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Robust scheduling optimization for resource-constrained project
based on random duration of activities

HE Zheng-wen, LIU Ren-jing, XU Yu
(School of Management, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract The robustness of project schedule plays an important role for the smooth execution of project
under uncertain conditions. The authors studied the resource-constrained project robust scheduling prob-
lem with random duration of activities. The objective was to arrange the start time of activities so as
to maximize the robustness of project schedule under the constraints of renewable resources and project
duration. The studied problem was identified and illustrated by using an example at first. Then the opti-
mization model was constructed and three heuristic algorithms, including tabu search, multiple iteration,
and random generation, were developed. Ultimately, the algorithms were tested on a standard instance
set generated randomly. The influences of activity number, project duration, and resource strength on the
algorithms’ performance were analyzed. An instance was utilized to illustrate the research in the paper and
the following conclusions were drawn: The solution quality of the tabu search is remarkably higher than
that of the other two algorithms; as the resource strength or the project duration increase, the average
value of objective function climbs and the quality advantage of the desirable solution of the tabu search
augments. The research in this paper can provide decision supports for the preparation of project schedule

under uncertain conditions.

Keywords resource-constrained project scheduling; optimization model; heuristic algorithm; random
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SJIRHL B

EHEVE (robustness) JEAEIT H #E B RIAE N INRIHBL R LR 4T, Rt RE . . B4R,
XoFFAREANH R BRI I H R, HabE IR S B, XA A HE NI NTiE 2
THREZE M, 7850 K EHN T L1 SRR, S PR & 250 T ry50 H SR B i, Eih—
2 B FFIAXT A TRFSE. Herroelen M Leus®! Bt T JURAERS A iR e ML R BT Rl 15 & X
Bk, HARRFEFAE A& T R/ METE ShIF ah e ] A B AR 2. Van de Vonder % ©) FiF{F &
TR T RS (150 H LM TR ) A e (FERERU TR EN) Z MM R, FE
T Bt E) G i R P R A F A (. Van de Vonder % 7] JF& T —Fli GBI R AL S & X EIE,
PFEAM T 3R IR R e tm T [ AU SC R, Al-Fawzan Ml Haouaril® [ i & T 4% /Mb
E BRI, M T AEARRIRA R B A AR T 2B R B &AL Lambrechts 45 O JF
BT —FhERHR R &R 5E A G R T B e, B AR R R RIR R B Van de
Vonder % 10 @5t —A5280, WM T 2R a0 H IR B R REREARREE TS0, &R, 54
HLpy AL H YR B BB S AR B, 6T ORER B 254 T B B A B I R B IS H BTSSRI MR Z , RAF
LR R 1

YT PR 2 R R A S B AR S R AE 16 3 LHIR AR bt b3 — 3z, A SCRF IR RERL TS 3 LA T 89
BRIRAR H B R, B AR RAEA EHR TR (renewable resource, BRI A B IR BEIEMA ST, ix
%, ) A H TR AR, LHEG Shi T ah e e DA B Ak it B 0 B 1R e, PEAE& Br, i)
BE A M TG EH AT RIS, TERSCH S S28 57, VBB SR Fri o I R F — s o Hd A 7
Wi 5 4 R ) ALY X e NP-hard JEPE TR & 2RI, TERENLAE BUA FRmERB)_ X Skds T
WA — DGR R T s e M5 2S04 MR 45
2 [a@SRE

ARICRAEETES) (activity-based) FIBFFETEE 12, BRI HFERA—14 AoN (Activity-on-Node) [
%, Hr B RERIEY), EAREHZRWEBEXR. ZE—1H N NMEIWEHTE, HTMERRH
B, BN EES: 1&3) 0 fMIfE3) N + 1, 43513 R5 H G R, T H W LETRE K FrE
BRI, 88 k(k=1,2,-- K) Ml EFRIEA T AER Re. &30 n(n=0,1,---, N + 1) SUTHFFE AR [H]
HXEE k Ml E R IR TR E R ro, B TFABEE KWW, KT 4, A—IEMREZES 3R w(d,)
M oo(d,) WIRENIZS S, 1R, BTRPIA M TS Sh ERmT E R IR TR B L T fEh 0. 1HRI I E T
¥R D. TFERSHAE, B FiEs TIAMBENLYE, ITH T D 325k b — R4, BZ 29 sRAeT B 3
Kl 5 B DA 0% R RS SF, (HAETTRIR P Tl B 017G W] RE A €.

