i # T
Vol. 38,No. 2

Journal of Industrial Engineering and Engineering Management

% ¥ i

2024 F & 2

HEBEZXRBERROEBEERBIRXEED B IEEMRL

LS

KX,

¥ E P

(BT LK SRR, KH BE 710072)

R, SR A M R RN NG R RO R TR R R, R AR BT 7 £ &5
MR KIRH T ECERBREETE TG Z BN, AXNEGHERA R B ARKTA A EERAAH T H4%
Kk ik, B AN RRFOKRFTRARER MNEGHRENMAREETEHRTAEGZRT R RHRE
5 BE I A TN PR Rk 0 S B AR R M R B RAC TR B DAy S 0 B AR R A4
B ERER Skt ihd £ 5 Ik KA. AL SR B R R T R BB S IR I 68 £ b bk GR R O vk g R Rt
BTG RA R %0 £ R A LR R A Z oL 2 kb, RS R R E AT K AU R M 3K 5 B
b BB AT A RIBIET XA R ke Z R TR AP R IR Rk e A ROk B BT AL R T R Lk A £ 4

B F e AR AR

KB KRRV R, S AE, WA, 2otk

FESES: C935; F224.33 LERERIZAD: A
DOI.: 10. 13587/j. cnki. jieem. 2024. 02. 012

0 3l

TEAGE RS BHARR WRIEM TR T,
WA TRIAE & T R Mz
o, T PN AN R A AN E AR B 4 48 0K, T I Y
SRR R A2, BN, 2020 458K RO IS 5
AR REE BT B TR H b A %
# DOPPRHR R e 28 AR 0 W A S OUL 2 T
ZRANEE PR SR T HUE U H JERE R, ]
B BT 466 4E V1o R 2 B % U5 A ) DR 4 e e
VR B B 22 1) A o ot PP A, B A M T O R
RN R GE 0 B K B 5 I T A R & 2 T AR I
FI G R A AN 1 2 R B4 410 3l BN SR e
55, £ ML B YR 29 o B I H 9 B ) B3 ( resource-
constrained project scheduling problem, RCPSP) A i
MTE ARSI, I, w6 E 2L H
JE A EL A 0 E R B BEOT A #E 2 —
S AHE A RCPSP A RR A TRE =, W
Bt 22 TP AN AR 1 4008, 491 n AR A 3 BRI
W TR B R AE

KA A% J5 7 (eritical chain method, CCM) f&—
FivRE X BRI A 100 3 A B R T Sl ZE MR 1
LM B2 7 5 rh A AR ) 22 o LAY B 9 3l T30 ik
SR ST RSN, P —Se2 220l CCM 2R

I Fs HEA: 2021-08-30

HEHS . 1004-6062(2024)02-0166-014

—FIOAH E RI0 H E e T W, 22 AL Y
BB R CCM B2 8 T —Fh & 4 A i e AL H
FERRIS , AR F M, A CFZE N TR Goldratt
PR OC B A 7 IR AT FR O AE S8 CCM, G B 4%
(critical chain, CC)¥g H /5% 3¢ F o8 I BR = 4R ]
TG SN B TE L) — S5 ME AU EE 45, CCM h el
WIZSET (8] 2% #, Bir A 2% ¥ (feeding buffer, FB) £
H 2% 1 ( project buffer, PB) , FB il PB #43 W~ J&
PR RSTR E, BRE b ik A 24> FB BB B
TR AT ARA SR 1 R BE T H R (B R e 46 A5
A~ FB Bl R FEHUE N R R R (REX R
Mo E FNGE IR ph o ) | H e 5 AR A A AT
B R, Ab B TR TR R AR R BT,
BEHERR AL S8 COM H Y 8 PR ph a2 R BT 1)
FIAZSE CCM 4R DK 2 H ITHE CCM EBERIR A% |
B I) 2% i RO F 33 05 k778 % ol B 3 e A
JETIOT COM R S BRIV MY AR D I AR B Y
AR

AR ISR figp OC B T E R B ) B AR BT R
SRR RCPSP, HRTE 3R A5 1 s 0 FE HE I B2 11
Kb U S OC B B AT AR SCHE B, Van De Vonder
A5OSR o S B AR S B (Y FE v R
RERUR i £ B4 b T K 2y i e R sefi ik

EE&WH: HEARPARGIH (71971173) BRPYE A ARHAZE G H (2020-IM146) ; P4 I Tl K730 SR 2R r

R E W H (21GH031128)

