p.d,r}
TMCs {pr}
TPCys {d, r}
TQlss (dr)

TQhs {pd}

TQuts {pd, dr}
TTCus {d; pd, dr}
USP,, {pd, dr, rc}
S”—*t {P’ d’ r}
CSL {r}

Lyt {p.d,r}
Fuzzy variables * €

BP. {pd, dr, rc}
FD

TIm

SPL {pd, dr, rc}

p changeover to manufactuie
manufacture with overtime workforce

Physical meaning

backlog level ofi in r at end ofz

short safe inventory level ip, d, r
inventory level ofi in p,d, r

objectives

product sales op, d, r

robustness index of objectives

sales quantity of from ptod,dtor,rtoc
total inventory cost op, d, r

total handling cost op, d, r

total manufacture cost gf

total purchase cost of, r

kth level transport quantity] to r

k'th level transport quantityy to d

total transport quantityp tod ord to r
total transport cost of; ptod ord tor
unit product price of, ptod, dtor, andr toc
expected safe inventory level of d, r
expected customer service levelrof
expected net profit op, d, r

Physical meaning

fuzzy sets to measure buyer’s preference for product price
fuzzy set for final decision

fuzzy set for objectiven, m € M

fuzzy sets to measure seller’s preference for product price
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Abstract

This study considers the planning of a multi-product, multi-period, and multi-echelon supply chain network that consists of several existing plants
at fixed places, some warehouses and distribution centers at undetermined locations, and a number of given customer zones. Unsure market demands
are taken into account and modeled as a number of discrete scenarios with known probabilities. The supply chain planning model is constructed as a
multi-objective mixed-integer linear program (MILP) to satisfy several conflict objectives, such as minimizing the total cost, raising the decision
robustness in various product demand scenarios, lifting the local incentives, and reducing the total transport time. For the purpose of creating a
compensatory solution among all participants of the supply chain, a two-phase fuzzy decision-making method is presented and, by means of
application of it to a numerical example, is proven effective in providing a compromised solution in an uncertain multi-echelon supply chain network.
© 2007 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords: Supply chain management; Uncertainty; Multiple objectives; Mixed-integer linear program (MILP); Fuzzy decision making

1. Introduction

The supply chain is an integrated process wherein a number
of business entities (suppliers, manufacturers, distributors and
retailers) work together in an effort to acquire raw materials,
convert them into specified final products and deliver these final
products to retailers (Beamon, 1998). The supply chain further
fosters a new concept in management: the concept of supply
chain management.

Over the past decade the world has changed from a
marketplace with some large independent markets to an
extremely integrated global market. The increase in compe-
titive pressures in the global marketplace coupled with the rapid
advances in information technology have brought supply chain
planning into the forefront of the business practices of most
manufacturing and service organizations (Gupta and Maranas,
2003). A great variety of companies, those in chemical industry
included, can also benefit from this novel management scheme.
Therefore, many researchers in the process systems engineering

* Corresponding author. Tel.: +886 2 23636194; fax: +886 2 23623040.
E-mail address: CCL@ntu.edu.tw (C.-L. Chen).
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(PSE) society devote themselves to this interesting field
(Applequist et al., 2000; Bose and Pekny, 2000; Chen et al.,
2003; Cheng et al., 2003; Garcia-Flores et al., 2000; Gupta and
Maranas, 2000; Gupta et al., 2000; Perea-Lopez et al., 2000;
Pinto et al., 2000; Zhou et al., 2000, etc.).

Traditionally, the integration of supply chain networks is
usually based on deterministic parameters. In practice, however,
this is rarely the case as it is usually difficult to foretell prices of
chemicals, market demands, availabilities of raw materials, etc.,
in a precise fashion (Liu and Sahinidis, 1997). A number of works
are devoted to studying supply chain management under uncer-
tain environments. For example, Gupta and Maranas (2000)
incorporate uncertain demand via a normal probability function
and propose a two-stage solution framework. A generalization to
handle multi-period and multi-customer problems was recently
proposed by Gupta and Maranas (2003). Tsiakis et al. (2001) use
a scenario planning approach to describe demand uncertainties.
Therein a number of demand scenarios with assigned non-zero
probabilities is used as discrete stochastic demand quantities. All
scenarios are simultaneously taken into account in the supply
chain network design. However, the robustness of decision for
uncertain product demands is not considered in these studies. In
this paper, one of the major concerns is market demand
uncertainty. The scenario-based approach will be adopted for
modeling the uncertain market demands.

0368-1653/$ — see front matter © 2007 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.jcice.2007.08.001
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The location of manufacturing and warehousing facilities
has received considerable attention from academics and
practitioners alike over the past four decades. Location models
have been developed to answer questions such as how many
facilities to establish, where to locate them, and how to
distribute the products to the customers in order to satisfy
demand and minimize total cost (Melachrinoudis et al., 2000).
However, when making location decisions, in addition to the
total cost, one should also consider some other conditions such
as the influence of local incentives and transport time.

In this article, the mid-term planning problem of locating
warehouses and distribution centers in a supply chain network
will be addressed, where multiple conflict objectives will be
considered simultaneously including minimizing the total cost,
raising the decision robustness to various product demand

scenarios, lifting the local incentives, and reducing the total
transport time. This problem can be further formulated as a
multi-objective mixed-integer linear program. So the two-
phase fuzzy optimization solution strategy proposed by Chen
and Lee (2004a,b) can be adopted directly.

In the rest of this article, the problem statement and
assumptions are outlined in Section 2. The considered uncertain
issues in supply chain planning are also described. The
formulation of a production and distribution—planning model is
set out in Section 3. The procedure for grouping the scenario-
dependent multiple conflict objectives into a scalar objective
using the fuzzy sets concept is presented in Section 4. The
contents of a numerical example, used to demonstrate the
usefulness of the proposed method, are given in Section 5.
Finally, some concluding remarks are given in Section 6.

