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Scheduling Optimization of Aircraft Composites Job-Shop Based on Multi-Constrain
Programming Algorithm

XIAO Biao', ZHANG Wei', XU Peng’, ZHAO Zhengcai', CHEN Yan'
(1. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
2. AVIC Manufacturing Technology Institute, Beijing 100024, China)

[ABSTRACT] Optimizing the scheduling of composite materials job-shops is a crucial technology for enhancing
the production efficiency of aerospace composite materials, which are characterized by multiple varieties and mixed
batches. A multi-constraint planning method is proposed to address the problems of low autoclave utilization rate and
long completion time in aerospace composite materials production. Initially, a mathematical model is developed to
minimize the maximum completion time based on the mixed-batch characteristics of composite material production.
Secondly, interval variables were introduced as decision variables along with logical constraints to establish a multi-
constraint programming model for solving the problem. Finally, comparative experiments were carried out using eight
sets of examples from a certain aviation enterprise. The results indicate that the proposed method significantly enhances
the utilization rate of the autoclave compared with the original job-shop scheduling algorithm. Specifically, the number
of autoclave batch configuration uses and the total processing time of the autoclave were reduced by 35.7% and 37.4%,
and the job-shop production completion time was shortened by 29.9%, it effectively addresses the job-shop scheduling
challenges in composite material production.

Keywords: Composites; Job-shop scheduling; Constrain programming; Production scheduling; Autoclave scheduling

74 WisshEEEA - 202545 685 S 1010]



PN
RESEARCH mﬁbtﬁi

TEMLZS 0l 1 S0, 525 MRHEAR 1 2 U035 76 /AL
TR A AR B N . AR TR SN 4 R 2
ML, B A PPREAT SR R DU R BT R/
TR PELF S R . TR B MR P 42 ml v S5 R
T T AW E SR, W Mo Rk 8 S5 it i T
LA TS T IR R & BUR B S IR
BRI VR REARTIN  VIE AT LA I T B Y #UR
B T2 —ER LS A R P2 L, in TR, pr
KB E RE VLA A% B3 50, I T, P I e 248
e A HE G R R P, S B T AR A o RO R R R
LTt

i as S A MR A e b RS E B S T
TAFIBETT , T AR A4t T 58 4 06 R BT RE AR 5 58
T FERAR AT o 5 G AR AR ) i R R 0
2 Ry AT P A R o R ) T, DA R R R R R
FIPE e SRR R HAw . Hindle 45 B 3@ s {5 B AL
PP 8 B Tm) 0, R FH AR SE R A T R 8 T A W B B
38 o (7 BB G 5 S A A ER AR A IR o T
TR A A . Azami 25 Y 4RI TN TR
FA) TR i BT B S B A RO R | T AT T B R 8 )
L FR O TS R G AR A FI A SEPRZE 6, Dios
A BVRR T —FiR A SR P i A, T i Akt A
PR FE P RS, H bR 2 A R BR s [ 4k in T
iFE]

T BEAE A A ST 7E I R I8 2 () 6 Ak I, 5
THJERELIAMA TR B B AR TR e R IMEE & 4
B B K58 TR Ye 25 V& T —Fs kX0
5, PG S O 0 ity 5 A2 A G v Ak rg B ]
ORI T AU B B PR EE ) B Al T A A
R AE )~ S50 FH 2 e KAk, I RT RE4E R 58 T[] . Xie
VR A MR ERTEER R I T —FETH
2RI R ORS B U0 AL A PR B B AR 8 At 3 T
PR 4R FE I A e [l {1, LAk B bR R /M BT A R
B A=l . 2R A LaRIESE , B A ARG IR EE P
F% U S 38 o0 AR AR B v 1 T Bk SR T R BRE Y
FIHR, 23S B AR A =808 . & 1 5126 T3
ST BTG O ik o4, o) MILP ( Mixed integer
linear programming ) F5 1R & B A AL RI]