* WIAEE : SKEFSC(1976—) L, BRPTEE A VUL Tl RS2 48 B e 0852 , 198 28 3 il F 5 7 160« B0 9 32 L I 55z 1

%;IEO
— 166 —



Vol. 38, No. 2 % B T B % 2024 4 % 2 i
BYEJ5 M . Peng Fl Huang! '™ 53125 2 vEAL B9 5R JESE S (BF—IRBTIR 5 ) . 20 =, B9 AR R G HER ity

il SCHE R BERTAL B 5E CCM 1Y SR LA T30 B
TR B VR RE TR T 4R 1 2l I 4 e ) G B g
JECHEE U T 2%, Tukel % T3 PR IR LY R 16
SR A R 2R U OB EE , [R] IR B T T
U5 ] H K+ 1 APRT ( adaptive procedure with
resource tightness ) 1 5| A W 2% & Z% ¥ ) APD
(adaptive procedure with density) P FH 2% it X )R
FO5vE . SR, H A A E XA A FB SR
WGV REHEATORTE . FB o7 K g A G2 vh A
—AATHAE IR BT 3h DA SR G — O IR e
P AE BT AU A R ME , O AR SCBE TS 3h T AE
W MRS AE TR UR, AR XA 7 305 B i R T
AHALF , —S022 BB FB 5 H I 22 0B IMEAE
AN GE i RE DL S R BEIR 2 ik i AR X
SCEREE Y BE T S B HEVE RIS | 5 OCBERE I T A
FUE A, H A i am 5 8 7 R IR b
& J# J3E SR W, Zhao A5 3 5k 3% A I Uek 22 i R
B9 77 FHBR R BT b 28, 10 7 AU X G B i
I B 7 S B R PR RSS

Zi b ARG COM U T 38 G2 vh i AR e
PERYAL IR AR Rt A% a5 RS A — R b 52
PR35 S A 3 S it v 22 v ) 80 285 T PR 5 DG B 1A 1)
MMV 2 2% 80 H T H bR, 20 7 /A
KB R T B AR AR . [ X T
SRS IR, 550 A 2 M A A 2 e T
FEo TH., CA R &I H I8 05T PR v K
X CHEEE A PR E B RIAFER, FAAEE
FEFR ] AL GE COM 7E 52 BRI H JE 248 B b i iz
BT, ST, A SCLUE G COM MR H A & 8 2
DPEACTEAB U R, 4 A e 0k v 5 TR S5 1) Jg
ERGIESH i R S R E] BRSPS
e AR B T SR B MR P 5 T BIE ST [ I 2% SR H T
HAAE R 1 AR A L B B A 1 G B B i 9
[A] @1 ( robust and bi-objective critical chain project
scheduling problem, RB-CCPSP) fit) ZE A% 15K i, BF
FETAE B A B AL H b SO0 AL A £ 2, 1)
BT ARG COCM JF 40 e T AT Y SC B B 0T H A i
BLN7EN

| R e S £ |
1.1 ZRFBRHRMRIE

&4 CCM [ AL B 5 — , S 485 B T 14
oA TR SR R IR B T 58, F I U o G B B
2 25AE B, AT 2 454> FB A & 5 R,
JE A SR i 25 8 RCPSP R4S FEAE 7 58, AR U
T L2 8 5 R AR TR BR 2R N e A b i e 1T

T SCHERE A A T Al A 45 H T Y BB, 78 & H i
Akt (T H 45 oAb ) 4l AME—RY PB, SR, K2 A
FB 47 A B8 58 W I8 B 5 58 v i) R 26 3% 2 22 8] 5 i
PEPEICFR WP SR IR T 4 (5 R B R vh 52 | il
JeR R o HABJE B8 5 1 o 19 T 4 st ], 3 tE—
WAL T FB A B — 72 B B 0 R R g
A HILAESE CCM g IR 2 (Rl RS o 2 dn ]
fifp D R BEIR ph R RIEE” . R T R BRI vp 5
HA&ZA4 FB I PB W8 BETHRIFR S — 8 BE 1t
R R TR ME R BE TR . 8 i ER I8 IR IR
T R I BE T8 FR pEHE A, 2 AR Mg 0 H b
B SRR T H A () R R4

