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Combination of constraint programming
and mathematical programming for
solving resources-constrained project-scheduling problems
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Abstract: Combining constraint programming(CP) and mathematical programming(MP) to solve scheduling problems
has been an interesting topic for researchers, and promising results are obtained. We propose a preprocessing approach
for solving resource-constrained project-scheduling problems(RCPSP) with integer programming(IP) model, and prove
an effective inequality theory for the IP model. The effective inequality can be obtained by solving a maximum clique
problem which is built on a sub-network of the original project. A detailed computational experiment is performed using the
well-known standard instances in PSPLIB. Computational results show that the proposed effective inequality remarkably
improves the performances of the IP model. Finally, the computational results are analyzed and future research directions
are discussed.
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1 5|35 (Introduction)

PEYRAZ B 1 H 1 B 7] 8 (resource-constrained pro-
ject scheduling problem, RCPSP)7E SZ ik b A 32
(KR H. 7E 38 I, RCPSPELAL &, 1fi H. 2 JENP-
hard ) 8, SKAE R AE, JL-HAEk— 52 2 HE N bk 2
S5 WIS O A 5T v R B R
FEH IR Kl (integer programming, TP)F 43 ¥ 52 S 45 K
B S L R A 3 4R 1) B kL, SCRR[6~10]
2RI 3 B e S H AT s i IRORS B 0, AT A

WA H #A: 2010—02—05; W& Bchn H #1: 2010—10—-09.

TEANVE SR AR I (] B R 25 A1 3K HERCPSPARIE 1]
JEPSPLIBH1J30— 41 I3 i) 8 71 4% ¥4 804 51 451 (1)
SR, R A S TR ot 5 S SR AR /N JAE i T,
SE R I HR IR R AR 1) ST fiE O ). 3 SO B o T8
FERE AR RE U )A RASIERI X, i K
QB R R 22 3 )37 F /ERCPSPH SR fig v 112, H
A AR I8 50947 Hartmann 32 H I 3 T TR BE % 4
1idh 5 3 1 38 N 3 A% A2 1 Merkle % A4 HY R I
FEET 704 Debels: A4 H (1) 53 B3 2% R 27 55

AT H : FR ARRHAILE S BIH (71021061, 70771020); “863 7 v1-Xil/4t 1t il i 5 A4k 151 7 W 20 H (2007 AA04Z.194); H e iy H At

IR Z5 9t 28 Wy 5 H (N100504001).
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PRI A S005] Debels fllVanhoucke 2 Hi 5140 i
FEAR 384 5721060 Valls i AHE H R i) SR g Fr A
PGB K S35 Gongalves&5 A2 HA SR i 22 1 H 1
J5£ ) 5L F 35t A% 4921080 Ballestin& A\ 4 H SR A e
YFTAE 5 J6 FIRCPSPI i & 3072119 Ranjbar®: A
P2 1R o3 B 2RO i 12 FE TR A 200,

MTAE R, YR T N TR BRI 5 40 1 249 AR )
(constraint programming, CP)$ AZE 1 J& ] @UAF 57 4
BERAT T KR 2 IR DG R ~2T) 7ERCPSPE
TSR AB IR TS T LB AT RIS R R 25~2T) . HUR H
T T 249 SRR PR 595 1) SR A 280 SR A AN T 5 e (1) T
Jia A S ) SRARRCR, ABAE R — BRI 9T 7
A B WSROI, R )2 ECP L i B
XI5 & WETC 7 H, CLEAE M 258t 520
s AP TR BE S 2 Bl A Ak el kA TR
0 (K9 157 FH 28 SR 128~311 200248, 38 % 2 A BE 2 BF 9T
P2 (INFORMS)JifE I [¥] 2 44 2% K ] ] (INFORMS
Journal on Computing) H iR T & “Special Issue on
the Merging of Mathematical Programming and Con-
straint Programming” 41 24 20 7 ) Xl FICP4S & (1) Wt
FURRLEY,

A 3 H T Alvarez-Valdés Fl Tamarit® £ X RCPSP
AL INIPRLY, 854 CPH A AL RREOR, ¥t T i)
FOURIASL TR (1) oAb 3R 7 9%, A BT TPASE R (1) A7 AN 55
8 B, P T R I H 1 9 % P A A A A
K AT i) 3850 S A J 3R A AT AN S IR O vk, S 4
T2 PR I N T A7 AN 2R B SK AR
ROR W] WA T IR AR AR Y, 7 B KA I 18] 3073 #h
(RIS LT, BT LR 2530 2 9003 r) 5 14804 S 45
14624~ S 1) e DU, 5 B DUARE PRV A 22 P )M
HH0.071%.

