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FRE 2K
TEMEE

TRE BRI

BRE TR R el R b i A R . DGR A R, T2 A (process
planning, PP) FEHG 7 Wt AISERRAE T, A LA NROCEIER .. PPJE TR E I 2 WUt
[EJPRXE (NP-hard) 18, A ) ] OB AL # R AR 2 M 2K, DR LA A6 3 o SR A IR R ke 15 38
W BURPRS R A . AT 2R 2% B R A S5 R, AR T — D3 IR G B R (mixed-
integer linear programming, MILP) Z2#88Y, FEIELE =Rt /e ¢ RFEFEHE T W2 B b e it s
KR ZER R W B RUR RS, WCPLEX. Gurobi®, SRAYFIFIRG I H
R AR o A ALE 7R S 2 A1 2 2 B 4R L gllat, GERA 7 HO@E A VAN 24k . SREe s A
JIHb VLB T TR AR Y R AT RO R D 2RI R R, IR IRAR B 2 i e S 1 B S T
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).

B RE i 18 A R AE G HOR R e )G R 4 [1-3].
(process planning, PP) J& T Z & (8
HEFI A, 758 Re & R 40 b 4 v 4G B2 0 A A4,5] .
PPREME A R 4k A 7= A ], $Em = an i, JfiE—
A BEAR G5 YR AN REJR I VE #B[6] AL, PPAE LML 5
W RS TR Z . SR, IO PP o) @ P 5547
EHRERFME, SBUELPRAE 5 PRS2 R
(1) LRI (7]
fifR DAL S () PP I JIE 8 75 = AN IR Lk EE,
FIRBCA TP HEF[5]. @2 — 20 1 T 2R # Rk
EANFIN TRE T R B LS A LF, HHEAE T2
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PR B, ARE, LS. TJRSETE, ok
e & P B L8R e, TERBUHEICI 2%, 4
WO (A A% B oRBE i L HEy — o i e thar, B
HE 7 I R 06 2B A 12 T AT T2 M 25 B R AR e 5% R 2R
[81. Mlan, ¥HBE L7 AR BE L7 222 AR 5 L7
KBS TP 2 AiHAT, Bl T BHERS T L5 [9].

PP ] @ © 28 9% UE BH A2 A o 1t 22 T 2 [a) 1A A
(nondeterministic polynomial-time-hard, NP-hard) [n] /&
[6,10], Xt @R VAR GEAE GE O BE T Bk, ik
EA BT EARME S PP M) R SR . Rk, 2 #t
FoE B 5N T R EE R SR AEPP [0 L [11]. 47T
FER G TR AT AL L (genetic algorithm, GA)D
[7,12]. ZES 8 ZE AL (tabu search, TS) [13]. KL FHEAL
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53 (particle swarm optimization, PSO) [8]+ #HFL
k553 Cant colony optimization, ACO) [14] Fl1 2 B fic &
A 532 (honey-bees mating optimization, HBMO) [10].
X SL R RR S AR I TA] P SRAS T AR A, B = R
KA SR AN T2 fde 1) e A o

EMAT T ST, R A PP ) f i e A0 i 22
LI AR FN[8,15]0 FHorf — A H () 5L DA 2 2 1 A 9T B
2 RV B AT B R Re BE R e, T AN A2 BT
o) R B A A, I H R IR G AR (mixed-
integer linear programming, MILP) #7%I[14]. %L
MILP A G208 38 1 # 7 FU R SR fig #8 >R fi#, WCPLEX.
Gurobi%, JFAE—JE SFA T E IR Ll . H2,
LY P SR i R4 2 5 o) A0 YRR ASE A DG, o 1) AR A )
B R, AR SR R IR PR G, BB AN
K TSI (8] Y JCVE SRS AT AT iR [16]. X /2 27T PP
FIREFC L RO ERR A B SR B R R thAh, H4ATPP Y
MILP#FFEIBAL T — R “ 27 RES, R ATH AL AR 2
B F T 2R LN [8,14,17] 0 IXAh 2R [ A5 AL I i
8 RN S L S AN o (5 3T S R (EPES e
el 2 o T 2IM 28 B ) J aa (5 5, B 2 el i 1)
) e 2 T) 85 1) T 3 B AR A 1 25 2 B 20 I ) 1R
FER33WRI ). IR, WA —LLE BTy VR 8 Lk
ARG R A, AR TR AR IR AL B R R [18],
T 24 AR 1 20 2 RO B2 28 I, X Rl il e A 2 45
(EPSE S8 $1iE/ din

R T HANYRIHE S TR, ARG 7 —1 4%
B EE T PP I 25 P A S5 A I MIL P& A AR, ARSI
FEETTRRU T

(D 5IAEE IR, AR SO 1) 5 T
£8P OR 11 s (I MILP AR AN 75 AT An] T 2R AE 4% e s iy
Fr A BERAE

() TP R RAER AT T VE4HI 8,
FEREH T =M e ok RRAUR ek T L L R
A

(3) 1@k E HACE R R St (general algebraic mode-
ling system, GAMS) i H CPLEX 3K fift 25 %] Bl i A5 284 ik
ATRAR, FCTAF 3] 1 B SCHR A RHES 3 T I80a] e i) A
fi#[8,15,16] .

ARSI JE SRR HENR S5 27 A ARG I AL s
B3 H T AR A T A SO TR A G AT B4
ARSI ER 4y, GRS AR A A s B S
AT T SR AR TR R .
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2. BXEBICS5HFNA

KT PP I [ 78 2 ZE 0T LA A BV AE SR
WP SR R A 7T . XuZE[6] A1 Leo Kumar [4] EPP
A A TR AT SRR TAE. BREEE, WIGA.
FEAUE K (simulated annealing, SA) #yk. TSHE LA
PSO VA DA TEAR PP M R FREILH T 2 e, IF
H &) iz Ho 8 FH 2 im] B SRR . ST SRR 8%
R EARIPP M8, LiZ[19]42H T — M GARSALL
IR A B, i 3 T Hamming 2 25 1) i 48 22 ik 3¢
HWE, ZIR A VAN R R e 143 B T A N
Hua%§[2012: T GA$E T —Fh & B V5 R R PP ] /@
IR BURAR AR . LiZE[15]92 T —Fh oA R 2 5 g
(genetic programming, GP) 5%, K#/E T ZM LK
(ORS¢ Mo 5 8 JJ EL RT3k 45 Tl i 25 i 3k R R 1) ik
FE, ShinZE21]148H 7 —F L AR b BRI =1 H
b, GFEVLER AP T B s MU AT 7] U
/IME. Wang 2522188 tH T — P AL 5 P 2 R I 4 2R SR e
IPSO SV RAEPP 0] 8, HHUS T ANEE R . JEK,
Li%ZE (81t 1 etk I PSOS ok sR fift % fe T1F 444z
B IAJ PP R . Liu5[14] 6 ACO HiE S [n) /i 24
BERVIRASHBELS G, FF R L T SRR P AR Z A1)
PP ] .