1 G0 S 110 ARE 2 e — P B S b 1 S B Y
FRAFAE T IR D0 4 07 8 (W H T Sl ) oIk
ekl 23 H TR G sh 8 & ., A IR 2% &30 H
TR RPE R FE R, B DL e 4 48 e A 1Y
WE S T o — 2 SO S Bl | BV G FIT AT T 47 A 3
YR 7 ZE U HL A S B B A Al S B, X T
BEANFEUE TR B 7 G2 5 AR 8] 22 b O T8 B RO TR
S FET TSR R 6 e R A, R I H T
OURN AR A B REE bR PEAN B A R T R AR
%, IRZEL M RCPSP A5 5 Fidmic, i H 1 3 2 1]
Y% 4 5 2 2R Y 45 38 (activity-on-node, AoN) ¥
% G=(V,E) Fik, Hhv={1,2,-,J} HWEOK
BN ARG, WAL R AR J RN IR FIZE A 6 T
B AWK (i) e EFRRTEMBERFR, Wk
AR BE R Bt R BB S, 16 s 22 18] R 45 R - JF 1R
BIRSEC R, W H St L7 K Fha] R e R 5
ke FREUR AT R R, 1, RN TG j A S T
XS kAR IR AT R B, FIR R BT IR vh g8 TR 4
AL RB-CCPSP WS EL A5 L3k 1,
1.2 ETERMRRERMENXERSIEXEHE

1R 51
1.2.1 LML RAMEHE

BRI SR AR CCM R B9 FERE
VRS BEME I B 7 58 vh BE IR A T 200G 2R 44 W] AT Y e
RBERHS , SCHERE T 035 S8 T2 0B IR0 il £
KF, VIR L T A RRBATR T, 95
BN Z MBI 29 ¢ &R, 5 R A AR B2 4
F T R I Y ) ) — 0 4 T b
Z2 R GT R 19 28 [, T AN T) A 8 50 I 4, e T
Pt B R 2 R B A
R ISR P T R U IO 45 BE AT R 488 v % b X T
HEAEEEE TR A AR AP ACR ™ R AR SO T8 4
P ZEVR T I 2% (robust resource flow network, rRFN)
PR S S I E O B

— 167 —



B S K PR ORI e RO B T X AT K TR fR A

*1 SHHAR
Table 1 Symbol description
S8 i
S FEMER R
s’ TE S H I ARHA] G2 wh 3T B R BRI v e JE B U BE R
5; FMETI TR S ThiE 3l j 1 (R ) JFER I ]
f; BRI BRI S s 3l j Y (R ) S5 TR ]
Is" R RIR A T 7 S TG Bl BRI AR 1]
I Tl R 2 T 4 S s Bl j 0 I B 235 PR )
Vi R GBI A 4 S hiE B j i A e 2
cc KHIEEHES, CC = {CA',CA* -+ CA™ -+ ,CA" | m = 1,2,--- .M, Hid M g5 34k
NC, 55 q ZRARSCHEEE ERYARSCHEIS ShAR /D, NC, = {nal,nal,-- na’, ve, Il »q = 12,0, o Q AR RSB
na'yne | g ARARCHREE BRI —ECHRIE 8 (AR AARCRRINASRIG 8)  SCHERE ¢ PILEE | NC, | AMECHETS)
5] THER PR IR R 22 )5 7 ST TG SN j AR i)
S THBR U IR pR )5 78 ST ThiE 3l ;45 s ]
e B R B Ih S5 46 S il 3l j 1 A p i 22
CA* 5 g ZAAESCHEEERY X R ICASCEE TAE, €A € CC
Je, 5 q FARSCHEERY A B AT 22
I xe, THER RGBSR NGS5 55 g ARAECHEEE 1 A i 22
FB, 55 q SR SCHHEE X N A G o
TEREMEW BE TR b A2 oh FB, 9% A 220, BRI OCBEGE ¢ Fd s — AN AR KBS 3) na’) %, AE S H T IR I
ot ve b fa), AREEA S o ?@ﬂi B2, B /NBIRAR IR Q Akt ¢ = 1,2,-++,0
Sk, TWIEEETH Y, FB, 3 AR 2 5
Trn 55 q FRARSCSEEE RS A ZE 0P TAR b R BT IR 0 TR it
g, 5 g SRR SCHEEE A G v R
iy, 5 q SRR SR L TR U WA G2 o R

TEGE UL 25 v [R] — BE PRI L 14 356 Bl A7 A2 5%
W29 BRI AT TSR, SR 2l T
GEIRA ) 2405 Wi B IR R TAR R IR AR . SRR
P2 [ R i B Z [ HFk | B [ BEIR 2R I
A 2l 22 18] 4 A L ) 2 e /> | 3] JBE 5 98 6 R Y
sif, PR SCEA SR A0 | B | Sy J5E DU ) s 5 9 10 0
%, TR0, RAGS REA SORFBGR,