2 jn) B IR K B R (Problem description

and mathematical model)

RCPSPH] DL — 5Kk H 1M EG = (V, H)®7R, H
TV ={1,2,---  JPN T RCCADRES, HATAE
AL R REA, AR, j) € HIRE TAE H#
P T TAEF AT, TARLEME— SR LR 1) TAF, T
1 T e M e W 58 B IR A, 2 AR 2N T H (1)
FRaamgi . TAE(0 = 1, J) BB S IR el
g, AT 18] Ay, 53R 58 BN 18] Ay dy, AESAAT 1) 5F
BN T E k(= 1, -+ K)Fh s Ay,
SRR YR AR I H T A RSB B T A Ry
e A 0 A2 A5 AR TR 5 50 AN B st B T ) % 11
R 22 A T AR R TR AR I TR, A4 58 BOREAN T
H I ] d5 /.

EN BT PR A TAENSES 2, e xt
TVi, 5 € 2, TAEL, jZ ATAAEILE R R (L st

SERR)AW, H TR, 21 TAEARER
BFEAT. W QAL Hs T A AR R4, RN
#2/N2% 1 4E (minimal forbidden set, MFS).

WA SO, M ER BN RN, Tk € {1,
o S KBRS T > Ry, FINVE € {1,--- K},

jeEN
Vi € QV%E Z Tik < Rk ﬁﬁ‘\, Xﬁﬂ:EE{EJE%/J\%
Je\{i}

1R8E, HBEAE QP AT PR A A 2Z [ n— AR
SR R, v DAL AR R A IR) A3 U e 5.
FREWS AR — NI H T fs/NAR AR, AT LA
IS FH IR [ 240 o 0 ¢ 11555 153845 — SRCPSPHI AT
FEVHRI. SCHRIB31AE B LUFIH T X —4518.

FINCLF 5 e X

o { 1 AR AR (s ) T T4,

“ 0, Mot
ti R ARG TR s [).

H* g TAETAL Se (L FG AL 3 AR o) O RE A, |
WU TARL e (AL B T TAE S, W4, 5) € H*,
2,0 Fp(p = 1, , P)MAUEE 230 T AF (#3552
b 2, 8 %n(n = 1,-- , N)/M &350 8370
DL b TAE 1 e /N 25 R 4 MO 2 8 K 1) 1 AR 4L
Alvarez-Valdés I Tamarit® 41 5 RCPSPEE L. 1 1 F %4
Sy RILE

minty, (1)
s.t.: Tij = 1,xji = O,V(Z,j) S H*, (2)
0<$ij+$ji<1,v2',jev, 3)

Tik 2 Ty + x5 — L, Vi, j,k €V, 4)
P:xij"_xji: 1)i7j€ vap:]-a"' 7Pa (5)

Yoz =>1ln=1,2--- N, (6)
1,J €02

ti >t + (pi+M)x,; — M, Vi, j €V, (7)
z;; € {0,1},Vi,5 €V, 8)
ri <t <d; —pi,VieV. ©)

o Hbr e E )RR I H 58 s 18] i bk, 2
WK TAEAL e R RN ARG PRIEAT
R T AER g 0] e 2 A VR 28 K &R AR ()N
IR LA 8 RA W, LR X G)FIFEA TR UE A )
K G TCIR; 29 51 (5) PRIUFA AL B 2 00 T AR (1) e /N2
1 TAE ) — @ AR AEAL ST G & AR K (6) PR IE
A5 3T 30 LA b T AR B /N AR IR AR (1) T AR 2
DAE2I TAR TR R R AR (T IR UEAE B,
¢ FH ;18] B IE A G 2R 2R X (8) A9 AR AL 1 1) HX
EREASER

18 SCHRIS]H, Alvarez-Valdés Fll Tamarit’E] % 1] & P
(IR 2 TR P S5 ) @A T 7 H R 0 #r, $eh T
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AR O A AN S U T (i, ) € H, E
XS(i) ={k e V|(i,k) € H*, (j, k) &€ H*,P(j) =
{k € VI|(k,j) € H*,(k,i) & H*,P(i,j) = {k €
V|(k,a)8%(k, 7) 80P #3548 e/ NEIREE, k & P(5) U
S(i)}.