AR R RV AR VR PP ) 8 TH AR T — R,
HH T Ioa RAGFIEA R RIE MR, FibAifERZ
BOIA PP, fiff (1) 07 5 ik mT LLE i B 2 A Y gk —
SR EmEEMAA B M. A, BRI AR — Fl )
B FRIB T, ReRE T Bt 7t 3 gk — D Hh PR AR AN PR 2R 1)
B[23]. Ak, HEATPP )RR R A OCHIE I B IR I
Floudas F1Lin [24]3% T[] R 715, S se 1 L
PP VR & EH ML (mixed-integer programming, MIP)
AL, FEERH T URA R A T RS AL Y 1 A
M. HIRTPPSRE N EAMNEM:, LisE[25]14. T PP
5 AR R B . XiaZk[26]3E T T2 e R B
PRAE W T AT E PP ] A BCE AL AL FIRE R T T
FRER 73, JinAlZhang [16]8 57 T # el 2 A #4154
PR PP i) R H AR

Y5 H B AATRT A, BUA PP ) 75 7 AR R 0 i
T L ERHE L [8,14,17). BRI R E IR J5 1 A% Hil
BRRER R T T, AR AS AT IR G N —
LEASRAMIEN TP BRI R RAM[16]. S AHE, &
SCHTHE )2 T X 2% [ 1) 2 o B 2 TR AE Y R R 1A TR
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BRFEARNLEER, MASTEMBIMEE . ACHEH
T AEEZRET TZME KRS EIMILP AR, 1%
BT e % 138 BT A7 S8 B I PP il 2 e, 170 AN AR o s
AT A . LR AR P e B, Th 3G 7 — 4834
EZE (& EE IO TR o4 VN

3. TZHAX MILP #F& 5

3.1, Ia] @R

PP a8 P & IR MR AN T2 ML iest
PEFN TP P50 2P, o R oR 77 1A Petri I 4% [27]
T Z2HRHIEZ 28] AND/OR A1/ 4% €46 [29,30]. K1
JE A 1) ) s S e D % R R R IR R B, X4 I S
AT R AT A1 AU 2R L, RN T

o no%

®/\ Operation @

—~— 3,8 {3,7,13}
[8. 13] [44, 48, 49]

Processing time @

orhio
)
{5, 6,13} {5, 15}
(5.6, 8} [17, 14, 10]
116, 12, 13] @
@ {1, 5,10} @
()

[13, 16, 18]
{3, 11, 15}

[28, 27, 30]

Alternative
machine

[16, 13]

2}
[21]

{5, 8} {10, 13}
[46, 47] [48, 50]

Mod e

B1. TZM%ERfHl. ORI. OR2. JOINI. JOIN2/; 5% /~150R
. 25 ORM AL 15 JOINTY S AI25 JOIN Y i

FRUERIEE A Ron TP R IR0 s DUAE & S Sk RoR
TEARMORY S ATOINTT Ai[15]. HIa ¥ A& T
FF 5 R I AL 5 DA KR S ) 0 L [E] = kA5
B Blhn, HE AT M 6R R I LT 6RE W TE 75 N3,
TR HIALAS B, HON R0 R ()43 5 244 48
1490 3% BN T () BRA 45 HE SR AR B a4 250
SLEEE I Ly 2 A H R e 8 RAR[21], anE
HHT 2R3 2 ) R Sk R oR TP 2 4 ZIE T 3 2 BN
Too A FELEER N L7 Z A FAE X R e 56 R 2
Wo BEAh, AT XFOR S FTOIN Y 1 3% H e

—SRWRIERE, B AR S BT 1 T G At T 4k
— AT N T % 2R [29]. LA AB, BT A ORI
FIJOINT Z A £ 32 %2 — 3, 5 SIOR2FMITOIN2 ]
BT FT7, AR — AT TR LAR: 1 — 2
—-3—>5—-6—7—9—10.

3.2. LR 2k &
FRPEAEAL -1 —JeAR w5 X, PP a8 1) g Ay
AT A A =Fh[31]:

_ {17 if operation j is processed at period t
71 0, otherwise

be processed

1, if operation j is the tth one of the sequence to
Pjt =
0, otherwise

7 { 1, if operation j is processed before operation j’
= 0, otherwise

A0, 2 51 N HE A Y A S8 Y B 22 1 IR AR AR R
2y, DAL LA (PP ] g AT 5T A A D R K, ik
T B AR Bp, R B2 T/ — 650 L B
5116,32,33], ¢ % Hh N 7E B BB AL A OC T 5L
[24,34,35]H . 1ERXTEE, AR SCHTHE FAIMILP AR 2 35
AT =PRI AR B g, ST AR

DL 2 R R 2% B s 1) AR ), Hop— 25T AT 1
TRk N: 1 52 —>3>54—>55—-6—>7—>8—09,
Rl T VAR HA BT T BRI o0 T2, it DAAR A AR &
g, E XA MR g, =1, Hj'=2,...,9. LTJF27
T38| LR ORTmin L, Hitg, =1, Hy'=3,...,9,
DLELSRAHE, FEFEQ = [q, 15T 1 AR SHCN (n—Dn/2,
Hrn LR T8, RS TZTF 7o e KE.
B3R/ T i TP 7904 O AR PRI I 72

TE— 2 LB 2 N TINF P8, ATZ R L7
Z R HIRAFAE MRSk R Kk, BILLERE—n < n



R E R — % LR A& AR e R, Bk
RIFEREQ. HREOR DB =2 TP ok R
SE4FIEMRE (completely expressing matrix, CEM),
RNERE T — %A ETA R R B WS A5
B, CEM QHIFFIEL) A n] LSS5 4N R -

(1) CEM OXf 2k F e 3 ARSET-0.