1.2.2  R4EEEZ AR K447 5]

CCM H, SC B 16 2l JE 3 6 SR 22 2 W 100 [ T
P T A 2R, B Rk A i 22
AR AR B I 220 0, HEEIR AR 25 4E K 35 H
T, P, 7R OB AR, B e B HE R B AT
FIHIE2E F0 4% 138 R N 22 AR 45 0 D AF Sk T AR
T 3l USSR AN SC R AR AN SR 2 TR

F2 ET rRFN HXEEIRIEE
Table 2 Critical chain identification algorithm based on rRFN
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Figure 2 Baseline scheduling and critical chain scheduling after eliminating second resource conflicts
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Figure 3 Secondary scheduling after VNS
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evolution algorithm
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Table 4 Experiment for verifying the validity of the model
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Table 7 Comparison between HDE and CPLEX in the RM of schedule with shortest makespan for J30
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Robust and bi-objective critical chain project scheduling optimization with

a second resource conflicts eliminating policy

TIAN Baofeng, ZHANG Jingwen ™ , SHI Zhiyao
(School of Management, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: In the context of economic globalization and the rapid development of information technology, the progression of a project is

more complex and unpredictable. Therefore, project management under uncertainty arises. As an efficient project scheduling method,

Critical Chain Method (CCM) could reduce the impact of uncertain activity duration on projects by inserting buffers. Specifically, the

principle of CCM is to insert feeding buffers wherever the non-critical chain joins the critical chain and to insert the project buffer at the

end of the critical chain. However, the existing studies on CCM mostly focused on makespan minimization and the robustness which

reflects the ability to cope with the uncertainty was ignored. Meanwhile, to avoid the second resource conflicts dilemma caused by
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inserting feeding buffers, most previous studies assumed that the feeding buffer does not consume resources. This assumption is
inconsistent with the nature of the buffer and greatly limited the application of the CCM in project management.

In order to solve the aforementioned problems effectively, this paper focuses on the robust optimization for critical chain project
scheduling. The present study unfolds as follows. First, a local rescheduling strategy to solve the second resource conflicts dilemma is
proposed, and a robustness index according to the rescheduling strategy is designed to measure the robustness of the project schedule.
Then, a formulation of Robust and Bi-objective Critical Chain Project Scheduling Problem ( RB-CCPSP) is proposed to minimize
project duration and maximize robustness simultaneously. Finally, a hybrid differential evolution (HDE) algorithm is put forward to
solve the formulation. This paper consists of the following four sections.

In the first section, application steps of the classical CCM are introduced and the formation mechanism of the second resource
conflicts dilemma is qualitatively analyzed. Meanwhile, a robust resource flow network is constructed on the basis of heuristic rules,
and critical chain and non-critical chains are identified based on this network.

In the second section, a quantitative analysis of the second resource conflicts dilemma is conducted, and the conflicts are
classified according to the interference relationship between the feeding buffers and the critical activities. Furthermore, on the basis of
above analysis, a two-stage heuristic second resource conflicts eliminating strategy based on local rescheduling is designed, and the
robustness measurement of the second scheduling plan is put forward. By taking both the makespan minimization and robustness
maximization as objectives, a robust critical chain project scheduling model considering the second resource conflicts dilemma is
proposed.

In the third section, to cope with the NP-hardness and bi-objective characteristics of the problem, a hybrid differential evolution
algorithm is designed by integrating the differential evolution algorithm and variable neighborhood search ( VNS) approach. In the
global search, considering the bi-objective characteristics, the selection operator and the non-dominant set updating operator are
proposed. Then in the local search, the Insert and Swap operators are put forward.

In the fourth section, the validity of the model and the algorithm proposed in this study are verified through large scale numerical
experiments. As for model effectiveness, compared with the classical critical chain project scheduling problem ( CCPSP) and the
robust critical chain project scheduling problem (rCCPSP), the robust critical chain project scheduling model considering second
resource conflicts dilemma is more conducive to the smooth progression of the project and increase the probability of the project being
completed on time. As for algorithm effectiveness, compared with NSGA- Il and the classical differential evolution algorithm, the HDE
algorithm could solve the bi-objective critical chain project scheduling model with better solution quality. In addition, the VNS could
improve the solution significantly.

To sum up, the method taking the secondary resource conflicts dilemma into consideration put forward in the present study
significantly improves the utility of CCM. Moreover, the robust and bi-objective critical chain project scheduling optimization model
proposed in this study could generate different project schedules according to the specific uncertainty conditions. The present study
could provide insights into decision-making about project management under uncertainty.

Key words: Second resource conflicts; Robust critical chain method; Bi-objective; Differential evolution algorithm
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