RAMIF ST I TR ARG 8] A B BE LS e R
FEGEUR AR I B i T B T B IR A 5 TR AE N
M ST 5 B — DT AR SCHERFST AR B 43 e 9 [+
B, % 5T 2 G PPRHE AR 7 rh DT RE B R L 58 B BT AT
TJF, AL HGHHE I A A8 T2 DA S BRHR 58 W 1 i 2
BN ;=R = o L1 2 R o S R e Y e o
Ko FRIBFEE I T —FPiE H T2 A MR B 2 291 H

Rk, K O Gl ST 0 B BB e T 22 2 RO ) A
BUGFBEAT SR o AR SCRARSIZS Aol S & 4 A ) A A2
FERE A S I IE , B AR BTSRRI T 2 5
FABFA ], e 28 fif e A AR FH A<M 58 T[] A
JE Taj

1 EaMRErERFEE

1.1 AERES

Wiz Z A MR P e — B 2R il 72 dE iR
BECTORIEREY B E  AH ARY TR | R R %
B S A A T2 ™ An i 1 R o 7E SRR R
T AR Z 2= AT 07 A TR I T, T & 58
R AT R, AN 2 BrR . RV TR
< 7 v ek R R R RS R A 0 T, B AR [ AR S0
W] B 25 14 F 2047 2 A= SR AL R g R B8 P PR
IR 5E R A T AR I 22 T LUK Ze el in 105 3%
AT T, B R RS T2 B 08 W
TP, TR TR A A 2 ) S A ) ) R TS
FEXT AL O AT — R AL 3 . 7 A AR #A

®1 EEMBEREIRERR

Table 1 Scheduling research for composite job-shop

PUERENAE | AR AR W55k SCHR

vV — Hir [3]
Vv = Ji %3 MILP [4]
Vv — MILP [5]
vV vV Ja kG [6]
Ja R
v v MILP 7]
It 2L > - |
A e L B e B S
j]l] . : H %
= : : : =
b [wes ]~ e |~ ms 1 5%
17
, i
THIUESE . R R, R T
FEFHRFER Y . ARESFEAE 3

e 525 B 3

L L

w || e o e o sk |

B1 E&WMHEFTIZRE

Fig.1 Process flow diagram for composite material production

20254E 5568 & M 100] - Wit RERAR 75




JERSE

HRARLE

RS

[E B RGE

B2 #EREMITEE
Fig.2 Schematic diagram of the autoclave molding machining process

FE RS TR vy A 46 s 26 IR T8k L e FHIR I
JERRFY OARE BT N REOSISE DR R IR Y
R TP I [RIEAE , (RIS T8 T A e A R L 1 ]
ERIFA], PAEREM T HA 2 5 R TR R R —
FEVREA T IR B T A9 T A 2R B AR IR R
FIEIESEL, I TR T3 A 10 DA SRR B
JE B AR TRCR . WIS Al 525 4 kL AE 7
ZETA) I B BB 22 55 DA R 22 IR IR A i Fe I B )
FEAH A AR S IR R T Z2 Bl SR St i AR 7 ATk
PR A Z B T AN TR, 24
JEIHAN A

SEAAPPRHA P A R B SR IR s AFAE N
DB TR T P={P,,P,, -+ Py}, LA e M AHAERE,
?&E%% 0:{01 ’ 02’ T, OM} ,/I\I#F%B':ﬁg'gﬁﬁ?ﬂ@
FERURY , A REAR A AR 20 5 A — AT DA RI s T2
A o AR B TR 1 0 B ) R A B A AR
BT 25 Pl 30538 A PR REEA T 1, [ s A
HoAR T 00 B () 55 Y, A5 0 T 58 U A 19 A%
EOPSNiN 1515524 N s A I Rl (3 na (