(2) FKTFXHALITFRII P G R Z AT 1,

() )
{3,8} {3,7,13}
[8,13] [44, 48, 49]
2 / 7
{5, 6, 8} @ {5, 15}
[16, 12, 13] [16, 13]
¢ {5, 6, 13} v
[17, 14, 10]
() :
3,11,15
@ { }
[28, 27, 30]
[21]
@O O
{5, 8} {10, 13}
[46, 47] [48, 50]

B2, T2 2% B s

2|13|4|5|6|7|8]|09

T - S
34567

112 4 15|67

G ]
nRapnonnn

8|9
8|9
Q=

901

Gy +q; =1,V #] 2)
(3) EEWHIILER Z M B A
A T

zj:qﬂ zj:q,w i ] (3)

(D RPN ERARFETHNIARLF
2. 3 (2) RARNHE N TR 2 i) A BEAAAE —Fh L %6
K F. CEM QBRI JT R Z ANEE T 28150 N L7 £
FEB B AR (AL By, AR o7 B A I — i HE BB H 5
(3) WL, CEM QFRREE T — 5 F 4 A 15 5%
#, AT LUARYE 7 51 (I CEM Q3K 3 Wi 12 5 51) 2 15 3 /2 )
PRI R R LR

BN s, 3 7 2 o 0 24 0 £ e 2403

1, if operation j should be processed before j* according

Sij = to the network
0, otherwise

MRYEE SC, XM HRES = [s, ] W E4FTR, Hds
FERER 17 M T Mg BT sk, RORILE R R
LI WA — 2 1% 7 410 2 T2 M2 B i AR e 2
W, MIFFFIICEM QM iZ 5 FESH W R K A&

qjj' Zsjj’v v]v jl 4>

SR STRT LA A DX i I o A R, HL T B R E I
CEM QA& ARFn. mit, X 4) BHRLGF KM
CEM Of#].

CEMH 2T “17 & EE N (n—1)n/2, (A
ANEWEE L — % LI FITFEE M- Dn24 “17. SLhr
b, BRI SR AN 17 RECAR—14. LA
FHl 52 —>3>54—-55-56—>7—>8— 9k, HFE
B CH P AHAR I G R Z M AR O &R, mh T LA e

O O O = 4 4o a4 aN
O O = A 4 A a4 a4 o
O =4 4 4o a4 a4 a4 ©
© 0 N O o h WO N =

O O O O O O o o o =
O O O O o o o o =~ N
O O O O O O O -~ =~ W
O O O O O O =~ —~ 4 A
O O O O O - 4 4 o o»
O O O O =~ =~ 4 4o a0

B 3. MLSER R o .
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{3, 8} 3,7, 13}
[8, 13] [44, 48, 49)

S12=1 Sss=1 \Si7=1
) @)
{5, 6,8} @ {5, 15}

[16, 12, 13] [16, 13]
-1 {5.6, 13} -
Sa l [17, 14, 10] ls,s !

@ @
S, =1
2 * {3, 11, 15}
[21] [28, 27, 30]
334 =1 l ‘/Sag -4

{5, 8} {10, 13}
[46, 47] [48, 50]

ol

12 3 45 6 7 89
01 00O0O0O0O0 O|1
001 0O0O0O0O0 02
0001 0O0O0O0 0Of3
00 0 O0OO0OTO OO OO0[4
S=(0 0000 1T 1 0 05
00 0O0O0OOTO0OO 0 1(6
00 0O0O0O0OO0O 1T O0f7
000 O0O0OOTOO 0O 18
0 00O0OOOO 0O 0O0)9

B4, [ 2% & e (I S 20 SROFIT 2 RIS

ZFF AL Blgns g Gaus Quss Gson Gorn Grss Gso™F 11
BIFr. WX mith R, & X —MEEET 1R E R D
FEREY = [v,], AFTE LRI R R FT. K
T BRI, FEFERTE AR AR RIAAE RS (exactly ex-
pressing matrix, EEM), & ¢ X —2% L7 T i
MR AG AR A % T <17 AR, R TP
EEM Vi 5 s .

K AEEM VAL BT A 5540 L 2 A AR 2 5k &R 4
W, FrLAEEM V[E] It RE PR AR SO0 RAE PR . ARG
FERAR R, W ABCARE 5l il K I ICEEM V4§
TR KIRIG — 2 T 2R, 58 U B 2 7 51 1 55
tt. EEM VIRFELI AR AT -

(1) EEM V& F 1 e R B 8E T - 1o

szjj,:n_l (5)
i i
(2) EEM VR A7 s i 2 A e 1o m 5 T 1.
Zyjj’glvvjl (6)
J

vy <1, &)
jr

{V12 V23 V34 V45 V56 VS7 V78 VBS} =1

112(3|4|5|6|7(8]9

-

<
I
O O O O O O O O o =
O O O O O O o o =~ N
O O O O O O =~ O W
O O O O O = O O b»
O O O O O = O O o u
O O o o -~ O O o o o
o o =~ O O o o o N
O O -~ O O O O o o
© = O 0O 0o o o o o ©
© 0o N O o »~A WO N =

00
B5. PR i AR AE B

0

(3) CEM O 5EEM V2 [al[t1 &R o
vjj’ < qjj’v v]: jl (8)

EEM V/&CEM ORI RIATE, I H 3 E#ee%
JE ok ME— LR 8. TR RES ot I sE R &R
A TERER IR, AR E % ME— I L 740,
I, FEASTHRE RS AT AR E AR 56 5% R IR 70 Rk
F% (partly expressing matrix, PEM). ASHEFFHY, — A&



AL —2 T e 41 AT LAl 2 HPEM SRIE L ek &R
Y%, CEM Q. EEM V. PEM S} EL 1B 6 i o

3.3. KT L ERERINEE T2 B RoRER T8
LA SCHR[8,16] H 5¢ T PP i) R A Y #5212
FRER @), 7 (a) FILL L 2R E R E R
A o SEBR b, B B SCER[29] H R 5 184 B4
W AR R R, mET7 (b B, E7 (a). (b)) #
R TR T 2E R
TERFIER[8,16]H, T 24FIEF,. FsMFH % ik
I L LR T LR EE, 705 Mg B i =xf
OR K JOINTT fiAHXS .o SRS A, RRAESR A [F]—
T2HRHME T TP EE S RHTORRAW, MIXFPRLH