Index/set Dimension Physical meaning
ceC C=c Customer zones
deD [D)=D Distribution centers
iel Z1=1 Products
kel Kl=K Transport capacity level
meM M]=M All objectives
neN WNI=N Resources
peP [Pl=P Plants
sES NER Scenarios
teT T]=T Periods
wew Wl=w Warehouses
Parameters *e Physical meaning
FCDi " {c} Forecasting customer demand of i for customer ¢
FTCt {pw,wd,dc} kth level fix transport cost, p to w,w to d, d to ¢
LI, {w,d} Local incentive of w, d
PPD; Probability of product scenario s
PQj‘pS {max, min} Maximum, minimum manufacturing quantity of product i
max {pw,wd, dc} Maximum transport quantity of p to w,w to d, d to ¢
Qmin {pw,wd, dc} Minimum transport quantity of p to w,w to d, d to ¢
Ry {p} Total resource n at p
SQ:r {w,d} Maximum, minimum capacity of w, d, + € {max, min}
TCL* {pw,wd, dc} kth transport capacity level, p to w,w to d, d to ¢
TT. {pw,wd,dc} Transport time of p to w,w to d, d to ¢
UEC., {w,d} Unit establishing cost of w, d
UHC! {w,d} Unit handling cost of product i for w, d
UPCE {r} Unit production cost of product i for plant p
UTC’; {pw,wd, dc} kth level unit transport cost, p to w,w to d, d to ¢
ol {w} Coefficient relating the capacity of d to flow of product i handled
B {d} Coefficient relating the capacity of w to flow of product i handled
Ois {p} Coefficient for resource m used in plant p for product i
Real var. *e Physical meaning
Jx {m} Objectives
OTT Total transportation time
PQ’ " {p} Manufacture quantity of i
i~ {pw,wd,dc} Total transport quantity, p to w,w to d, d to ¢
5Q. {w,d} Capacity of w, d
TCO Total cost
TEC Total establishment cost of all warehouses and distribution centers
THC,, Total handling cost of scenario s in period ¢
TLI, LD Total local incentive and an overall index on distribution centers
TPC,, Total production cost of scenario s in period ¢
TTC,, Total transportation cost for scenario s in period ¢
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TTC.s {pw,wd, dc} Total transportation cost of * for scenario s in period ¢

TTQ " {pw,wd, dc} kth level transport quantity, p to w,w to d, d to ¢

U 7m(m(x)) The membership function of fuzzy objective Jp,

Binary var. *e Meaning when having value of 1

X, {pw,wd,dc} A link between p and w,w and d, d and c exists

Y, {w,d} Warehouse w or distribution center d is to be established
Zk {pw,wd,dc} kth transport capacity level, p to w,w to d, d to ¢

Fuzzy var. Physical meaning

FD Fuzzy set for final decision

Tm Fuzzy set for objective m

2. Problem description for locating warehouses and
distribution centers in a supply chain network

The researchers consider a typical multi-product, multi-
echelon and multi-period supply chain network originally
studied by Tsiakis et al. (2001). The revised supply chain
network consists of several existing multi-product plants at
fixed places, some candidate warehouses and distribution
centers at specific but undermined locations, and a number of
known customer zones, as showed in Fig. 1. In this mid-term
supply chain-planning problem, each customer zone places
demands for one or more products. The candidate warehouses
and distribution centers are described by the upper and lower
bounds on their handling capacity. The establishment of
warehouses and distribution centers will result in a fixed
infrastructure cost. Operational costs include those associated
with production, handling of material at warehouses and
distribution centers, and transportation. The numbers and the
locations of selected warehouses and distribution centers are
left to be determined for establishment of a cost—effective
supply chain network. The following assumptions are made for
subsequent modeling and optimization: the whole system is
operated steadily; therefore, there is no stock accumulation or
depletion, and inventory can be ignored; the production
capacity of each plant is related linearly to resources; the

Warehouse

capacities of warehouses and distribution centers are related
linearly to the materials that they handle; the transportation
costs are piecewise linear functions of the actual flow of the
product from the source stage to the destination podium; several
scenarios of product demands with known probabilities are
forecast over the entire planning periods. The overall problem
can thus be stated as follows. Given are the manufacturing data,
such as product capacity and resource constraints; the basic
data for candidate warehouses and distribution centers, such as
capacities and local incentives; the transportation data, such as
transport time and transport capacity; all cost parameters, such
as manufacturing and handling costs; and several scenarios of
forecasted product demands with known probabilities. The
authors are going to determine the production plan of each
plant; the number, location, and the capacity of warehouses and
distribution centers to be set up; the transportation plan of each
warehouse and distribution center; and all types of costs. The
target is to integrate the multi-echelon decisions simultaneously
to minimize the total cost and the transport time, and to elevate
local incentives and the robustness of all considered design
objectives to product demand uncertainties as much as possible.

In the market, the participants of a supply chain not only
faces the uncertainties of product demands and raw material
supplies but also faces the uncertainties of commodity prices
and costs (Liu and Sahinidis, 1997). The authors will also

Distribution
Center

Distribution
Center

Distribution
Center |

New sites (choose locations)

Fig. 1. The studied supply chain network.
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address issues of demand uncertainty in the mid-term planning
problem. The first concern in incorporating uncertainties into
supply chain modeling and optimization is the determination of
suitable representation of the uncertain parameters (Gupta and
Maranas, 2003). Several distinct methods are frequently
mentioned for representing uncertainty. For example, the
fuzzy-based approach (Giannoccaro et al., 2003; Liu and
Sahinidis, 1997; Petrovic et al., 1998, 1999), wherein the
forecast parameters are considered as fuzzy numbers with
accompanied membership functions; the scenario-based
approach (Gupta and Maranas, 2003), in which several discrete
scenarios with associated probability levels are used to describe
expected occurrence of particular outcomes. To simplify the
subsequent mathematical calculations, the discrete scenario-
based approach for modeling uncertain mid-term product
demands is adopted. Previous experience concerning uncertain
product demands in short-term supply chain management
problems (Chen and Lee, 2004a,b) gives strong support for
applying the scenario-based approach. The mid-term planning
problem considering multiple conflict objectives, including
uncertain product demands, will be addressed in this article.

For applying the discrete cases representation for modeling
uncertain demands, several possible outcomes for demand
forecasting, FCDy,s€ S, with known probabilities, PPDy,
should be determined at first with the restriction of
sz <sPPDy = 1. Then, all variables will become scenario-
dependent, and the expected value of any variable will be the
weighted average of those scenario-dependent values. That is,
for any variable v, one has to solve for several scenario-
dependent values, v, s € S, and the expected value of v can be
takenas ) -, . sPPDyv,. In such a case the deterministic supply
chain model can be easily extended to cope with the uncertain
demand conditions (Chen and Lee, 2004a,b).

3. Supply chain modeling with demand uncertainty

A general supply chain that consists of three different levels
of enterprises is considered. The first level enterprise is the
retailer from which the products are sold to customers. The
second level enterprise is the distribution center (DC) and/or
warehouse using different types of transport capacity to deliver
products from the plant side to the retailer side. The third level
enterprise is the plant or the manufacturer that batch-
manufactures one product over one period. In the following,
the integrated multi-echelon supply chain model of Tsiakis
et al. (2001) is extended for optimal decisions. The scenario-
based representation for uncertain product demands is
considered in the modeling. The indices, sets and parameters
designed for modeling the supply chain network with product
demand uncertainty are given in the nomenclature. Therein,
parameters are divided into two categories: the cost parameters,
including product cost, handling cost and transport cost; and
other parameters describing the system information, such as
handling and transport capacity or forecasting customer
demand. Two kinds of variables are used: the binary variables
that act as policy decisions to establish warehouses and
distribution centers, along with using economies of scale for

manufacturing or transportation, and the continuous variables
that include manufacturing quantities, handling capacity and
transport quantities.