B 1: FERITERI ZI B TR AT LT, BT A 1)
PR IEA AT DA T A R 5

s 2 B T AR — 20 R REAE— AR [ aE
T

s 3 FEHEA T A0—1E T3 in THE 3% Ty ok
SRR

Bk 4: —AIHRELE [F]— B 2 L ge b — A
HE T LA, BAR A T80 ;

fBAE 5 ¢ 2 T AT 0 A Ik (R B o 5 1 ) 2 2840 465
o) 1 o O 2072 = K S5/ o < T - <0 | IS ]
HREHAE 5

i 6: %5 HURGEZ RIAH B AR5

1B 7 AN T A Z AR e 5

76 WisshiEEEA - 202545 68 S 1010]

5 8: [Al— T A Z AR 200
1.2 ESMBZFERIEEEE S

TEML 2SS G MR A i, 3T R A T,
FEE T HIRRESE TN Tt TRURREE N &, B
PR BEARO [ | XELLE i S sk 32 714
PR R N, AR gt 40 ZAE R &R MY, B
TEZ ()8 BE TR R B S L2332, R DA i 4 ) 9
JEE )RS R g R 1, el 3 R R 29 e K
IR Ay ) 240 BE A 2R 7 R GE RIS 4, T RA T 1R
TS . X TRIENE TR Z & T, &
R 7 07 2 AR TR A5 5K, 4 £
i (92 B AR R B DR T P B R s % 5 X
TR T 2 )5 945 T, SR 4 3l 3 A 7 5
2 AR T )™ Y Sl I 28 TP B A ™, B85k
BB R GER T o lX A DR T R hG,
B HERYAE 3R T 3, AT LR R BR JEE i A 4
GV IIRLRE, 12w B A RGEMRCR A I AE ST,

AR ANIEL 4 BT
HEN RGOS

__________________________________________

2

FERL
3 ARERTEE

Fig.3 Illustration of theory of constraints

g T2

__________________________________________

feghA T
—— g ——— e
B4 S&EwHERREERERREE
Fig.4 Flow chart of pull-forward and push-back scheduling in the

WA T2

composites job-shop



PN
RESEARCH HI:%ICEI

2 SAEMEZERIABEHFER

55552 A MR 2 ) ] 3 A TRA [] f) 2, AR SC R
L T F R %) ) R P A AR AR X IR RE A T
PRAMBC 0 [R5, 584375 08T 5245 M2 ] 4 i 28 T
JF ZAMNOTT S5 7 128 AT & 5L b TR A P i e
KT AR RIJE B AR AT 5 I3 2, Bt
RIUNR .

XHESUJIIII#F%P, P={P,, Py, -+, Py} Piﬁ‘j/;ﬁl'
AT, i=1,2, -, Ny Py T4 PSS jIE TF

E SRR RESE O, 0={0,, 0,, -, Oy} O Ak
AIRIEGE, k=1,2, -+, M,

FESCT AR R R TR 48 0, 0=1{0,, 0,, -,
Oito O N IAPIERAI T, 1=1,2, -+, Lo

B SRR GHEE S, S=(S,,S,, . Sy} o S,
HE R ARIRA G, h=1,2, -, H,

FE SCIARER A P I T AR S, ST
P8 PRI T Q) BT IR N T[] 8y ST g, ST T
H Trp,s O B Oy Z I BYAEFAH A T B0 T
NTPQ,;

E SCAERERPES RN up g, 45 t 2 T PRI
& O FIFATHEAIN T, upp, 2 1, NN 0,

SR R S Ya e il A DN SR 75 sy) | MNEE=- e Wi ]
e /No W R A TR PR Y O B IR B[]
STy, F5E TS [A] ( STy + Tpp, ), I HBAE L TJF P, 1Y
I THAESE O, 1P

min{max {C;} }, C;=ST,+ Ty, (1)

WA XA 2 52 G PR 1 ZE 8] 9 3BT 5 0 S, A2

F2 HSEX
Table 2 Definition of symbols

1 X

N I T A% B4

M AR RE SR

L PR BB T R
H PR REN TS

i TS

J THFRS

k HIERER S|

0 PR T4
Siie PR O, FFR N TR
Ty, IR O, B T ]
@ 8 i A TAFE T )

TR P 6 R R 2 SRR TR o

TN T A4 A ) 2 5

STy, + Tpg +NTpp=STy, | (2)
STpg, < STpg+ Tpp+NTp, +24 (3)
PORGE R G S A TR 2R
2t Sy (4)
— I8 T [l — i 20 R RRTE R — A s B L.
2;um&At:lEﬁ0 (5)