RN
a4 A

A A a4

A A a4 o

A A a4 a4
A A a4 a4 oA
A a4 A a4 a4 o

(@)

903

FE R AR R X 28 B A B ASEAE R o BT, W R T 2R AR
FOF T I8N TP 58S OO K, IALEE R T
F¥ ¥ 3 Os i ZBAE O, 56 N L Ja SEZIFhain L. HA2,
R X7 () AR T 2ZEE, AR AL
ZITT IR T A ZE 1 o XA 22 A IR IR ] e 22 BR 46 1)
fif A S50, SECREZKBNRIM AT EE; 1M SERr 11X
NG R I, R 17 Bl R 1 I I TR AL A Y
AN W 2 PR AR 2 PSR AT I e U T e 51, Herprdy
B AR P REMEOR 2 TN THLE 5 .
MEEFRL, T T2 RS B 7 41wl 5
TFOMOs Z B ANAFAE R F R RLI K. o, T T
S B RS AS i LR 3561 12k T T 2R AE AR Y
AT AR 357, HSZ, PUONRZE] T ERTRRNLR,

()

E6. =KX A% M. (a) CEM Q; (b) EEM V; (¢) PEM S.

Feature Operations Precedence constraints
of the features
F, O, Before F,, F,
F, 0,-0, Before F,
O,~0;
F, O,
F, o, Before F, F,, F,
F O, Before F,, F,
og
Fe O, Before F,
F7 o11
Fq 0, Before F,, F,,, F,,
Fy O, Before F,, F,,
014_015
10 O, Before F,,
(0]

3

BE7. A — 5B AR B 3

(a)

(b)
o (a) LEZFMER: (b) TZMLE,
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R1  L2REREAS T2 M 2% B AL R AT 1 A i

Result Feature-based model

Network-based model

Optimal process plan
016(M5)-O0(Mg)~0,5(M,0)-0,,(M,)

Production time 357

Oy(M3)=0,(M;)=01,(M5)~0,(M5)=O5(My)~013(Mo)=Oy(M,5)=01o(M5)—  Oy(M3)=0,(M;)~O0(M)=Oy(M5)=0,5(M15)=01(M;)~O5(My)—=0,5(My)—

01((M)=0y(M5)=0,,(M,0)-0,(M,)

JE I TR A 1 1) LA ) JER 2 DX 2% P S ) i
I A . HUEAT S, BRI T2 % ] 57 ) et
(PRI B T 5T T2 E R 1 77 K
I T2 ER KR PP W) @) T2 1M 2 iE it
A — 0 TAFAE R AT IE i CF A0 P 4R & S B, T L2
I £ ] 2 735 1 PP ) gt D) e o i 3 4% 4 AE OR 1 s B 1)
BT 55 W NS S50 ) VAR R BPIE M4 1 /i £ S (]
8ffi7x, ORI R HIOINT S fFr 5 &H L~ B
A K. WERERE TORT MRS, WA T2, 3
ANAN — 5 2Pk £, BEI JC IR OR Y /238 % 50K 13k
22, LF5. 6. THISHES AT, XKy, TFp
5. 6+ THISAALHHORTY pi24% i, & HHORTT s 113K
FE2 P, TTORY f1 B SO 2 A ik . ORTY
RS PR R AT B R % T AL T IR SRR Ik R
I 36 2 Hw, SRR OR T s T35 719 s 4%
HIThEE, Z8ow,, € XWT:
1, if operationj is controlled by the Ith link of
wjr,_{ the rth OR node
0, otherwise
CLEI8 N, XN w,, ZEUE IR 2 TR
Zi b, PRRORTY SR e A g8 a0~ 2 HAY
Lyt TR A SO IR $E, T4 Sk £
0, B A — SR SO R B, LR A
IR TE . FIN0-1 I8 Bru, KA IR OR Y fi SR 1)
PR, RIS 5IN0-1 7038 B R itk T 1 £0IR
Ao A Eu, Mx e LR
"y — { 1, if the Ith link of rth OR node is selected
0, otherwise

7{ 1, if operation j is processed before operation j’
Gy = 0, otherwise

34T ARARIET BRI R A S, Flx, DL
%%ﬁwjrl%%% o

3.4. PP |n] @ (1 0 2 A A
AR SCHMILP 5 A 2 3 T8 5 e R AT 2% B OR 5 15
Hlo KEBH B LA B bR AR A& I (8] AH e [8] 8% & e AR

356
@
{3. 8}
18, 13]
Link 1 of Link 2 of
ORnode 1 | OR node 1

()

{5.6, 8} {5, 8}
[16, 12, 13] [46, 47]
Link 1 of Link 2 of
OR node 2 OR node 2
OR2
{2} {3,7,13} {5,6, 13}
[21] [44, 48, 49] [17, 14, 10]
\ 4 JOIN2
4
[13, 16, 18] 515
[16, 13]
JOIN1
E

E18. OR ¥ s i il DI REAI T 173 191 o

AR [14,18111, ASTHIEAL B F5 A e /M i A2 7= It 1],
It B2 & TAFENL SR A s i (A1 203K AR SR 5
TRy SRR R IR R

AR 1] AR R (1 H A R 2

minTT =Y "MT;+ > > Tii - yy (9
J j k

(9 BB —E 2 LA R S SIS |, 26
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Values of 7 and / e