3.1. Network structure constraints
All relevant network structural constraints between all

plants, warehouses, DCs and customer zones can be
summarized as follows.

Xpw < YW7 de < Yw (1)
de < Yda Xdc < Yd (2)

> Xua = Ya, > Xae=1 3)
YweWw YdeD

VpeP,weW,deD,ceC

Eq. (1) denotes that a link between a plant p and a warehouse
w or between a warehouse w and a DC d can exist only if
warehouse w exists. Similar constraints can apply to the link
between DCs and customer zones, as shown in Eq. (2). To
simplify the problem, it is assumed that a DC can only be served
by a single warehouse, and a customer zone can only be served
by a single DC, as shown in Eq. (3).

3.2. Transport constraints

The transportation constraints at considered periods, r € 7T,
in different economic scales are given below.

TCLY 'zt < TTOf, < TCL*Z*, 4)
o zZh <1 (5)
Vke Kk
Z Qils = Z Qits (6)
Viel Vke Kk
on"X. < > 0L, < OWX, (7
Viel
s >0 ®)

where * € {pw,wd,dc},
VpeP,weW,deD,celC,icZ,teT,scS

Egs. (4) and (5) imply that several transport capacity levels
with various unit transport costs can be used, as depicted in
Fig. 2 for a three-level case, and at most one transport capacity
can be chosen at each period. In Eq. (6), the transport quantities
from plants to warehouses, from warehouses to DCs, or from
DCs to customer zones at each period are respectively
translated into total transport quantities. Eq. (7) says that the
total transport quantities have lower/upper bonds, for all the
existing links.
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e
—
FTC? -'—"“M*M
o//
P -
FTC'
0 TCL TCL? TcL2  TTQ

Fig. 2. Piecewise linear relation (solid lines) between transport cost, TTC, and
shipment quantity, TTQ.

3.3. Material balances constraints

For mid-term design, it is assumed that the operation is in a
constant state. Therefore, there is no stock accumulation or
depletion. All material balance constraints can thus be
summarized as follows.

PQu= D> Qpus ©)
YweWw

Z Qipwm = Z ivdm (10)
VpeP YdeD

Z indls = Z Qflcts (1 1)
YweWw Veel

Z incm = FCDits (12)
YdeD
PQ;,, >0, (13)

VpeP,icZ,teT,seS

Eq. (9) says that the production of a product i by a plant p
must be equal to the total flow of the product i to all warehouses.
Eq. (10) states that the total flow of a product i from all plants to
a warehouse w must be equal to the total flow of the product i
from the warehouse w to all DCs.

Similarly, Eq. (11) means that the total flow of a product i
from all warehouses to a DC d must equal to the total flow of a
product i from the DC d to all customer zones. Eq. (10) denotes
that the total flow of a product i from all DCs to a customer zone
¢ must equal to the forecast customer demands.

3.4. Production resource constraints

An important issue in designing the network is the ability of
the plants to satisfy the demands of customers. The production of
each product at any plant thus has some limitations as follows.

PQ < PQ,, < PQ (14)

> PhnsPQ < R, (15)
VieT

VpeP,neN,icI,tecT,scS

Here, Eq. (14) states that each plant has its own maximum
and minimum product capacities. Many plants may apply the
same resources (equipment, utilities, manpower, etc.) to
produce different products at different production stages.
The limitations of resource utilization can be seen in Eq. (15).

3.5. Capacity constraints

All capacity constraints for warehouses and DCs are listed in
the following.

sQMmy,, < SQ, < SQM™y,, (16)
SQY, < SQu < SQYY, (17)
SQW Z Z Z ainivdls (18)
YieZVdeD
SQi= > > BiQhs
VieZ Vcel
VweW,deD,ceCieI,teT,seS (19)

Eq. (16) means that the capacity of a warehouse w has its
lower bounds SQ™" and upper bounds SQ™*, if the warehouse
is established. Similar constraints apply to the capacities of the
distribution centers, as shown in Eq. (17). It is assumed that the
capacities of the warehouses and the distribution centers are
related linearly to the materials that they handle, as expressed in
Egs. (18) and (19).

3.6. Costs
The establishment costs of warehouses and distribution

centers, production costs, all material handling costs, and
transportation costs are given below.

TEC= » UEC,Y,+ Y UECY, (20)
YweWw YdeD
TPC,, = Z Z UPC!,PQ),, (21)
VieIVpeP

THC, = Y. > UHC{V( > Qj,»tyts)

VieI VweW VpeP
LY > une( Y a) @
VieZIVdeD YweWw
TTC.s = »  (FTC!Z!, + UTCITTQY,) (23)
Vke K



398 C.-L. Chen et al./Journal of the Chinese Institute of Chemical Engineers 38 (2007) 393—407

TTC, = Y TTC,,, + TTC!
VpePVYweW YweW VdeD
+ Z Z TTC!,,, (24)
VYdeDVceD

where * € {pw,wd,dc},VpeP,weW, €D,

ceCiel,teT,seS

Eq. (20) gives the establishment costs of warehouses and
distribution centers at candidate locations. In Eq. (21), the total
production costs are the summations of the production quantity
of product i multiply the unit production cost UPC;,. Eq. (22)
states that the total material handling costs can be expressed as a
linear function of each product being handled at warehouses and
distribution centers. Eq. (23) denotes transport costs for the plant
and DC, respectively. Here, the transport cost is a composite of
transport level-dependent fixed cost and a transport quantity-
dependent carrying cost. This would cause a discontinuous
piecewise linear transport cost, as illustrated in Fig. 2 with
skipped subscripts. Finally, Eq. (24) is the total transportation
cost (Gjerdrum et al., 2001).

3.7. Multiple objectives for optimal planning

Several conflicting objectives such as minimizing the total
cost, maximizing the robustness of selected objectives to
demand uncertainties, maximizing the local incentives, and
minimizing the total transport time can be considered
simultaneously for the supply chain network design, as stated
in the following.