PR e e o H BRIy, 2T THME w(d,) ¥E3h n BHFEEEZHER s, 7250 H 83256
R, BT AESIA bR LA A — & 5T HIE, FIE SR SRR IF G e R b 2 & A2k,
S BOHE R RS R BIBER. AT AR A& R BT RENE, SERRHr Ao B /S B 50 W SrE Mg
B B — @ M TUA, BRI RS 3 TIAR AR T R fa e R, X —45E, 78163 n
(n=1,2,---,N) B RISEREE (B) s, + p(d,)) ZJERE—BBEZN B,, HEEHET RS
By, W EBLIE SRS s, BZHERTEM, 45 &G SR RIFFIRESE] s, B W T2

B, = n?éi(%l{sm} —[sn +u(dy)], n=1,2,---/N.

Hef, U, WG n BPTE BRiE s e, N ERFTEH, 24153 n g9 95 THURE 1(d,) B, HEHIE
IRBIREE AR BGE B,, IAIEE) n B0 BIETES) m BHRITFGE s, BIEBIATIRE, NTEESaERE
FRITR SR B .

ST — AR ETH, &GS, JEE A B AR, AT, I FAEETE T D &y
295, VGBI G R TR TR R M R (R, AR BR A B G & P 2R I 3 L R, LU
SAREET E HE R B AT SRS, BEREMEIE L MER & (n = 1,2,---,N)
IR &, WE B, WA BIR, EH n (9 o(d,) B, TN, TEAR S,
KL, BT o(d,) BHENMEREL o(d,) &N & = 0(dn)/ SN, o(d;). 1ETH 9t F2, 254k
VRS B TE S R R R AR B, L, MBS, &, S9RR LRI T 1630 n LAg#
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PEAF RN np X HEBE TR B R PERY TTRR. 2495 3h n LIRS0 By, B, R BE TS (5 i o Sk R AT
M & By ERL. T LB, {0 H T RITIA 8 B 52 Robu, & SCHBTA & 3 LRI RS2 0f
ST Bl - B TORRSRT, B Robu = 3700 (6 Bn)- BHIFEEE, 24797 H iy S et TR G2 5 5 ELAEAS 1%
2 EHAT T G EAMECR, MBEETHRIR Robu M HESR; R, BEEETHRIN Robu AR, 53215 3h i
AL SE R TR S A AR PR, 72 BRI R R b, B A SO SE M e e 72 R S B o I )
Ry BITH T D (2RT, TRV TIARIE 1(dn) FIFRHEZE o(d,) ZHEE BRI ARITE] s, DARRAE
T H BRI B Robu.

3 I

AE 1 BrRE— A a It X 2 PR B M TR 2RO E M 6 ANESh, H 0 fn s
SRR AARISERIE S, 1, 2, 3 M 4 NARRIES). A7 — P A EOF SRR, FAT AR Ry O 10. B2
F GBI TIARRMIEZS M, HHE. 722 S 6 ot ol BB o IR F R B AR EE TR ITH T4 D 2% 20.

Tna 516

&5
) o) ry |

@

BLS 2054,

1 THRBH AoN WEE

XTG5S E e ] e oA B AR, 78RR R A H THAZR T, B TiEsh AW
WHES H— DA T T R HE (& 2(a) BT7R): so =0, 51 =0, so =0, s3 = 8, 54 = 8, 55 = 17. TEi%
HETTRIZHET, FAEBIESIMERZWA: B =1, B, = 0, Bz = 1, By = 0. RABEE3 LR InEE, 7T
DI R A ARG S A RBON: & = 045, & = 0.22, &3 = 0.22, & = 0.11, |UILAITS Ld#kEEE T
R EEPE: Robu = 0.67. fERXTIH, BILAE BRI HR, 45 5—rl e BT ZeHE (niEl 2(b) Br
R): so=0,5=0,5 =0,s3 =10, s4 = 10, s5 = 20. TEFHFEETTRIZHT, KB ERIET S0 R
By =3, By =2, B3 =2, By = 1. Z55EBIGE WA RE I Bt B RIR B R Robu = 2.34.
il - e |