Jj=1 Jj=2 Jj=3 Jj=4 Jj=5 Jj=0 Jj=7 Jj=8
r=1,1=1 0 1 1 1 0 0 0 0
r=1,1=2 0 0 0 0 1 1 1 1
r=2,1=1 0 0 0 0 0 1 0 0
r=2,1=2 0 0 0 0 0 1

|3 PPIEHCAHRAES . The. ZHELEEEE X

Items Definition
Sets and subscripts
I Operations, j = 1, 2, ..., n, where 7 is the total number of operations
kK Machines, k=1, 2, ..., K, where K is the total number of machines
r OR-nodes, r=1, 2, ..., R, where R is the total number of OR nodes
1 Links, /=1, 2, ..., L, where L is the total number of links of one node
Parameters
Sy The precedence constraints in the network: If operation ; is supposed to be processed before operation ;°, then s, = 1; otherwise, s, = 0
Zy 1, machine £ is optional for operation j; 0, otherwise
Wi 1, operation j is controlled by the /th link of the rth OR node; 0, otherwise
Ty The processing time of operation j on machine &
TK The transmission time from machine & to &’
M A large enough positive number
Variables
Gy 1, operation j is processed before operation j; 0, otherwise
Vi 1, operation j is processed directly before operation j'; 0, otherwise
ik 1, operation j is processed on machine k; 0, otherwise
u, 1, the /th link of the th OR node is selected; 0, otherwise
X; 1, operation j is selected to process the part; 0, otherwise
MT, The transmission time from the machine processing operation j to the next machine to process the operation
TT The total production time
RSy LA I T ) AR R (2) LPRSEZR.
(1) OR ™ K2R
q; =0, Vj (13)
xng»(lijr,)+M-ur,, VLT,I (10)
QG +q <1T+M-(2-x—x), Vj #J (14)
szl—M-Zijﬂ-(lfuﬂ),Vj (11
qjj’+qj'j21_M'(z_xj_xj’)7vj#jl (15
2:””::1’Vr (12) .
M- (2-x—x)+ Z”q,wj - Zq,,,#o, Vj # j (6
K (10> F7 2 HORS 2 B4 10 T R W .
FIRTIR AR PB4t TP (S B R, T Gy +qy; <M-x;. Y, § am
JERAS e ik . 30 (11D FRoR 1 &2 T 7 ik #5 11
AT $2 25T LR ABAEMTOR Y Sz 8, iz L (2-x—x;) M+qy >s;, Vi, j (18)

FPHIPTA SCRR ARk . 3K (12) TR TR

HBEIEFERAE I OR M sl LI A ST 10— 5%

o (13)~ (18) TR 2 L P2 a5l ik 5 4
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50 (D~ (@) AFRPZE, EXRALAREMANT L7
Mok BEETiE . X (13D xR (D, L (14D, (15
xR (2), A e xF MK (3). K (17 EIR
WER T A Rk, W4 q, Mg, 7B E 0. K
(18) D2 Hff AR Ak e v 1 T 7 1040 ) 5% JT v R A 2 o0 &R
21

(3) EEM V5 CEM Q%)% .

YDy => %1 (19)
7 7

J

dovy <1,V (20)
jr
dov <1,V QD
jr
vjj’ < qjj’v V]v jl (22)

RUAFERE VAL & AR AR TP e 8 &, TAFH
A8 P s i ) vl DURF e 8. X (19D ~ (22) #
RV B S EmME, RIEFEVQZ RIFR R .
(4) PLESEEL .
szk'yjkzxjv VJ (23)
k

X (23) RoRM L T AfIEF— G HLas AT

R4 WA HEIS I A AR [8,18)

I, HRWGE SRR TR T2 Be L asin 1.
(5) ¥Isf [ Z) K.

MT; < Ty + M- (1—vy) + M- 2~y — ), Vi, J kK
Q4

MTJ 2 TI(kk’ - M N (1 - Ujj’) - M N (2 _yjk —yjlk/), V_], j’,k7 k/
(25

2 (24) 1 (25) KA T LFEj N a7 a2 AL 3
T MHLE LI ) ]

4. LW S5itie

B 5 2H 2 4 O AR 2H R B SR G SR G IEMIL P
Y, P AS2h S B 5 SRR TE 1 oAt 77 R BT A9 1 4
BExt. 2P AECE 3.7 GHZA16 GB BEHLAEHUAE fik
Z (RAMD AN NIHEAL, BEAE T GAMS 9 i3 I
FHCPLEX#HTR . 5IANGapfl (%) KM AR Tk
FRII R, 2RSSR AR W 2%, € XN(BF —
BP)/BP, HH1BF N HFME R YAT B 4F#E, BPRYXAHT T
Fto GapfHEEi/N, RomUHTfRREITHIS N, IS
BRIF . SRR (A5 E 3600 s, W ERAEIZIN [A] N A &R
Pl THE SRRk, IF AT AR 2 B

Machine Machine

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 0 5 7 9 10 11 7 6 14 13 12 10 5 6 9
2 5 0 3 4 5 7 2 7 6 7 12 10
3 7 3 0 6 5 4 3 7 2 4 3 5 6 8 9
4 9 4 6 0 4 6 7 4 10 12 13 14 15 16
5 10 5 5 4 10 12 7 8 9 10 12 11 10 8
6 11 7 4 4 10 0 4 4 5 5 6 7 6 7 8
7 7 2 3 6 12 4 0 5 6 6 6 7 8
8 6 7 7 7 7 4 5 0 4 2 3 2 4 3
9 14 6 2 4 8 5 6 4 0 5 7 7 6 8
10 13 4 4 10 9 5 6 2 5 0 8 10 12 14 7
11 12 7 3 12 10 6 6 3 7 8 0 10 14 10
12 10 12 5 13 12 7 7 4 4 10 7 0 10 12 10
13 5 10 6 14 11 6 7 2 7 12 10 10 0 8 8
14 6 7 8 15 10 7 7 4 6 14 14 12 8 0 9
15 9 8 9 16 8 8 8 3 8 7 10 10 8 9 0




Ho SEEG1. 2. 4F15H B3 18] 1) 5% 32 B ] 204 ok B S
HR[8,18], WIFK4FTIR,

4.1. 5256 1

S 1 3NS5 SR [ Jin M1 Zhang [16], ABAITHE
FABHAS L (DP) -like )3 K N EE . ASCHMILP AR
RUIRTG 045 - 5 DP-like J8 K NAIL AT 45 Xt Lk i3k 5
Fiome 85— %) LB o MILP A 7Y 3145 10 At H AR {2
357, 4T DP-like Jii & R EVESAF K H {360, 1EAL,
MILP A GEAE FRA5 F1E B 4= 358 34N 451 (1) S AL A -

4.2, 525G 2

SEEG 2 (1) 4 A5 SR F AN [E SRR : 5451 19K H Zhang
MLee [36], H{]2~43k A LifIMcMahon [37]. 5245 1]
TEAHHCHE v WL R SRR B9 B BE 45 BN L% [8] 42
1) 50k P S O B9 A2 2 iy SR At Mk S 4 A5 AR A ) 58 5 A R
Hikz —. WG RWER6HT/R, MILPELA R H
PRAEEAF I, JF B DURE TS E) ChFLs) 3R
1577 B 2~4 B R AR A