2 (2) Bl T R — 5o P R Y )i 3 ) 2R T
AR ST A 8] 5 e ) T BT B 1] R X
C3IMRHIE TAFIRES G 1Y 24 h Z NIT IR T —5HUE; 3
(4) A FEARAT 25 7 B[R], $AO FE b 1E 76 30U R 1Y
THHEASEEIEH SRR RAE; X (5) 1,
Uy TR IR FESE PRI PR AR 1, R — 18 TP A —
20 BB TE ] — SRR S Tm T

3 ZARMUKRBESHEERFE
31 ZSARMINEENB

Bt AL AR ) & A T e A F2 4 &
XL A LA ) RERA T T i AR T v, b A2 SRR )
ORI R VBB g A2, 20O 2 4
WEHE — PR o AR v % 5 20 SR 4 T
VAT i3 7s £S5 20 A A A IR, DA T 78 BH ff (B RARRAIE
5N 23 100 7 T A5 204 TF U ) B4 A e 1) A
AL E SR - B T AR A TP AR B ] B A 7 T
SHAT, B0 T T 2R 0 TR A SE BN TR R,
IR T2 A R R, X 4 [ 38 B T it , 29 SRR
RV T DA R T e SE PR A 7 B 2 o A, DT ]
FEAR RSN HAl, ZBkC 2R AL
s A8 20z N, WA B Rk 4e ) Y R AR R
v W 121 1 I =i B[] e 1 S

N5 22 29 ORI B3 I FH T 4 () 0 B )
o N 2 ] R B2 (] A T 22 2 SRR RS . R ISR
b B IR B bR R I A S 3 T 2 SR A2 ) )
B, Hl e Ok TR T & HL R IR T Z AT
SV IR Z BEVE RN . S5&5 0 RIARTE,
Z AR T F RS AR ST N E AR
FHEA AR ARG ", iy A R A
AT PR SR AR , 3B 5 X6 240 B A 4 RN 4503 1 4 ik, DA
— B py R A, X AT B T e 4 i 25 18] 5T A RO R oAk
AT R AR 1
3.2 ARMRIKE

TEZ A ORI e rp 5 A AR (1R B 7] T
SR — 2 PSR AR 1 N R, Tl o e AR 2 [

20254F 68 & 10 - iR 77



‘_‘i.‘ »
E{%tﬁi RESEARCH

IOC 25 ATRAR A, AT ORISR i 2R G0 A Sh R 3 1
LI IIR . 2 LRI R A 5L T a3k 5l >
BRI SETEARAG R I A LI R . A SCHST Y
Z LRI A E ST Google TFIRAL A /L4 OR-
Tools K32H, OR-Tools FJ LL7E Python, C++. Java 55 4
PRI T N ASCHEEA T Python 3.11 1 5 R SE AT
FLRIB AL A EE, IR H] OR-Tools SR A TR ik, T
SCHABIFE AL L AR LRI R A AZ OB 0T

321 REREE

(1) AR T 2ol i

e ARSI T AR AR B AR T AR
AT B BES ok T Bt 7E OR-Tools HTHYZ £
RN Gt R v d s ik D3 Ay A I AR B (BR
PR T ZAMY AR 7 ) At Al A

Interval var = model. NewlInterval Var(Start_var,

Task_duration, End_var) (6)
A1, 38 3 Newlnterval Var >k 81 &2 1] 7 48 5, A5 4 ( Start_
var, Task_duration, End_var ) Z&/R TAREIN T T 220 18] Bt
NI FRRIRTE] I TRFZERHS i A5 E] )

(2) AT 27 (R R T 28 )