Ri=10
10

10

n=2

0 5
(a) SE I 8] 5 R RE VTl (b) EhEt i KHERE T4
B 2 BB R R TR HE
N THAIE Robu SEEEH IR MR NTESCR, BRI T 3) TIARYIEZS 04, X LA B Kl
ZH AT R TR, FE(T RS T, RECAE SR IT AR T BE T H Sl Ia), AR Rl A T A
1 USRS ARE BT A TR R T A Sl i, BRI H AR e Ak D5 E B E N 10000 4, FREH)
SERANT: SERUTE] B R BRI 8538 YR T IR, TIHA 7980 YCRILITHRIZEM; EHifthRRHERE
THIIEA 1296 Yk A T, STHA 739 YORTETHRISER. dtrl LAHER, 4nRRe B 2R B T3 dr A ek
NG5, A A3 A A A BT H AR R SE R R, Ff e 85.4% M 79.8% 43l T R
2 13.0% 1 7.4%, IR H HEEE T RIF T E RSB RIRIREE R T _Eiksh R s, TEREYLIE 3h I
T REE 2(a) BrRRyEE TR BRI AT RE RSSO H, (i T HERERAR, 4R COET E 20N
EAR, T EAA AT BE A A B I E AT I AR YRR, 2T 5 Ak % R o 2 A 38 B 7= A A B . A
B, nRPATHE 2(b) PrasiysE TR, A4, d B IIA B i S, T H B9 St Rk & P AR
WIS 22, ST A M) 100 H A H e 52 A ST H b S 2R
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4 1REGgE

AR LB BT R TE R F e M B, Fs 2 TREAILTES Bl TR SR 29 R H e A BE AR AL R
LUl

N N

Max Robu = o(dn) o(d;) | minmev, ($m) — (sn + p(dn))] (1)
a obu ;{[ /; }mln cu, (s Sn+p }
s.t. so=20 (2)
S+ pldn) <8, melU,; n=01,--- N (3)
SN+1§D (4)
> rak<By T=01,---,D; k=12 K (5)
nevT
sn HAETIERL n=0,1,--- N +1 (6)

Hrp, Vv ATE T WZNEEA TG SRS

R — RO AR, Hodr, BAREERR (1) SR H BRI B4 Robu. 55
=X (2) BrEIED) 0 BITHRIFFAGETE] so GXARZREA T H B3 RIFF a6 et E]) & SCh 0 BFZ1; 2 (3) AW SE
RAEAH, BRIED) n BITRIFFIGET s, SHTHE u(d,) MR THEETES) m g93HRIFFa6eE
Smi 2 (4) ATH THIAR, SRIEEARIES) N+1 T RIFFRETE] s (X850 H #1150 58 BT )
AT H T D; 5 (5) RHAEFRIELAR, 70 H Lt et E— 1% T (T =0,1,---,D),
B EAEHATIE SRR k(k = 1,2, K) A BEHR IR TR G = Y cvr ron AELIZF IR AT B
Ry; 3 (6) AP R & SORAR. Ead i RAR, [R5 B G ShitRIFF Rt a] s, 9228k, Pt g2
e L S PO B TP ERCR BTG 3 L, ARSI H 2T RIS oAk, TR Bk AT R AR IET
A T S itk X2 T A H A IR 52 B
5 Bkt

AT TR R A — TG 3 LA REALAS i . e B PR S IR AR H A 8, BRI 2 iy B
23R H JHEE ]88 RCPSP(resource-constrained project scheduling problem) [ A E 4 T —F .
H1F RCPSP BNl NP-hard [0 13, BrRA, ZSCHPHFSE 48R A — NP-hard [, %F LR
B, Ve R R AR 2 S, AT E R ERBNERER B AL ME, 40 A5 FF
e & RGE (B2 EEAMEENAER), FEE T — AR X =R S8t w4 oA
5.1 FHETI{THREAE

R T EXEIFERR, & MYkt S FRRMB T S=(sn; n=0,1,--- N +1). [
WILH T 7AR SO L TR BRREAL A A

BT, 1 EAFEATHEFFRIEARN 5) WAMT, ZETESH LIME u(d,). THE T D Ffim E M2
4Ey, R S8R A2% CPM(critical path method) T5Y&EZ) n BIBFREIE [E,, L,]. HF, E, fl L, 51F%
TRIEB n 1 B LR B T e ).