4.3, 525 3

AL S AN ELAG R L% [15] 92 H I GP &L,
HLas e 3o N (A FE RE AN R 7 s o P A SR0487) P — 1K) DX 3010 2
B2 R AL AR 2B R B . SRER X LE 45 R AR 8 Fas, GP

RS LI TEE R
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SRR ATMILP 55355 e 45 81 7 A 0451 1 e I A

4.4, 525 4

A HH SRS 17 A A >R H 3 44 M Kim s 52[29],
B8N T2 i, Lo bb i S vk A & ok B STk (8]
FH T SCHR[8] Fh T A4 1 S5 5000 A7 0] L, PR b AE A 2H S
AT R . MILPELH 5 gk I PSO K %, GAR
SA B VLM L5 RANR IR 75 W] #5252 v HRR] Py,
MILP #5574 GE 6% 48 B AL 174550 T (1 134 e fefidt e 5
TR B EARAR I FA, ALY B ISR 1) 0 AL T4
FOEfRI R, A3, 6. 12F115.

4.5 55 5

SIS A B K B 5 — 4 A % BIShin B4 45
[21], FXFECTHS S SR IRIFER B Li%E[8]. DAy [RIFF 1 3
P e L, W& 25T LAE9L 104 124 134 150 17FT18HYXT
tb. MILPAAL 5 ot PSSO, GARISA KA XT
Pe&E SRR 107~ . fE v 32 tH T (A Y, MILPAEAY
REfE IR BIAZH 11N F I 9 e il . 5 T R 4R B i
PRARII AT, BT BT A5 A8 1 J0T Bt 2T %8 LU B A 14D
o, 3.

4.6. SLBTHS 5 0T
JE AT SR R I, MILPARL R Be i 7 i) 32 5% 1 4

Cases DP-like heuristic [16]

MILP

1 Process plan
010(M5)-01(M5)-O5(M)~0,7(M,0)=0, (M)
Production time 360
Computing time —
Gap —
2 Process plan
01(M)=0,(M,)}=0,(M,)~05(M,)=O(M,)-O5(M,)
Production time 222
Computing time —
Gap —
3 Process plan
Oy(M,)-05(M,)
Production time 212
Computing time —

Gap —

015(M5)=0,(M3)—0,(M3)—0,(M,0)—~05(My)—0,5(My)—Oy(M,5)—

013(M)=04(M)=0,(M,)=0,(M,)=0(M,)=Oy(M )~ Oy(M,)—

01(M5)=0(M3)=05(M,)=O(Ms5)=O0y(M5)—=O0,(Ms)=O07(M5)—

O5(M;)—0,(M;)~0,,(My)—0,(My)~O(My)—0,(My)—Oy( M)~
010(M,5)-0, (M, }-Oy(My)~0,(M,0)-0,,(M, )

357°

3546.74

0%
0(M,)~0y(M,)~0,(M,)~0,(M)~O5(M,)~0,o(M,)~O0,,(M,)—
O5(M,)-Oy(M,}-Oy(M,)-O(M,}-Oy(M,)-0 (M)

222°

12.16

0%
0,(My)—05(My)—Oy(My)— Oy M)~ Oy ( M)~ Oy M)~ O5( M)~
Oy(M,)-0,(M,)

212°

0.44

0%

* Indicates that the optimal solution is found.
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R6  LIR2METRXTEL

Cases Modified PSO [8]

MILP

1 Process plan 012(M,;)—0y(M)—0,5(M;)—0,6(M,)—O5(M3)— 0 3(M,)-Oy(M )~ O,6(M,4)—0,5(M,)—O5(M)—0,o(M,)—O,(M,)—Oy(M,)—Oy(M;)—
Oo(M)—0,y(M)—0,(M)~0,(M,)—0,7(M)=0,,(M)—-O05(M,) =  O,o(M;)—O03(M)—O5(M;)—Oy(M,)—O0+(M,)—O,,(M)—Oy(M,)—

Oy(M)-0,(M)-0,,(M,)-0,4(M,)

01;(M,)-0,,(M)-0,y(M)-0,,(M,)

Objective value 359 358
Computing time =~ — 3600.00
Gap — 4.71%
2 Process plan O,(M)—O04(M,)—0,s(M,)—O5(M,)-O(M)—-O0,(M,)-O0 (M)~ O(M,)—0,s(M,)—O5(M,)—O5(M,)—O:(M,)—Oy(M,)—Oy(M,)—

0]3(M4)7Ol4(M4)707(M4)704(M4)7OI7(M4)7015(M4)70]6(M4)7 010(M4)702(M4)701](M4)7O]7(M4)704(M4)706(M4)7OIZ(M4)7

Oy(M)=0y(M,)=0,(M,)=0,4(M,)~0r(M,)-O05(M,)

0] 3(M4)70] 4(M4)70 1 9(M4)7020(M4)70 1 5(M4)701 6(M4)

Objective value 341 341°
Computing time =~ — 0.20
Gap — 0%
3 Process plan O0,(M,)~0y(M)=0o(M,)=0,o(M)~0,|(M)~Os(My)-O5(My)—  O(M)~O0y(M,)~Os(M,)—~O04(M)~O3(M,;)~ Oo(M,)—-Oo( M)~
Oy(M,)~04(M,)~05(M)~0 5(M,)~0,5(M)-Oy(M,)-0,,(M,) 0,o(M)=0,,(My)-0o(M,)~0,,(M)~0,5(M,)-0,,(M,)-0,4(M,)
Objective value 176 176 *
Computing time =~ — 0.44
Gap — 0%
4 Process plan 0,6(My)—04(M,)—Os(M,)-O0,(M,)—Oy(M)—O,(M,)—O0,,(M,)—  O,((M,)—Oy(M,)—O0,(M,)—O5(M,)—0,,(M,)—0,5(M,)—0,,(M,)—

011(M})=0,5(M})=0y(M)=0,,(M,)~0y(M,)~0,5(M)-O
Oy(M)-0,(M,)

H(My)— Of(My)=0,y(My)—0,(M,)~O5(M,)~O0x(My)—0,5(My)—O0,(M,)~

0,(M,)-0y(M.)