B SCHE ) T I RREAFEA R PRS2 4
WAL R R it g g R RER R 5, I
18 3 A0 A ] B A e 47 YR S B T 2 B R R

Heat interval var = model.NewIntervalVar

(Heat_Start var, Task duration, Heat End varr)

Heat press_tasks[config id].append(Heat interval var)

(7)
"', NewlIntervalVar (Heat Start var, Task duration, Heat
End_varr) Sy R R R — 4145 A0 A e 0] B 22 B (H
JE LI P 6] A G AR B 45 SR 1) ), )
17i# 2513 Heat press_tasks 1.
322 AHefRAL B AR SR

ASCHIEAR A bR A f M R 5E T T 3 i )
IR — A T A SR S — 38 T A 52 B a) , AT 75 2 e
RGETINE], FEXF AT A o

model.Minimize(makespan) (8)
o, makespan SR A4 H K5 TSR], 3 i Minimize
PREERH AL B AR B ME .

323 HREME

FIALR AT e 2 LI AR TR R G HE X5
BB 7 42 R Y 22 20 LR D i T2 20 A5 RSy Be
LR RRATRMER T RS S SRR T2
dn il TR AR, RS IE T B TR O A,
i SRR HOR S BIE A S P HAT AR [ AR IR
JE ERIES R ZA TR

78 WisshiE A - 202545 68 S 1010]

(1) AR BTN T 5 KN T295

TEZ 2 ORI b T 2SI AT N TR B o f
TR GBI AN E S A ORI, TERAIN TR B
e SRR 4 R0 T, B SEERASAS T AR B
Y, AT TARFR N

model. AddNoOverlap(Task_intervals) (9)
., model. AddNoOverlap >4 OR-Tools H it df # & %)
OB DR > TR T B A8 B AE W) — B () AN S5 Task
intervals AT BB T A8 i

KN T =R R
model.Add(Task vars[Task id][0] > = Task vars
[Task_id—1][1]) (10)

A (10) ABERIBIEE T AE G K I TR B A3 249 51, 4
A5 J5 — 38 TF B TF L6 T k] ( Task id[0]) K T4 T
Fif— 38 T 45 S I ([Task_id-11[1]), B i — T
P ToE s A T U R — T

(2) B R,

ABEGEH, Ry T SR ERE ) A R R e 22
FOR AR (A g i 3 AddCumulative pRICHK S
2y, ik Ry E A TR B, SR
TR AR S AR AR A B X B 20

model. AddCumulative(Intervals, Demands, Max

capacity) (11)
A, Intervals PR GEL 5 42 [E]F% ; Demands &4~
A BE A A SR 1E s Max_capacity A 24 FiHE 20500 R il T
IR T AR

(3R T ZIFIRAR,

TER A MR A 5 EORIE A B ST T
T Bese MU HEAT , [) i I S K N T B B e AR AL
RIZER AT,

model. Add(Heat _press_start >= Last _parallel task end)

(12)
#H, Heat press_ start “A #4H il T A9 5 4G B 18] ; Last
parallel_task end AT T B B 9 285 A ], S B0
AT T B s 647 o
model. Add(First_serial task start var >=Heat press_end)
(13)
FUH, First serial task start var Z78 KN TRy BEH iR
A ] ; Heat press_end 27 #4145 AR 8], FR9E T 9
TN B B i B 5 64T o

Lia BIRLHR R R S5 BB A TR IR R R A A
RIEHf) OR-Tools (2 L MR AL, At pk i FE %
ST 2 (R SR A P e IR EEARAS  BEINA A SR A



PN
RESEARCH HI:%ICEI

4 SCpsEiE

AT Google B FFIRLH AL AL F OR-Tools >k
HEATSR A, SR i 4% "~ Python R 2SR ALK 5185, M3 2R
154 Windows 10 £%;,8 GB NA£, Intel Core i5—12400f
4.00 GHz CPU, DAFEMUZS ik 952 & bRkl | 10 52
b A PR X R A T BT A Bk . P 3
PRI T T A Py Py Py ORI R 3 Fp TR H YN
54 15 AT 3 M TAESA T2 TaRHS
Mk 3 Fim. MR AURCEFE MR 4 PR, xf
M HREA ST T H SHRE NI
4.1 KRBSHEITE