3.7.1. Objective 1: minimizing the total cost

The total cost is a summation of the total establishment
costs, the total production costs, the total handling costs, and
the total transportation costs, such as

min TCO = TEC
xeQ/
+ > > PPD,(TPC, + THC, + TTC)
VieT VseS

Where () is the feasible searching space which is a composite
of all constraints, Egs. (1)—(24), and x denotes the decision
vector

x = {Yu, Y4, X.; 0L, TTQL,, Z8,; PQ] ., SQ,, SQy;

*t§
x €{pw,wd,dc};VieI, peP,weW,
deD,ceCkek,teT,seS}

3.7.2. Objective 2: maximizing the robustness to various
scenarios

It has been mentioned that all operating variables are
scenario-dependent when the explicit scenario-based approach
is applied to model the uncertain product demands. However,
the total cost realization might be unacceptably high for certain
scenarios with especially low probabilities (Suh and Lee,
2001). It is thus significant to reduce the variability of objective
values J, for any realization of scenarios. An important issue in

enforcing the robustness to uncertainties is the choice of a
variability metric (Ahmed and Sahinidis, 1998). For the total
cost to be minimized, the decision maker usually does not care
if the objective value J; is lower than the expected mean value J.
Thus, the upper partial mean (UPM) is used as the measure of
robustness where only costs above the expectation are
penalized and are weighted by probabilities of related
scenarios, PPD;.

UPM = Z PPD;max{0,J, — J}
VseS

As the upper partial mean decreases, the robustness of total
cost will increase, thus one can define the robustness index (RI)
as below, where the nonlinear objective function is further re-
formulated to equivalent linear form with additional constraint,
Eq. (25).

max RI = —UPM = — Z PPD,UPM;

xeqQ’ Vses
where
UPM; >0, UPM;>J,—J, VseS (25)

Notably, there is an additional constraint in the new feasible
searching space, )" = 'N{Eq. (25)}.

3.7.3. Objective 3: maximizing the local incentives

When dealing with the location—allocation problem, there
are many factors worth being considered, such as traffic
facilities, labor quality, tax breaks, laws, etc. More traffic
facilities such as highways, railroads, harbors, airports, etc.,
will decrease transport risks. Higher labor quality will have
higher work efficiency. A meaningful local incentive can be
defined by first identifying all important factors which cause
great impact on the location—allocation problem, and second,
giving weight to each factor according to its importance, and
subjectively scoring the factors of each candidate location. The
weighted average of these scores can be defined as the local
incentive of each candidate location. Although the target is to
maximize the average local incentive of all chosen locations, it
will cause the nonlinear term as shown below.

ZVWEWLIWYW ZVdEDLIde
ZVWEWYW ZVdeDYd

Thus the following model will be applied to simplify the
solution procedure.

max TLI =
xeQ)

max TLI = min{LL, + U(1 — Y,,)|Vwe W}

xe

+ min{LI; + U(1 — Y,)|Vd € D}

The model raises the minimum local incentives of the
warehouses and the distribution centers as high as possible,
where U is a large positive value. For those candidate locations
of warehouses or distribution centers that are not chosen, their
local incentives will be ignored. The above nonlinear objective
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can be re-formulated as the following linear form.

max TLI

xeq”
where )" =V N {Eq. (26)}.

TLI<LIL, +U(l1-Y,)+LD VYweWw

LD < LI, + U(1 — Y,) VdeD (26)

3.7.4. Objective 4: minimizing the total transport time
Decreasing the transport time cannot only reduce the
inventory levels, but can also increase the customer service
levels. So, reduction of transport time is an important topic when
coping with allocation—location problems. One can set the total
transport time as the objective to be minimized, as shown below.

Z TTpWXpw + Z Z Tdede

VpeP VYweW YweW VdeD

min OTT =
xeq

+ Z Z TTycXae
VdeDVcel

In summary, the mid-term supply chain-planning model can
be constructed as a multi-objective mixed-integer linear program
(MILP). Notably, all objectives expressed below are set to a
maximum for simplifying the discussion. The feasible searching

399

space () is a composite of all constraints, Eqs. (1)-(26)

max (7 (x), . ..,Ju(x)) = (~TCO,RI, TLI, —OTT)

xeQ @7

4. Supply chain optimization with uncertain demands

The conventional approaches for solving the multi-objective
optimization problems are usually searching for efficient
(Pareto-optimal) solutions that can best attain the prioritized
objectives. Users, on the whole, have to provide a subjective
account of each objective. The fuzzy optimization approach, on
the other hand, can supply a single, yet unprejudiced final
decision as stated in the following.

By considering the uncertain property of human thinking, it is
quite intuitive to assume that the decision maker has a fuzzy goal,
Jm, to describe a maximizing objective J,,, with an acceptable
interval [ng, JL]. It would be quite satisfactory as the objective
value is greater than J! , and unacceptable as the profit is less than
ng, the minimum acceptable objective value such that the
company would like to enter to negotiation for a fair deal in the
multi-enterprise network. A strictly monotonic increasing
membership function, w7, (Jm(x))€[0,1], can be used to
characterize such a transition from maximizing a numerical

Table 1
Scenarios of forecasting product demands and probabilities of an illustrative example
FCDL[\
i c t s i c t s i c t s i c t s

1 2 3 1 2 3 1 2 3 1 2 3
1 1 1 10 18 28 2 3 1 105 145 105 3 5 1 32 72 82 4 7 1 40 80 88
1 1 2 8 18 30 2 3 2 82 143 125 3 5 2 22 73 92 4 7 2 35 82 92
1 1 3 5 19 46 2 3 3 55 143 145 3 5 3 12 72 98 4 7 3 24 82 98
1 2 1 0 0 0 2 4 1 0 0 0 3 6 1 0 0 0 4 8 1 35 49 55
1 2 2 0 0 0 2 4 2 0 0 0 3 6 2 0 0 0 4 8 2 31 50 75
1 2 3 0 0 0 2 4 3 0 0 0 3 6 3 0 0 0 4 8 3 25 49 81
1 3 1 0 0 0 2 5 1 0 0 0 3 7 1 0 0 0 5 1 1 0 0
1 3 2 0 0 0 2 5 2 0 0 0 3 7 2 0 0 0 5 1 2 0 0 0
1 3 3 0 0 0 2 5 3 0 0 0 3 7 3 0 0 0 5 1 3 0 0 0
1 4 1 9 13 15 2 6 1 0 0 0 3 8 1 0 0 0 5 2 1 51 70 76
1 4 2 5 15 17 2 6 2 0 0 0 3 8 2 0 0 0 5 2 2 41 71 86
1 4 3 4 17 20 2 6 3 0 0 0 3 8 3 0 0 0 5 2 3 23 72 96
1 5 1 0 0 0 2 7 1 9 14 17 4 1 1 226 276 283 5 3 1 0 0 0
1 5 2 0 0 0 2 7 2 8 14 27 4 1 2 180 277 293 5 3 2 0 0 0
1 5 3 0 0 0 2 7 3 8 16 37 4 1 3 150 277 316 5 3 3 0 0 0
1 6 1 45 50 60 2 8 1 0 0 0 4 2 1 103 173 203 5 4 1 0 0 0
1 6 2 40 51 70 2 8 2 0 0 0 4 2 2 80 174 223 5 4 2 0 0 0
1 6 3 32 52 80 2 8 3 0 0 0 4 2 3 50 174 233 5 4 3 0 0 0
1 7 1 0 0 0 3 1 1 0 0 0 4 3 1 80 236 266 5 5 1 0 0 0
1 7 2 0 0 0 3 1 2 0 0 0 4 3 2 54 231 282 5 5 2 0 0 0
1 7 3 0 0 0 3 1 3 0 0 0 4 3 3 38 231 298 5 5 3 0 0 0
1 8 1 0 0 0 3 2 1 55 105 155 4 4 1 0 0 0 5 6 1 0 0 0
1 8 2 0 0 0 3 2 2 40 101 125 4 4 2 0 0 0 5 6 2 0 0 0
1 8 3 0 0 0 3 2 3 20 100 215 4 4 3 0 0 0 5 6 3 0 0 0
2 1 1 0 0 0 3 3 1 0 0 50 4 5 1 0 0 0 5 7 1 0 0 0
2 1 2 0 0 0 3 3 2 0 0 71 4 5 2 0 0 0 5 7 2 0 0 0
2 1 3 0 0 0 3 3 3 0 0 83 4 5 3 0 0 0 5 7 3 0 0 0
2 2 1 199 399 499 3 4 1 126 141 150 4 6 1 0 0 0 5 8 1 0 0 0
2 2 2 150 398 519 3 4 2 100 142 161 4 6 2 0 0 0 5 8 2 0 0 0
2 2 3 120 397 549 3 4 3 76 144 182 4 6 3 0 0 0 5 8 3 0 0 0
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objective value Jy, (x) to degree-of-satisfaction for 7., (Zadeh,
1965). Itis noted that the design performance of the fuzzy method
completely depends on the membership function. Different
membership functions will have different outcomes. For prac-
tical consideration, a reasonable unprejudiced procedure is
expected for providing reasonable limiting values for the objec-
tive. Without loss of generality, the authors first adopt the linear
membership function since it has been proven in providing
qualified solutions for many applications (Liu and Sahinidis,
1997).