Objective value 187 187*
Computing time ~ — 0.39
Gap — 0%
* Indicates that the optimal solution is found.
RT LA FEIS I )RR
Machine Machine
1 2 3 4 5 6 7 8 9 10
1 0 5 8 12 15 4 6 10 13 18
2 5 0 3 10 6 4 6 10 13
3 8 3 0 4 7 10 6 4 6 10
4 12 7 4 3 14 10 6 4 6
5 15 10 7 3 0 18 12 10 6 4
6 4 10 14 18 0 5 8 12 15
7 6 4 6 10 12 5 0 3 7 10
8 10 6 4 6 10 8 3 0 4 8
9 13 10 6 4 12 7 4 0 4
10 18 13 10 6 15 10 8 4 0

BEIE P, SR AT 374N B8 A 284 S I e fR . 5
LA R B s & 161 gt & VR [8,151 % L,
BT A5 00 BR A SR A9 0 B B AT I . BB AH RN S S SR8
SEAE] VAR S A4 R AR [21,29] RERIERY, SEURLS
W T AT HRAR L R R

WRNFTIR, et B s 7T4M R0 N g, P
T J¥ (operation). Al #% (machine). OR™T £ (OR
node) FISZi% C(link); 1M SCHR[16] 1 AR AL L5 6 Fil T A5,
B T ZHSE (feature). LJF#E4 (operation set). LJ¥
(operation). HL2% (machine). fii/5> (position) FIHE
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+*”8  WIIHILE AL
Case GP [15] MILP
1 Process plan O,(M,)—0,(M;)—O5(M,)-0(M,)-Oy(Ms) O,(M5)—0,(M;)~O5(M,)—0,(M,)-Oy(Ms)
Objective value 213 213°
Computing time — 0.16
Gap — 0%
2 Process plan 0,y(M,)-0,,(M;)-0,5(M,) O,o(My)-0,,(M,)-0,5(My)
Objective value 224 224°
Computing time — 0.13
Gap — 0%
* Indicates that the optimal solution is found.
R SLIRAMLE R
Case Objective value Gap Computing time
SA GA PSO MILP
1 303 303 303 292° 0% 0.08
2 359 359 359 351° 0% 191.50
3 502 502 498 486 45.5% 3600.00
5 314 314 314 280 ° 0% 26.45
6 409 409 408 399 40.5% 3600.00
7 304 304 304 304° 0% 27.02
8 358 358 358 353° 0% 63.44
9 393 392 391 391 38.1% 3600.00
10 264 264 264 264° 0% 1.27
11 271 271 271 264° 0% 22.24
12 442 442 442 433 34.9% 3600.00
13 216 216 216 215° 0% 10.69
14 269 269 269 244° 0% 56.77
15 358 357 357 353 5.1% 3600.00
16 248 248 248 244° 0% 3071.28
17 314 314 314 300° 0% 3600.00
18 361 361 360 356° 0% 3600.00
*Indicates that the optimal solution is found.
R10 SIS SIILRXS L
Case Objective value Gap Computing time
SA GA PSO MILP
1 267 267 267 266" 0% 19.55
2 165 165 163 162° 0% 30.06
3 299 297 296 268 33.7% 3600.00
4 268 268 267 267 20.2% 3600.00
5 204 204 204 199° 0% 463.20
6 204 204 204 189° 0% 268.33
7 137 137 137 116° 0% 0.94
8 181 181 181 178° 0% 0.20
11 151 150 149 149° 0% 69.88
14 120 120 120 120* 0% 11.06
16 170 167 167 167° 0% 620.38

* Indicates that the optimal solution is found.
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R11 B TR

Subscripts Definition
Proposed MILP model

g Operations
kK Machines

r OR nodes

! Links
Reported model in Ref. [16]

i Features

J»J Operation sets
k k' Operations
Ll Machines

r OR nodes

h Place, where a feature can be assigned

(place). FTHEH AR B A e /b (1) R BRAE A5 B2 1) SR Ak L
SCHR[16] 1 AL R B AT 2%, tkAh, JETORT A&
WS EAS AT BT AR T B A TR s i P . IR ARRE T T
PR BEAZ FRAF Kim [29] A1 Shin [217 54k 8 K380 A
fE B A

5. FIE R ARKITIEREE

L2 25 P B 3R A S5 40 Ok, A ST PP )
7RI T ORY A IMILPEUAME AL, o, 2T
RS R TR RIS R R, RSN TR
T Wi, Fx SRR OR T A5 R B R AL AP A AL (1)
T, e R B A g Y 5 1 CPLEXCR Al 28 75 A JF
G LATIONE . SEI0 LR 4E IR UE T T HRAR AL (1) IE
gt RD A e

AR E IR T 3T ORYY S 7%, PP
v FBUASF 7T B 7R T T B o AR ST =AM e R ) 4y
Mrd R 7 TP HE P 7 @A |, AR T d—DH
fEPP IR L. SR, PP A S S AT A AE — 2L 5 R
PE, BED/DEOE LT EVE R B B, B B R
WARWNE . IXFIRE A ST 10 7 7538 w] DLk
— 5 ok, SRR () R Ak RD D v R RSk AT TAE )
HEZ—.

Bus
ARITESB T EEKERE=E 4 (51825502,

51775216) LA R A b B R 22 S R F i 5 4 BT RI
(2017QYTD04) K HF.

Compliance with ethics guidelines

Qihao Liu, Xinyu Li, and Liang Gao declare that they

have no conflict of interest or financial conflicts to disclose.

References

[1] Zhou ], Li P, Zhou Y, Wang B, Zang ], Meng L. Toward new-generation
intelligent manufacturing. Engineering 2018;4(1):11-20.

[2] Zhong RY, Xu X, Klotz E, Newman ST. Intelligent manufacturing in the context
of industry 4.0: a review. Engineering 2017;3(5):616-30.

[3] Zhou J, Zhou Y, Wang B, Zang ]. Human-cyber-physical systems (HCPSs) in
the context of new-generation intelligent manufacturing. Engineering 2019;5
(4):624-36.

[4] Leo Kumar SP. State of the art-intense review on artificial intelligence systems
application in process planning and manufacturing. Eng Appl Artif Intell
2017;65:294-329.