TELI AR SR A 25 v, SR AR [B) i S s i Ak
R SR, Wk 3 LI T SRR, It
WHE T 6 4 AR Af o 1), B AR g it (]l g0 as 1 7
10 YR, X B TR R AN 5 firs . A LA
SR A N IET By 1B =yt A N [ TR S AP S W e 2
KAgIHA 60 s #2TH 2 120 s BEfbfe I B, e K58

#3 EMEIMMEIZMIAE

Table 3 Processing time of non-bottleneck stage processes h

o | B e e me 28 om | oem | ue
el

kl
P, 8 2 11 2 2 3 1 1
P, 9 3 14 | 2 3 2 2 1
P 7 2 8 1 1 2 1 1

x4 REASERERFR

Table 4 Hot pressing composite package configuration information

IR AL 15 T TAEUA~ PR /D
P, 3 14
S, P, 2 14
P, 2 4
P, 2 10
S, P, 2 10
2 1 10
2, 2 11
S, P, — 11
P, — 11
P, — 6
S, P, — 6
P, 2 6

THHE 69 h 46/NE T 66 ho 4R AREHE] Ky 240 s B,
e RTE THHER 64 hy 2R AR R INE] 300 s B f K58
THFRERIS AR 64 ho TEKFFRI AR 240 s JGiHRcK
e TR TR 255 %5 85 SR AT R Bk 240 s,
42 LHIRHERILE

AT A MRHERE B AR T 0 B Y, el 2
A1 SRR B R v A R ) ) R A A PR RO
BETXF HE AR 56 501 22 249 SRR 33 0 A 2 T 0 1 i R
RINARE, B 6 NHZS b 72 2 A AR AR E] T
70 -
69
68 -

67

5ET Al /h

66 -

i3

65

64

1 1 1
50 100 150 200 250 300 350 400
SRR a] /s

B 5 AEKEREXBRMER S mEE

Fig.5 Trend of the effect of different solving time on the target value

30 -
—a— Al
—o— LRI

[N
W
T

[
(=]
T

AR

10
5 -
0 . . . . .
10 20 30 40 50 60
TAFEEUA
(a) AA A U &
300 -
—a— AR
250 —e— LU RIS
=
£ 200t
&
Eo1sof
=
= 10}
s0f
0 1 1 1 1 1
10 20 30 40 50 60

REDSY
(b) PIEREM T REHE T F

6 PAEREFI AR

Fig.6 Comparison chart of autoclave utilization rate

20254E 5568 & M 100] - Bt RERAR 79



,—‘? N »
m%lﬁx RESEARCH

P B R TSRl IR R R S R LR
PO LA A il BAIR T 35.7% , AR SER
TREHEREIR T 37.4%.

6 FH 9 b 305t ST s 4T 10 YA B Ay A 5 R 4
5 Fim . RHAMXE 4 W22 (RPD ) R [al— 4]
AR EER R R 2Z 725, RPD=100% x ( Best—Min )/
Min, H: i Best 78 45338 5 4 F 5 — 5 i 732 47 10
RAAFHY IR s Min FR A RIS | — 3 ik 15