I; for Jp(x)>JL
Im(x) = I
I, (x) = % for J&S]m(x)gflln VYme M
0; for J° > Jn(x)
(28)

Here, x denotes the argument vector. The effective range of
the membership function [J%,Jl], can be determined dis-
passionately as follows. For those objectives, J,,, m € M, one
can use the most optimistic expectation as the upper limit,

JI = Jn(x:), where x* is the optimal solution of the single
objective maximizing problem, max, ¢ o Jm(x), and choose the
most pessimistic expectation, J&, as the lower limiting value
(Zimmermann, 1978; Sakawa, 1993), where

SO =min{J,(x}),ie M}, VYmeM (29)

One can, thus, impersonally determine the effective range of
membership functions with the restriction of J° < JO <
JL < H The original multi-objective optimization problem
is now equivalent to looking for a suitable decision vector that
can provide the maximal degree-of-satisfaction for the
aggregated fuzzy objectives, J;(x)N ... NJTm(x). When
simultaneously considering all fuzzy objectives, the final fuzzy
decision, FD(x), can be interpreted as the fuzzy intersection
between all fuzzy objectives.

FDx)=T1(x)N ... N Tux) (30)

The final overall satisfactory level, wrp(x), can be
determined by aggregating the degree-of-satisfaction for all

Table 2

Fixed transport costs of an illustrative example

FTCY,,FTCE,

k P w d $ k P w d $ k p w d $ k P w d $

1 1 1 100 1 1 2 700 1 2 4 550 1 3 6 1250
2 1 1 200 2 1 2 1400 2 2 4 1100 2 3 6 2500
3 1 1 300 3 1 2 2100 3 2 4 1650 3 3 6 3750
4 1 1 400 4 1 2 2800 4 2 4 2200 4 3 6 5000
1 1 2 700 1 1 3 700 1 2 5 1300 1 3 7 800
2 1 2 1400 2 1 3 1400 2 2 5 2600 2 3 7 1600
3 1 2 2100 3 1 3 2100 3 2 5 3900 3 3 7 2400
4 1 2 2800 4 1 3 2800 4 2 5 5200 4 3 7 3200
1 1 3 700 1 1 4 200 1 2 6 800 1 4 1 250
2 1 3 1400 2 1 4 400 2 2 6 1600 2 4 1 500
3 1 3 2100 3 1 4 600 3 2 6 2400 3 4 1 750
4 1 3 2800 4 1 4 800 4 2 6 3200 4 4 1 1000
1 1 4 300 1 1 5 600 1 2 7 800 1 4 2 600
2 1 4 600 2 1 5 1200 2 2 7 1600 2 4 2 1200
3 1 4 900 3 1 5 1800 3 2 7 2400 3 4 2 1800
4 1 4 1200 4 1 5 2400 4 2 7 3200 4 4 2 2400
1 2 1 800 1 1 6 300 1 3 1 900 1 4 3 500
2 2 1 1600 2 1 6 600 2 3 1 1800 2 4 3 1000
3 2 1 2400 3 1 6 900 3 3 1 2700 3 4 3 1500
4 2 1 3200 4 1 6 1200 4 3 1 3600 4 4 3 2000
1 2 2 100 1 1 7 150 1 3 2 950 1 4 4 100
2 2 2 200 2 1 7 300 2 3 2 1900 2 4 4 200
3 2 2 300 3 1 7 450 3 3 2 2850 3 4 4 300
4 2 2 400 4 1 7 600 4 3 2 3800 4 4 4 400
1 2 3 900 1 2 1 700 1 3 3 100 1 4 5 800
2 2 3 1800 2 2 1 1400 2 3 3 200 2 4 5 1600
3 2 3 2700 3 2 1 2100 3 3 3 300 3 4 5 2400
4 2 3 3600 4 2 1 2800 4 3 3 400 4 4 5 3200
1 2 4 600 1 2 2 100 1 3 4 600 1 4 6 550
2 2 4 1200 2 2 2 200 2 3 4 1200 2 4 6 1100
3 2 4 1800 3 2 2 300 3 3 4 1800 3 4 6 1650
4 2 4 2400 4 2 2 400 4 3 4 2400 4 4 6 2200
1 1 1 100 1 2 3 750 1 3 5 1200 1 4 7 300
2 1 1 200 2 2 3 1500 2 3 5 2400 2 4 7 600
3 1 1 300 3 2 3 2250 3 3 5 3600 3 4 7 900
4 1 1 400 4 2 3 3000 4 3 5 4800 4 4 7 1200
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objectives, 1 7, (x), via specific -norm, T.

g7, (%)) (3D

The best solution x* with the maximal firing level, pzp(x*),
should be selected.

rrp(x) = T(pg, (%), - -

rp(x") = max 1 pp(x) (32)
xe)

Several t-norms can be chosen for T, wherein the three most
popular selections are shown below (Klir and Yuan, 1995).