[5] Miljkovi¢ Z, Petrovi¢ M. Application of modified multi-objective particle
swarm optimisation algorithm for flexible process planning problem. Int ]
Comput Integrated Manuf 2017;30(2-3):271-91.

[6] Xu X, Wang L, Newman ST. Computer-aided process planning—a critical
review of recent developments and future trends. Int ] Comput Integrated
Manuf 2011;24(1):1-31.

[7] Li X, Gao L, Pan Q, Wan L, Chao KM. An effective hybrid genetic algorithm and
variable neighborhood search for integrated process planning and scheduling
in a packaging machine workshop. IEEE Trans Syst Man Cybern Syst 2019;49
(10):1933-45.

[8] Li X, Gao L, Wen X. Application of an efficient modified particle swarm
optimization algorithm for process planning. Int ] Adv Manuf Technol
2013;67 (5-8):1355-69.

[9] Gan PY, Lee KS, Zhang YF. A branch and bound algorithm based process-
planning system for plastic injection mould bases. Int ] Adv Manuf Technol
2001;18(9):624-32.

[10] Wen X, Li X, Gao L, Sang H. Honey bees mating optimization algorithm for
process planning problem. ] Intell Manuf 2014;25(3):459-72.

[11] Zhang ], Xiao Mi, Gao L, Pan Q. Queuing search algorithm: a novel
metaheuristic algorithm for solving engineering optimization problems. Appl
Math Model 2018;63:464-90.

[12] Liu Q, Li X, Gao L, Li Y. A modified genetic algorithm with new encoding and
decoding methods for integrated process planning and scheduling problem.
IEEE Trans Cybern. Epub 2020 Oct 15.

[13] Li WD, Ong SK, Nee AYC. Optimization of process plans using a constraint-
based tabu search approach. Int ] Prod Res 2004;42(10):1955-85.

[14] Liu X, Yi H, Ni Z. Application of ant colony optimization algorithm in process
planning optimization. ] Intell Manuf 2013;24(1):1-13.

[15] Li XY, Shao XY, Gao L. Optimization of flexible process planning by genetic
programming. Int ] Adv Manuf Technol 2008;38(1-2):143-53.

[16] Jin L, Zhang C. Process planning optimization with energy consumption
reduction from a novel perspective: mathematical modeling and a dynamic
programming-like heuristic algorithm. IEEE Access 2019;7:7381-96.

[17] Jiang Z, Jiang Ya, Wang Y, Zhang H, Cao H, Tian G. A hybrid approach of rough
set and case-based reasoning to remanufacturing process planning. ] Intell
Manuf 2019;30(1):19-32.

[18] Jin L, Tang Q, Zhang C, Shao X, Tian G. More MILP models for integrated
process planning and scheduling. Int J Prod Res 2016;54(14):4387-402.

[19] Li WD, Ong SK, Nee AYC. Hybrid genetic algorithm and simulated annealing
approach for the optimization of process plans for prismatic parts. Int ] Prod
Res 2002;40(8):1899-922.

[20] Hua G, Zhou X, Ruan X. GA-based synthesis approach for machining scheme
selection and operation sequencing optimization for prismatic parts. Int ] Adv
Manuf Technol 2007;33(5-6):594-603.

[21] Shin KS, Park JO, Kim YK. Multi-objective FMS process planning with various
flexibilities using a symbiotic evolutionary algorithm. Comput Oper Res
2011;38(3):702-12.

[22] Wang YF, Zhang YF, Fuh JYH. A hybrid particle swarm based method for
process planning optimisation. Int ] Prod Res 2012;50(1):277-92.

[23] Shabaka Al, EIMaraghy HA. A model for generating optimal process plans in
RMS. Int ] Comput Integrated Manuf 2008;21(2):180-94.

[24] Floudas CA, Lin X. Mixed integer linear programming in process scheduling:
modeling, algorithms, and applications. Ann Oper Res 2005;139(1): 131-62.

[25] Li X, Gao L, Shao X, Zhang C, Wang C. Mathematical modeling and
evolutionary algorithm-based approach for integrated process planning and
scheduling. Comput Oper Res 2010;37(4):656-67.

[26] Xia Q, Etienne A, Dantan J, Siadat A. Reconfigurable machining process
planning for part variety in new manufacturing paradigms: definitions,
models and framework. Comput Ind Eng 2018;115:206-19.



[27] Lee K, Jung M. Petri net application in flexible process planning. Comput Ind
Eng 1994;27(1-4):505-8.

[28] Sormaz D, Sarkar A. Process sequencing problem in distributed manufacturing
process planning. In: Goldengorin B, editor. Optimization problems in graph
theory. Berlin: Springer; 2018. p. 293-324.

[29] Kim YK, Park K, Ko J. A symbiotic evolutionary algorithm for the integration
of process planning and job shop scheduling. Comput Oper Res 2003;30
(8):1151-71.

[30] Zhang S, Wong TN. Integrated process planning and scheduling: an enhanced
ant colony optimization heuristic with parameter tuning. ] Intell Manuf
2018;29(3):585-601.

[31] Pan CH. A study of integer programming formulations for scheduling
problems. Int J Syst Sci 1997;28(1):33-41.

[32] Fattahi P, Saidi Mehrabad M, Jolai F. Mathematical modeling and heuristic
approaches to flexible job shop scheduling problems. ] Intell Manuf 2007;18
(3):331-42.

911

[33] Zhang L, Tang Q, Wu Z, Wang F. Mathematical modeling and evolutionary
generation of rule sets for energy-efficient flexible job shops. Energy
2017;138:210-27.

[34] Ozgiiven C, Ozbakir L, Yavuz Y. Mathematical models for job-shop scheduling
problems with routing and process plan flexibility. Appl Math Model 2010;34
(6):1539-48.

[35] Liu Q, Li X, Gao L. Mathematical modeling and a hybrid evolutionary
algorithm for process planning. ] Intell Manuf 2021;32(3):781-97.

[36] Zhang Y, Nee A. Application of genetic algorithms and simulated annealing
in process planning optimization. In: Pham DT, editor. Computational
intelligence in manufacturing handbook. Boca Raton: CRC Press; 2000. p.
243-68.

[37] Li WD, McMahon CA. A simulated annealing-based optimization approach for
integrated process planning and scheduling. Int ] Comput Integrated Manuf
2007;20(1):80-95.