x5 BRIMBERI

Table 5 Comparison of optimal solution results

ma | e | T | EEHEEE | AR

AR T 7S Py e ey p——w 5 £
1| 2 8 | 41 | 51| 36 | 0 S A L A AR 7 A ) T ) P 24 A
2 | 3 8 | 36 | 82 | 36 | 0 VAR 52 T K B B, TR T A A bR
3 2 12 62 147 | 45 0 WA, DL B /M B K 5E T 18] S A4k B b a7
P ol se less | o | o VRS TR 34 o T — A R 1 2 24 SR R B
5 4 15 86 11.67 64 1 ?ﬁ‘;kﬁﬁo
| Ll em | os | o (1) R FH 24 o B X 52 2 i L I 39 7
YT AT TR 2 % W B 5 U I A B B A 40
T8 60| 24 | B4l 1780 AL A A A T G VA B R
8 16 60 201 21.06 178 0 ﬁ@)fﬁiﬂiélf?ﬂ@)%ﬁﬁﬁo
] | ) (1 E—
Py [ | N [ [ [ ] EMHT L
Py 1 | | s | [ 11
Py 1 | | 5. | [ 11
Py 1 | | s (1 s ]
Py [1 | N 7 ED &)
P [ I — (10 |
£ 5, [ _ZIEZDIZIZD s ]
P [T | 5 o A
Py, [] | s, | [T 10
P [ | S (1] 1
Pi ] | S | | [
P ] | | 5 1T 1 [
Py ] | | s, T [
Py ] | | s, T
10 2IO 3IO 4I0 SIO 6IO 64
ST RsHE]/h (e R5ETHFE )

i) Best 'R/ IMA . RPD R UL 145 AR T
DU A B 25 B0, RPD d/IMER 0 7R T4 1 5
LR R AL

M s LI G, 2500 R I e i 1 AR SO
R Z AP RE TR BRI Iie
GURIRE] TR T, S0 8 i R R 5E T[] 4
BT R FRW DT 29.9%, X3 5 iRk
SRAG I RPD #4740 47, 2 20 I S AU AE 524 5 3
LR RPD IS 1%, HAYSLBIR) RPD 175 0, 1
W] 25 24 SRR 30 R AR 245 SR ) B D (DRI AR E M D T
HAMYE, K7 40 T 2200013205 5240 5 /Y
IR H AR, R 5E TR 64 he

B 7 65 KEHEE

Fig.7 Gantt chart of the solution for Example 5

80 WisshiEHEA - 202545 568 S 1010]



PN
RESEARCH Hltﬁbtei

(2) 2 T Z AR LI TR A% %A T
H RS BR AR 7 R Y 2R Y, ST AR E R TR Y
BTt ZAHSLHRNT IR I, 2 AR B L
PR A A B R EUREAIR T 35.7% , R §EIn T8 s
KFEAR T 37.4%, Wik 1 22 24 o) 00 R 09 42 T B
FIFH R A 3

(3) RFHFAL 2 AL i 8 20 52 41 5 52 B 4 ] HE
FEHEAT B 0 AR RSP AR A AT L, 405 SR 26 WA 1 A ) A 7
THERAET , 2 2 SRR R A 3 T Aolb PR AT V8 B 7
% e K 5E TN D T 29.9%, B T £ 20 i #E &)
VR TE RO A M ) 2 R 3R B 1) 8y T A A R

AR 38 Ao B AT 55 S48 50T 1) XU EE S ik, BR
Shy R HE R B R A T A T R oA 2
A TR RG AL ST RE T8 A2, AT IRAE T £
2SRRI B AR A G Z T 9 ) R g kR
W, RORMFFNGE B RV R SR E N R,
— B R RIETE S SO IAEE T R HE L RE T o

& % 3 o

(11 EBT, ol ZEMRHENT 2 TR T & R FIAOK g
] BHEAE B, 2011(33): 290.

WANG Engqing, ZHANG Bin. Development status and future prospect
of composite materials in aerospace[J]. Science & Technology Information,
2011(33): 290.

[2] JBUSCH. FEAN CHLESHI S SRR IR T[], B HAR
JLAdl, 2015, 14(1): 36-38.

GU Wenbo. Application and development of composites on aircraft
structural abroad[J]. Technology Foundation of National Defence, 2015,
14(1): 36-38.

[3] HINDLE K, DUFFIN M. Simul8-planner for composites
manufacturing[C]//Proceedings of the 2006 Winter Simulation Conference.
Monterey, 2006: 1779-1784.