EE 16 0L = S(i) U P(j) U P(i,j), L’ C
L EVi, j € L'ASREtg RN HAT, WIANEE

tizti+pi+ D> DeTk;+ Y, DPrTa+

keL'NnS (i) keL'NP(j)
Z pk(xik —+ mkj — 1) (10)
keL'NP(i,5)

N ) P A AN A
SCHERIS1Z0 Ui W] T A3 AN S 3K (10) R A Vs,
H3A 4 2 A A XA K ERCPSPI AR
BOAERCR.
3 AR S A A (Constraint progra-
mming and valid inequation)

301 BT A RAL R n) B M AR B TR Ak B (Cons-
traint propagation based preprocessing of probl-
em and model)

LIRALFE R CPI CBEIR 2 —. STER[341ELHR T
SRR UE R BE ) AURIE 5T A TR 2 R A B
IR T FlBr A R AL R L, XSk mT LA
FERCPSPH SRR 345N H]. i UBJRCPSPIH
FRSIAG T AT At B AR ek B ) B vl 53 0 R N
2 AL R SRR S AR S5 5L T4 1T 8] R e I
SERT ], WIRCPSPAZAE LA T P

PR 1 W TAER (i, ) & HoWfEr] > d),
TEAFAT H AR R BUE /D T35 TUBI w AT il v AR
ST TARHAT.

R ARBCBE A PE RT AR 5 1 5 B 52 I TR) /s
TAET AR B IR LRI 8] DRI, £EAT o) T AT i
R TAEMRE T TAEHAT.  EEE

P2 WER TAERGAREIEAT Bl +p; +p; >
dy, WAEATAT H AR b8 Ui/ 145 T UBK AT AT /i I
YEASE T AT

UE WU ARG AN REIFAT, WIFE [ P Y ] 4T
i, Bl e, = 1, &, = 1 BRSAEREAE
AR T AR AT, RIS Sy = 1, 1k
BRI AAT R + py > i+ pi +p; > dj, B
A 5 0 58 BN ) K3 B dge i 5 BN ) . DAL, 2%
AT, HAe kAL Sy, = 1, RIZEARAT B ARk
B /N T8 TUBKY AT it b TAR 2 T TAR
[T 11 =

PR 3 W R ARG AN B HAT HLAE T H M 4%
HR LSS R RN (4, 5) i A 4% B R QB R A K B

KTUB, WHEATAT H A5 bk E il /N T4 T UBII A AT
fil b TAE 0 T TR AT

UE WU TARECI AN REIFAT, WIAE ) P w] 4T
b FHa,, = 1, 8iF e, = 10 REAETEA @
TAEAR e T TAE AT, Bl sk iy, = 1, T
JR3IRIARR ¥ 4% 1F m 0 IR % S 1 O B B A K BE R T
UB, BN R AR K B R ATAT R T . BRI, oy
= 1AL S, ﬂﬁ%ﬁ@%%&%xﬂ =1, Bi¥E
FEART H A R £ A /D T8 T UBI AT AT il b AR j A6
TILARHAT.  HEER

PEBT 4 W R AR AN B AT HAETIH R 2%
Pl s A 56 58 R IK(4, ) 5 T AN A7 7 g 2 T AT
i34 WUIAEATAR H b o B /N T 55 T UB I T AT i
TAERSE T TAEHAT.

UE AR AR ANBE AT, IAE ) P w] 47
ﬁﬁ*ﬁ%‘ﬂ?u =1, Ei%‘l‘ji = 1. fRAEHA P
TARL e T TAR AT, Bl SRAR By = 1, ik
AR 5% A R AN AE H bR R EUE /N T35 T UBIR 4%
PR N @A TAT. B, Hae i, =
1, BIFEATART H b5 R 208 A T 4% TUBR w47 i b T
YEJOUSE T TARdAT.  HiERE

I SCHR[34] 71 R VR A 29 R A% 6 5510 WHCPA, A
SCRE TR~ 4B T LU o) Pk B o

TR BT AU ARAL RR 1) ) EFRAL 2.