BB 2 TEARENERTERRAR (3) WEMT, AHNES n(n=0,1,--- N + 1) TEREE [E,,
L) HHENLH 2 HE— D IFARETIR] 5,0, H TR R R — ) i SO

I 3 BIZ 0 & sy, TERDEF R LR EFRRFEARSX (5) 2EHREWE (ER, &3 n i9RE
SERFEI N s, —BEHHE] ming,cu, {sm}), ZaNCHRE—NAIITRIRIMRME SO S0, REZEHE 2 HER I
REEEZSE—A AT SO Ak
5.2 PR ALIE

METAATHE ST M—DATATIR A S Hen T P BRBEN LA AL

$B 1 IEYHTATE ST PREPLHERE—NES) (BIED) 0 BRSL), KAxiE Shey TR ah et e 2 LR [ i
FEALH AR AL — AN AL, IS B Y BTfda — 48 52
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PR 2 RAEMKMIERRARA 3) SEMRENHE, £ e NARSE S SHRAE, AN, R M % 3 s
R EZER (3) HEINE N L.

B 3 LGV PTG TR 3 AT, AR B RIEA R (5) AR S, &
ENEHBE— DA THLR s 52 AN, REPEE 1 HEE LA EERRE—NA1TH 52 Ak
5.3 BREFRBEAXFEE

MRIEZE RIE R AT, AT 2R P IR0 T Bk

S 1 WARIGRATATRE SO R BAREEUE Robu®; & EIEAIZ L4, BIHINI AT 4T B 4K
Numgiop; PIIEEERIIR TL; 21HEES Num = 05 BR4THT#E S FOUTTSRIF#E S* REHR S0 S' = 5% =
SO Robu' = Robu* = Robu®. HF, Robu' Fl Robu* 43%I8 ST F1 S* B3t gy HARREUE.

P 2 AR ST M DAATER S? HEAE S° THEREEUE Robu®. KA ERIZBRNBIEE
FLFZERIIR TL H, HRFER 4, BN, #2053

$3E 3 4 S'=52, Robu' = Robu?, Num = Num + 1, BFZETFFE TL. IE Robu? > Robu*, #—
4 §* = 52, Robu* = Robu?, #3508 5, BN, HEE0E 5.

$B, 4 WE Robu® > Robu*, JWiEERBZASBIMERIRE, 4 S = 5" = 5%, Robu' = Robu* =
Robu?, Num = Num + 1, BHZERFNFR TL, 5258 5; KN, A 2.

B, 5 HWT Num > Numgop SEAL, FLEIR 6; G, FeL5R 2.

HIR 6 LGSR ERE, B S* F1 Robu*.

e LR RS, 2ER5I5R TL i T r X a8 B A B — DAl T 4R R, A AR
VEPrX T A% 3 i B s WIS IR TL Hr. [lE, SRR B NTE# L TL, TL FEyH
B L AL FraALT T PBIHSEERY, HY— MR B RS A m Y w5
YRR B AR R0 S, R SOIRZS AT KPR B0 E B bR, AT Sk REa8 B ah 220 a5 L, DUBE S 2k 1]
TR B U
5.4 ZEERTMEIERBEXEE

ZEERMBEYLE R E W 02 RS R s 1410 ZEBNN - S2EZ R
WIRIBR AT AT 8, DURFE H AR R BUE R BRI BRI TIE. A TRERBAN R IR, 2 B iR R e
LB, TR SIS — RN A B FTAT AR BB R AR IR AR TR AT AT S ECA R IR E R E I, 5
AL AR R BRI T A FEALA SO BE A TR 8, AR TR R, (FENL™ A e 5 H
W AT AT A, D\ i H B A S ) i i o

XA SCHrAF TR )8, 2 Bk UR A XA AR R =T

ST 1 WAVETATRE S0 ML BARKEE Robu®; & XFEZ LA, BRI FIATMEEEL Numsiop;
BeRE B AR R BB TC U AR VAR Y R B RS T Num; S35 Numy = 0, Numg = 0, HH, Num,
1O BRI P AT AR ECE , Nums 185% B AT R BUE TSGR B4R S50 H Y it St B4 T a5
R S0 St =8* =59 Robu' = Robu* = Robu®.