[4] AZAMI A, DEMIRLI K, BHUIYAN N. Scheduling in aerospace
composite manufacturing systems: A two-stage hybrid flow shop problem[J].
The International Journal of Advanced Manufacturing Technology, 2018,
95(9): 3259-3274.

[5] DIOS M, GONZALEZ-R P L, DIOS D, et al. A mathematical
modeling approach to optimize composite parts placement in autoclave[J].
International Transactions in Operational Research, 2017, 24(1-2): 115-
141.

[6] YEW H, LIJ, CHEN W F, et al. Study on scheduling method for
reentrant autoclave moulding operation of composite materials[J]. Applied
Mechanics and Materials, 2014, 490-491: 14-18.

[7] XIE N M, ZHENG S X, WU Q. Two-dimensional packing
algorithm for autoclave molding scheduling of aeronautical composite
materials production[J]. Computers & Industrial Engineering, 2020, 146:
106599.

[8] ABHLAE, MRIVAD. Seit A b0 R 2 H s T 2AML s

[9]. fizs il 2R, 2008, 51(10): 40-45.

HAO Jianwei, CHEN Yali. Manufacturing technology and special
equipment for advanced composites[J]. Aeronautical Manufacturing
Technology, 2008, 51(10): 40-45.

[9] BRI E NSRS BOR T 2808 KRR IT
[J]. EEMRBLE S TAE, 2023(S1): 121-134.

CHEN Bo. A review of the development of composite process

P AR

equipment at home and abroad— Autoclave molding[J]. Composites Science
and Engineering, 2023(S1): 121-134.

[10] BREE. HET ARSI ZE MR TR R 5
[D]. B A pE AT AR KA, 2012.

CHEN Guohui. Production planning and scheduling system of aviation
composite materials based on constraint theory[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2012.

(1] EAlsl, 520, 5elE, 55, CHEEE LY R IS iR o 2 1E 4
(¥ JE1JE [r] JET]. AR TS5 i, 2019(2): 30-33.

WANG Jianzhao, YUAN Yiping, LI Xiaojuan, et al. Critical chain
theory of constrain for the flexible job shop scheduling problem[J].
Machinery Design & Manufacture, 2019(2): 30-33.

[12] ZEZA0), AESCAE. FTFTOC HLE 45 1 T MR 3R - &
DCRET). #51 TFE, 2024, 48(2): 75-80.

LI Shaochu, XIONG Wenhua. Exploration and improvement of
bottlenecks in the casting process based on TOC theory[J]. Foundry
Engineering, 2024, 48(2): 75-80.

[13] ACHTERBERG T, BIXBY R E, GU Z H, et al. Presolve
reductions in mixed integer programming[J]. INFORMS Journal on
Computing, 2020, 32(2): 473-506.

[14] ROSSIT D A, TOHME F, FRUTOS M. The non-permutation
flow-shop scheduling problem: A literature review[J]. Omega, 2018, 77:
143-153.

[15] COELHO P, PINTO A, MONIZ S, et al. Thirty years of flexible
job-shop scheduling: A bibliometric study[J]. Procedia Computer Science,
2021, 180: 787-796.

[16] PRATA B A, ABREU L R, NAGANO M S. Applications of
constraint programming in production scheduling problems: A descriptive
bibliometric analysis[J]. Results in Control and Optimization, 2024, 14:
100350.

[17] WEISS G. Scheduling: Theory, algorithms, and systems[J]. I[IE
Transactions, 1996, 28(8): 695-697.

[18]  Joix, e, 3203, 45 AN S es LS. &
GiTRES TR, 2021, 43(12): 3624-3634.

WAN Bing, HAN Wei, LIANG Yong, et al. Optimization algorithm of
carrier-based aircraft sortie departure scheduling[J]. Systems Engineering and
Electronics, 2021, 43(12): 3624-3634.

BIEMEE : M, WL A, D07 o R RE N AT L 1k R

REL 2t

RIERG , B85, WA 0, WIS T3 ] S B2 2 85 S o B BRI 1
(Digh * %)

20254E 5568 & M 1000] - it & A 81