T(g, (x), .- 1z, (%) (33)
min(u 7, (x),..., 1y, (x)) T = minimum
= :‘fjl () X o X gy, (%) T = product 34)

g () + oy, (1)

T = "average”
M

Therein the minimum #-norm concerns the worst scenario
only, but it may result in a non-compensatory solution (Li and
Lee, 1993). On the other hand, both the product -norm and the
average operator can provide a compensatory result; however,
they may cause an unbalanced solution between all fuzzy terms
due to their inherent character. In order to avoid numerical
difficulties caused by a highly nonlinear property of product z-
norm, Chen and Lee (2004a,b) adopt the average operator,

13

although it is not a fnorm. The successful application
experience of combining the advantages of minimum and
average operators for calculating the satisfactory level of fuzzy
decisions in a short-term supply chain problem (Chen and Lee,
2004a,b) is thus applied to solving multi-objective mid-term
planning problems.

Step 1. Determining the membership function for each fuzzy
objective based on the expected upper/lower bounds for
the objective value, as shown in Eq. (28), where
JO <0 < gl <Jl VmeM.

Step 2. (Phase I) Considering all fuzzy objectives and using the
minimum operator, maximizing the degree of satisfac-
tion for the worst situation.

Max ip = max min(i s, gy - -5 H7y,) = Fmin
(35)

Step 3. (Phase II) Applying the average operator, maximizing
the overall satisfactory level with guaranteed minimal
fulfillment for all fuzzy objectives.

1
max juep(x) = max o2 (g, (¥) + .+ g, (%)

xeQtM
(36)

3

Fig. 3. Radar plots using single objective (a), or minimum (b) and average operator (c) (single-phase optimization) and proposed two-phase optimization method (d).
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where

Q"= ‘Qm{/’LJm E/Lmin‘vm} (37)

It is noted that, in the proposed two-phase optimization
approach, parameters in these objective functions are not usually
independent and they cannot be completely separated. Though a
global solution is not guaranteed, the proposed strategy can
provide a definite procedure to reach a single compensatory
solution among all participants of the supply chain.

5. Numerical example

Consider a typical supply chain consisting of 2 plants, 4
candidate warehouses, 7 candidate distribution centers, 8
customer zones, and 5 products. Two plants manufacture 5
different types of products and are located in two different
locations. Each plant produces several products using a number
of shared production resources. There are 4 candidate locations
of warehouses and 7 candidate locations of distribution centers.
Each candidate warehouse and distribution center has its own
establishing cost, capacity, and local incentive. The whole
planning horizon is 3 periods. The product demand scenarios
are shown in Table 1 and the assigned probabilities are
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PPD,_, =0.4, PPD,_, =0.3 and PPD,_; =0.3, for the case
study. Also, in order to simplify the problem, the fluctuating
rate for cost parameters is neglected. Other indices and sets are
[K] =4 and |[N]=6.

Values of all fixed transport cost parameters are listed in
Tables 2 and 3, unit transportation cost and transportation time
are shown in Table 4, resource coefficients are listed in Table 5,
and other parameters in Table 6.

The problem includes 11,478 equations, 7,622 continuous
variables, and 3,415 binary variables. To solve this mixed-
integer linear programming problem for the supply chain
model, the Generalized Algebraic Modeling System (GAMS,
Brooke et al., 2003), a well-known high-level modeling
system for mathematical programming problems, is used
as the solution environment. The MILP solver used is
CPLEX 7.5.

One can first apply the single objective programming method
to minimize the total cost, the most common method in the
traditional supply chain planning. Then, the result is projected,
caused by single objective programming, to the membership
functions, such as shown in Fig. 3 and Table 8. Obviously, the
satisfaction levels are extremely unbalanced, since the objective
function is only taking the total cost into consideration. So,
one should consider all objectives simultaneously, and use

Table 3

Fixed transport costs of an illustrative example

FTCK,

k d ¢ $ k d ¢ § k d ¢ $ k d ¢ $ k d ¢ $ k d ¢ $ k d ¢ $

I 1 1 100 1 2 1 700 1 3 1 700 1 4 1 300 1 5 1 600 1 6 1 300 107 1 200
2 1 1 200 2 2 1 1400 2 3 1 1400 2 4 1 600 2 5 1 1200 2 6 1 600 2 7 1 400
31 1 300 3 2 1 2100 3 3 1 2100 3 4 1 900 3 5 1 1800 3 6 1 900 3 7 1 600
4 1 1 400 4 2 1 2800 4 3 1 2800 4 4 1 1200 4 5 1 2400 4 6 1 1200 4 7 1 800
1 1 2 700 1 2 2 00 1 3 2 800 1 4 2 600 I S5 2 1300 1 6 2 1000 1 7 2 900
2 1 2 1400 2 2 2 200 2 3 2 1600 2 4 2 1200 2 5 2 2600 2 6 2 2000 2 7 2 1800
3 1 2 2100 3 2 2 300 3 3 2 2400 3 4 2 1800 3 5 2 390 3 6 2 3000 3 7 2 2700
4 1 2 2800 4 2 2 400 4 3 2 3200 4 4 2 2400 4 5 2 5200 4 6 2 4000 4 7 2 3600
1 1 3 500 12 3 700 1 3 3 200 1 4 3 600 1 5 3 1000 1 6 3 900 1 7 3 700
2 1 3 1000 2 2 3 1400 2 3 3 400 2 4 3 1200 2 S5 3 2000 2 6 3 1800 2 7 3 1400
3 1 3 1500 3 2 3 2100 3 3 3 600 3 4 3 1800 3 S5 3 300 3 6 3 2700 3 7 3 2100
4 1 3 200 4 2 3 2800 4 3 3 800 4 4 3 2400 4 5 3 4000 4 6 3 3600 4 7 3 2800
1 1 4 100 1 2 4 700 1 3 4 500 1 4 4 200 1 5 4 700 1 6 4 400 1 7 4 300
2 1 4 200 2 2 4 1400 2 3 4 1000 2 4 4 400 2 5 4 1400 2 6 4 800 2 7 4 600
31 4 300 3 2 4 2100 3 3 4 1500 3 4 4 600 3 5 4 2100 3 6 4 1200 3 7 4 900
4 1 4 400 4 2 4 2800 4 3 4 2000 4 4 4 800 4 S5 4 2800 4 6 4 1600 4 7 4 1200
1 1 5 700 1 2 5 1200 1 3 5 1000 1 4 5 800 1 5 5 100 1 6 5 00 17 5 600
2 1 5 1400 2 2 5 2400 2 3 5 2000 2 4 5 1600 2 5 5 200 2 6 5 200 2 7 5 1200
3 1 5 2100 3 2 5 3600 3 3 5 3000 3 4 5 2400 3 5 5 300 3 6 5 300 3 7 5 1800
4 1 5 2800 4 2 5 480 4 3 5 4000 4 4 5 3200 4 S5 5 400 4 6 5 400 4 7 5 2400
1 1 6 300 1 2 6 800 I 3 6 1000 1 4 6 600 1 5 6 700 1 6 6 1000 1 7 6 500
2 1 6 600 2 2 6 1600 2 3 6 2000 2 4 6 1200 2 5 6 1400 2 6 6 200 2 7 6 1000
3 1 6 900 3 2 6 2400 3 3 6 3000 3 4 6 1800 3 5 6 2100 3 6 6 300 3 7 6 1500
4 1 6 1200 4 2 6 3200 4 3 6 4000 4 4 6 2400 4 S5 6 2800 4 6 6 400 4 7 6 2000
1 1 7 200 1 2 7 80 1 3 7 600 1 4 7 300 15 7 500 1 6 7 500 17 7 100
2 1 7 400 2 2 7 1600 2 3 7 1200 2 4 7 600 2 5 7 1000 2 6 7 1000 2 7 7 200
31 7 600 3 2 7 2400 3 3 7 1800 3 4 7 900 3 5 7 1500 3 6 7 1500 3 7 7 300
4 1 7 800 4 2 7 3200 4 3 7 2400 4 4 7 1200 4 5 7 2000 4 6 7 2000 4 7 7 400
! 1 8 1100 1 2 8 1100 1 3 8 400 1 4 8 1000 1 S5 8 1200 1 6 8 1600 1 7 8 1200
2 1 8 2200 2 2 8 2200 2 3 8 800 2 4 8 2000 2 5 8 2400 2 6 8 3200 2 7 & 2400
3 1 8 3300 3 2 8 3300 3 3 8 1200 3 4 8 3000 3 5 8 3600 3 6 8 4800 3 7 8 3600
4 1 8 4400 4 2 8 4400 4 3 8 1600 4 4 8 4000 4 S5 8 4800 4 6 8 6400 4 7 8 4800
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Table 4
Unit transportation costs and transportation times of an illustrative example