BB, 2 AR ST W—DAATRE S2, TR S? BT HAREREUE Robu®. FIWr Robu? > Robu' &7
BAL, FROLEDER 3; BN, #D Bk 4.

+FE 3 4 Sl =52 Robu' = Robu?, Num; = Num; + 1, Nums = 0. 415R Robu? > Robu*, #—4
S* = 82, Robu* = Robu?. HEH18 5.

HIE 4 A Numi = Numi + 1, Numy = Numg + 1. HWr Numg > TNum Z&E L, BN ES
HER— AT A B R UE, 4 5ic R St Ml Robu', & Numy = Numy + 1, Numg = 0, F55 5;
G, EEHIR 5.

S5 HWT Numi > Numaiop S BBOL, ZBOLNEELTE 6; G, 5255 2.

B 6 LGSR ER, B S* F1 Robu*.

BEALAE LG & AN R AL BT

ST 1 WAVEEATRE S0 RILEARREUE Robu®; & XEIEZ LA, BRI AT EEL Numsiop;

AHEEE Num = 0; ¥l S TR{E N SO S* = SY, Robu* = Robu®.
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HIE 2 FENLAER— AT ', HHRAE ST TR EIREEUE Robu', & Num = Num+1. $|W Robu'>
Robu* &AL, BBALNA S* = 81, Robu* = Robu'. #350E 3.

B, 3 HWr Num > Numgop JEGOL, FBLNELEE 4; B, F05E 2.

P$I] 4 SHARIEER, B S* 1 Robu*.

6 EXMNR
6.1 3LI8IFIt

FE FH 597 E R BE [ B A LA ProGen '™ BEHLAE BUAIRHE RIS L, St L —3 R TR =FE &
KA LR, ProGen ARAMBTRISEL E LR 1, H, R LRSS EE 31 JiH
AeIESIE N TUH LW D FISEIRE RS (resource strength) 'Sl 240 N fH(E S 4 Fh, D F1 RS {HUE
¥4 3 B FERFRSEAE T AEBMAERECH 10 4, HHAAE] 10 x 4 x 3 x 3 = 360 PMHH]. TEREHULHA
W2, A SCRTBFSE MR E S0 B 530 ] B 5 SRR i SR 24 5, Ry T e 6 A A A0 T T A, A A
R, B SR SRR B E T S IR T I, SRJF A EB4T SGS(schedule generation scheme)!!?)
WENEZ RV AR T W0 H 5758 B Cmax, FJERA Cmax AZERER BT H TH.

LR =FE &R A Visual Basic 6.0 4if2, 7 CPU 458 1.6GHz, FFEN 768MB B AL
g4 X TR T i, A E =S R AR HEE TR, AR H AR R EUEIC A Robu,, 5%
HITFSRIE A CT;. 4 Robubest iy =Pk S 2 M i i i iy B R R BUE, AR RD; (RD;=(Robul*™' —
Robu;)/ Robub®") il B ft B B B i A R S, 8 SCINR 4 MR ATEN J8 & BRI B0k
® ARD: ARD=X"'_| RD;/I, W & fBE 83 S Ay T A A 2.
® MRD: MRD=max<i<{RD;}, 1 EMHE B S SRR X 22
® ACT: ACT=Y";_, CTi/I, H¥:iy T+t .
® MCT: MCT=maxi<,<{CT;}, BykHHKITHE .

Hrr, I RRE—5 78 pr e & ey a1 %

#® 1 ProGen HBHixE

ProGen &% BUE

B ERE SR N 10, 20, 30 =k 40
FERE—IERE I AR 10

SRR A 2% 1R TE 33K M 2. 3 Fl 4 HHEHTIER
ERERTMEE S 4

ES TEBIE 1(dn) JA [10, 20] A5 BEHLIZEEL
ESTHIW 2 o(dn) M (1, 5] F Sy H AT ZEEL
A HTRIRAFTRE K 2

XTI 1 FRE v ML, 10] A ST HBEHLZEIR
TERHIR 2 TRE rae ML, 10] A ST BB

AIERTTRAVRE RS 0.3, 0.5, 0.7
WETH D P+ Cmax, HH p 435IBCHY 1.1, 1.3 F 1.5, Crmax AFIELR T A0 B £ 5 5C B H

6.2 HESH

TEX FREHEATIRZ /T, H ol il Rk A A RS0 2 — AR BE. R TERER,
TAEAT TP RBESE: TRIATATAR B A Numaiop, MEERFIREE. i T B AT 47 2 AR 5 00 H
RN ZIFE—ER HBISER, I, B Numgo, BEN N BSE—FR R, SR ERIIRKER
BH 20 R, TE Numop S3MHIBL 6000-N, 7000-N, 8000-N, 9000-N Fil 10000-N FRMHTAHH; SRIFH
B Numisiop BEEN 8000-N AL, TEEERFIFRCBEE I 10, 15, 25 F1 30 TRAEPTATH], 752002 M
{725 B AR R AR AT TR TR ILAR 2. ARPESR 2 Pt R, S5 518 T2 B AR R BB A -2 3 S e
[FIRE RSB ARG B, R AT TR S B0 E R 8000-N, AL BAFRAI BEMERE A 20. R At i Fl
L SE R AMAINZ L0, HRMB AT Nums,, HIEE N 8000-N. Xt T2 EENH)
LR TNum, T3 3 PSR HBEN 15.
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® 2 BRRRBAAEIAFEASETEARETHHEER

TR TS FHEE R T ZERFIR FHEE R T
BN umsiop PR i TE] (s) KE PR ] (s)
6000-N 27.30 34.01 10 32.57 63.12
7000-N 31.59 48.25 15 32.85 63.52
8000-N 33.16 64.38 20 33.16 64.38
9000-N 33.48 77.13 25 33.16 66.85
10000-N 33.77 93.00 30 33.19 69.72

% 3 SEAARHBERNEEE TNun FEBETHHTEER
TNum FHERREIE P (s) T'Num FHHRREIE P (s)
5 30.21 45.42 20 31.01 45.58
10 31.13 45.43 25 30.86 45.33
15 31.21 45.73 30 30.99 45.87

6.3 MiXER
TEERFES O E TR R WER 4. RTFEAMILI K N, RS Fl D 23 BAFRER 074,
F 4 T =Ma A EERTR 4 DRI RSR. R, R 4 W ARD, MRD, ACT fl MCT #y
AR “T <M R CR S RVREEERIER . ZEIEACHFENLA R A RS,
F 4 EFIHER

=t ARDT MRDT AcTT McTT ARDM MRDMACT™ MCTM ARD® MRDT™ ACT® MCTE
£E (%) (%) (s) (s) (%) (%) (s) (s) (%) (%) (s) (s)

N=10 1.07 231 913 1336 1.06 256 6.05 10.34 1.29 344 344 6.24

N=20 0.88 159 31.85 56.07 1.52 3.68 2648 41.72 7.31  12.06 15.18 23.04
N=30 0.19 0.36 69.37 103.13 810  14.86 48.47 8246 1545 23.92 33.45 b58.17
N=40 0.10 024  147.09 209.20 17.11 21.04 101.90 148.81 26.77 39.28 74.72 102.48
RS=0.3 0.81 231  94.16 209.20 5.16  10.95 65.09 148.81 9.29 2236 46.74 102.48
RS=0.5 054 211 5747 101.73 6.65  13.24 40.45 90.03 11.21 21.42 29.21 65.64
RS=0.7 0.36 179 4148 83.52 9.03 21.04 31.63 71.79 17.60 39.28 19.11 46.76

D=1.1-Crax 0.63 2.31 85.03  209.20 5.58 15.32 64.54 148.81 9.78 23.12  45.14 102.48
D=1.3-Crnax 0.55 1.91 59.42 161.06 6.74 18.47 42.31 104.03 12.44 30.67 29.71 80.77
D=1.5-Cnax 0.51 1.19 48.61  143.25 8.53 21.04 30.34 8197 1593 39.28 20.21 71.04
eyl 0.56 2.31 64.36  209.20 6.95 21.04 4573 148.81 1271 39.28 31.70 102.48

HAex iRk, 28R RN ARD fil MRD 4350 0.56% 1 2.31%, /NP2 EERM 6.95%
1 21.04% KFEHLA LR 12.71% F1 39.28%, 1 AZE R RPAF RN E M0 T4 IR B & T HMA MRS &
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