UTCY,, UTCE,,, UTC% () and TT,,, TTyq, TTec(h)

pw?

p w d $ h w d c $ h d c $ h d c $ h
1 1 5 40 3 1 45 30 2 1 32.5 50 5 1 30 40
1 2 35 70 3 2 47.5 20 2 2 42.5 60 5 2 65 80
1 3 35 30 3 3 5 60 2 3 30 70 5 3 50 70
1 4 15 40 3 4 30 30 2 4 35 80 5 4 35 60
2 1 40 10 3 5 60 10 2 5 60 40 5 5 42.5 10
2 2 5 60 3 6 62.5 30 2 6 40 50 5 6 35 30
2 3 45 20 3 7 40 30 2 7 40 50 5 7 25 40
2 4 30 30 4 1 12.5 40 2 8 55 10 5 8 60 20
1 1 5 20 4 2 30 50 3 1 35 20 6 1 35 30
1 2 35 10 4 3 25 50 3 2 40 40 6 2 50 30
1 3 35 30 4 4 5 70 3 3 30 60 6 3 45 70
1 4 10 20 4 5 40 20 3 4 25 40 6 4 20 30
1 5 30 40 4 6 275 10 3 5 50 60 6 5 30 10
1 6 15 50 4 7 15 30 3 6 50 60 6 6 30 60
1 7 7.5 80 1 1 50 40 3 7 30 20 6 7 25 20
2 1 35 40 1 2 35 30 3 8 52.5 60 6 8 52.5 20
2 2 5 70 1 3 25 10 4 1 375 30 7 1 35 20
2 3 37.5 40 1 4 37.5 30 4 2 30 20 7 2 45 50
2 4 275 50 1 5 35 70 4 3 30 10 7 3 35 20
2 5 65 30 1 6 30 50 4 4 37.5 50 7 4 25 30
2 6 40 80 1 7 25 70 4 5 40 70 7 5 30 70
2 7 40 20 1 8 50 20 4 6 30 40 7 6 25 10
4 7 25 50 7 7 40 60
4 8 50 60 7 8 60 40
multi-objective programming methods to elevate satisfaction J® and J! for each objective if meaningful lower/
level of individual objectives. upper bounds can be expected. One can, thus, directly
According to the problem description, mathematical use [ng,JrL] as the effective range for defining fuzzy
formulation, and parameter design mentioned previously, objectives such as local incentives. Using J! as the
one can solve the multi-objective mixed-integer linear program upper bound is suggested, and the second lower value
by using the fuzzy procedure discussed in Section 4. as the lower bound such as the total cost and transport
time. Apply the second largest value as the upper bound
Step 1. Select suitable ranges for defining membership func- and the second lower value as the lower bound for
tions. Relevant lower/upper limits, Jg and JIL, and robustness measurement.
selected effective ranges, [J°,J!], for membership Step 2. (Phase I) To maximize the degree of satisfaction for the
functions are shown in Table 7. As mentioned worst objective by using the minimum operator. The
previously, one can subjectively select values for result is pmin = 0.55.
Table 5
Resource coefficients of an illustrative example
Resource coefficient pf,,,
i P n i )4 n i P n i P n i P n
1 1 1 0.0 2 1 1 0.4 3 1 1 0.3 4 1 1 0.2 5 1 1 0.3
1 1 2 0.0 2 1 2 0.4 3 1 2 0.4 4 1 2 0.5 5 1 2 0.2
1 1 3 0.2 2 1 3 0.0 3 1 3 04 4 1 3 0.1 5 1 3 0.0
1 1 4 0.3 2 1 4 0.0 3 1 4 0.0 4 1 4 0.1 5 1 4 0.4
1 1 5 0.4 2 1 5 0.2 3 1 5 0.0 4 1 5 0.0 5 1 5 0.3
1 1 6 0.5 2 1 6 0.3 3 1 6 0.2 4 1 6 0.0 5 1 6 0.0
1 2 1 0.6 2 2 1 0.4 3 2 1 0.3 4 2 1 0.2 5 2 1 0.0
1 2 2 0.0 2 2 2 0.1 3 2 2 0.1 4 2 2 0.7 5 2 2 0.2
1 2 3 0.0 2 2 3 0.7 3 2 3 0.1 4 2 3 0.0 5 2 3 0.1
1 2 4 0.2 2 2 4 0.0 3 2 4 0.3 4 2 4 0.0 5 2 4 0.3
1 2 5 0.1 2 2 5 0.0 3 2 5 0.0 4 2 5 0.0 5 2 5 0.1
1 2 6 0.4 2 2 6 0.2 3 2 6 0.0 4 2 6 0.2 5 2 6 0.4




404 C.-L. Chen et al./Journal of the Chinese Institute of Chemical Engineers 38 (2007) 393—407

Table 6

Other parameters of an illustrative example

Unit handling cost, UHC! Max prod. PQ?;‘;" Unit estab. cost, UECx Loc. Inc. LI«

I w d $ i w d $ i p w d $ w d

1 1 15 2 1 3 1 1 150 1 190000 1 1 30
1 2 15 2 2 3 2 1 600 2 80000 2 60
1 3 2 2 3 15 3 1 400 3 100000 3 70

1 4 2 2 4 15 4 1 1000 4 120000 4 40
2 1 15 2 5 8 5 1 100 1 80000 1 70
2 2 15 2 6 8 1 2 200 2 70000 2 30
2 3 2 2 7 8 2 2 700 3 80000 3 90
2 4 2 3 1 3 3 2 400 4 110000 4 50
3 1 15 3 2 3 4 2 700 5 110000 5 80
3 2 15 3 3 15 5 2 150 6 70000 6 40
3 3 2 3 4 15 7 110000 7 60
3 4 2 3 5 8 Max cap. SQ™* Unit prod. cost, UPC"p Resource Rpns

4 1 15 3 6 8 w d

4 2 15 3 7 8 1 2700 i p S » n

4 3 2 4 1 3 2 1500 1 1 140 1 1 600
4 4 2 4 2 3 3 1800 2 1 140 11 2 800
5 1 15 4 3 15 4 2000 3 1 100 11 3 300
5 2 15 4 4 15 1 1200 4 1 60 11 4 150
5 3 5 4 5 8 2 1000 5 1 40 11 5 200
5 4 2 4 6 8 3 1000 1 2 130 11 6 340
1 1 3 4 7 8 4 1500 2 2 130 22 1 310
1 2 3 5 1 3 5 1400 3 2 100 22 2 300
1 3 15 5 2 3 6 1000 4 2 60 22 3 200
1 4 15 5 3 15 7 1400 5 2 40 22 4 150
1 5 8 5 4 15 k TCL’; max 22 5 350
1 6 8 5 5 8 1 500 2000 22 6 200
1 7 8 5 6 8 2 1000 QT;“ 01;,

sQmin SQuin 3 1500 1 1

1 1 4 2000 Note : * € { pw, wd, dc} By

Step 3. (Phase II) Re-optimize the problem with new con-
straints of guaranteed minimum satisfaction for all
fuzzy objectives. The results will be shown and
discussed in the following.

The radar plots for the total cost, robustness measure, local
incentives, and transport time are shown in Fig. 3, where the
numerical value of each objective indicates its satisfaction
level, and the resulting objective and membership function
values are listed in Table 8.

As shown in Fig. 3(a) and Table 8, when one make a decision
by considering a single objective such as minimizing the total
cost (J1), the satisfaction levels for other conflict objectives
would be quite low (0.39, 0.43, 0.39) though the satisfaction
level concerning total cost can be as high as 1. From the results
obtained by directly selecting “minimum” as the #-norm (see

Fig. 3(b)), one can get a more balanced level of satisfaction
among all objectives where the degrees of satisfaction are all
around 0.55. It means that the overall satisfaction levels are not
concerning, though one can maximize the minimum satisfac-
tion level of the worst objective. By using ‘““‘average operator”’
to guarantee a unique solution, however, the results are
unbalanced with a lower degree of satisfaction for local
incentives (0.43, as shown in Fig. 3(c). On the other hand, the
high robustness measure is given very high emphasis.
Obviously this is not desirable for obtaining a compromise
solution. Overcoming the drawbacks of the single-phase
method, the proposed two-phase method can incorporate
advantages of these two f-norms. The minimum operator is
used in phase I to find the maximal satisfaction for the worst
situation (0.55), and the average operator is applied in phase II
to maximize the overall satisfaction with guaranteed minimal

Table 7

Parameters for defining membership functions for objectives

m Im g 7 JL T

1 -TCO —1,913, 513 —1,584, 529 —1,219,554 —1,219,554
2 RI —189, 103 —163, 203 —124, 319 0

3 TLI 60 60 130 130

4 -OTT —1270 —800 —290 —290
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Table 8
Resulting objective and membership function values
Operator TCO RI TLI OTT
Single objective (J;) Im 1, 219, 554 —151, 557 90 610

M 7m 1.00 0.39 0.43 0.37
Minimum I 1, 330, 728 —144, 736 100 510

H7m 0.55 0.55 0.57 0.57
Average I 1, 315, 214 —133, 465 90 450

M Tm 0.74 0.80 0.43 0.69
Two-phase Jin 1,323,772 —143,685 100 460

M 7m 0.71 0.57 0.57 0.67

fulfillment for all fuzzy objectives. The average satisfaction
level is increased from 0.56 (by applying the minimum
operator) to 0.63, as shown in Fig. 3(d).

The optimal network structures are shown in Figs. 4 and 5,
where triangle means plant, square means warehouse, hexagon
means distribution center, and circle means customer zone. The

(a)

Fig. 4. Optimal network structure using single objective (a) and minimum
operator (b).

values in the network structures are the total transport quantities
through the whole planning horizon. Fig. 4(a) is the result of
considering total cost, where other objectives are not taken into
account. The transport time is quite large in this case, as shown

(a)

Fig. 5. Optimal network structure using average operator (a) and two-phase
optimization method (b).
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in Table 8. The result of “average operator”, Fig. 5(a), also
does not care about the worst objective, where the local
incentive is quite low. The results of ‘“minimum operator’ and
the two-phase method are quite similar, where customer zone 6
is serviced by distribution center 3 and 7, respectively. The
supply chain network designed by the two-phase method can
provide superior overall performance.

6. Conclusion

This paper investigates the simultaneous optimization of
multiple conflict objectives problem in a typical supply chain
network with market demand uncertainties. The demand
uncertainty is modeled as discrete scenarios with given
probabilities for different expected outcomes. In addition to
the total cost, the project considers the influence of local
incentives and transport time to location decision. The problem
is formulated as a mixed-integer linear programming (MILP)
model to achieve minimum total cost, maximum robustness to
demand uncertainties, maximum local incentives, and mini-
mum total transport time. To find the degree of satisfaction of
the multiple objectives, the linear increasing membership
function is used; the final decision is acquired by fuzzy
aggregation of the fuzzy goals, and the best compromised
solution can be derived by maximizing the overall degree of
satisfaction for the decision. The implementation of the
proposed fuzzy decision-making method, as one can see in the
case study, demonstrates that the method can provide a
compensatory solution for the multiple conflict objectives
problem in a supply chain network with demand uncertainties.
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