1) N HTHCPASLVE i ¢ & 10U T AR i, MldAH, 1
S (K R

2) XVi, j € Vil @ s 451, 78 M 2% 14
HA AL SE R RIN(7, 0).

3) AR i 7S T AR 5 2.0 A R 4 S e )
AR, W, p=1,---,P.

4) M FR—ANEANMEIEER, p=1,--- P,
RTAEL 5 € Q0 Rtk 2 ~arb PT A R Be 4 A, 16
W 2% B s In AL e < R R4, ©).

5) 1 ARAE2)~A4) AT 1 FE A AR R 25 I s in T
B R RN, 0), ).

6) i BT I E 09 2% LRI & AR )], dlAH.

28 o b B U6 ) AT TROAL BE S, AT LA ST )
PR A SRR, N BA T I B B AT
THAL 3

T FR2: BT A RAL R A AR FRUAL 2.

1) AR S e AR &, 6, -+ Lt 1 L
<t <d, —pi,i=1,2,---  n.

2) AR S, XV (i,j) & H*.

@ ﬁu%ﬁ +p;i +p; > d;-, W ny F R e AR
;= 0;

@ W RAEIH P4 B s e s o &R, j) e
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W 45 [ 1) SR B R AR A R T-UB, I R] 4 g A
fHz;; = 0;

@ WRAETH M2 B RS it R Rk, 5) )
AN AE BE BT AT A, T B e AL B Ay =
0.

3) i tEFT AR,

G 30 Y IR 1A 206 i) B AR AR AT AL B, T
LR 2P AR : @O B e — Lo AR AR
T AR R SEMRS, AIT kD> 20 (SRR 24 3R
Bk @ B — LA UL, PRI R UL
32 E T AW AE KA A F K (Constraint

propagation based valid inequation)

Alvarez-Valdés fll Tamarit$¢ tH 175 R0 55 A e 2
AT LA FAE (2, ) € HIE 3L LR 5E (,4) €
H*, R LI RAAREARGE h e 2

EM2  WV(i,j) e H*, id0y;={k|(i, k)€ H*,
(k,j) € H* k # j}, 020 C 0530 2020, AR A2
T A AN BE [A) I $AUA T, )

t; —t; > max{ > p;, max( ) pmk)}. (11)
lEij ke lef2;; Rk:

Uk 2> PR BAIER.
1) t;—t; > 3 pr T Q0 P AT 235 T A4S
len2y;
ANRERI I PRAT, A, 58 102 v 4 s AT (1 IS 1) Ay
>ope X2 C 025, P, FEAEAT R AT o R e
len2y;

Qi DA TAE M R F25F 30 pr. TRt —t, >

leay;
Z br-
len2y;

PiTik\ o, o )

2) t;—t; > rlgggi(le%j R ) SEIS 2 h AT

Y5 BRI VI R FE I pyryg. TG SR
€82

U IR ) (1545 B Ry, DRI, SER;; AT

PRI AT 50 2 % i o e i

€82 R’f
KL — t; > max( S ZEE) jEEs,
keK 1Eg,, Ry
LB DHM2)H
PiTik
t; —t; > max{ sz,m%z(( > )}

eor, kK ey, Ry,

TGAN, T LLAT 2228, 97 B2 5

HA®K Y p R —A, ZE G W] LUl K2,
len2y;

(1] #5¢ K A1 in) @ (maximum clique problem, MCP)74 £1].

HARMCP UL 28 #¢ U W] J& T-NP-hard i) i, {H i T 7

RCPSPH62;; I FBLAEAEAR /), BRI, 475 mT LR ] %

LN TR WGy = (2y,Hiy) WG =

[, E = {(k )|k 1€ 2, (k1) € H8(,k) €
H*&{l,k} € {Qp=1,---, P}}. 5INWIF Yk

AR
1, ke $2,
Y = a=
0, &,

WP A SN P SCHR 351 AOMCP A A 5 SR A 027, A6t
LY/

max > prYi, (12)
ke

MCP:s.t.y, +y < 1,V(k, 1) € E,  (13)

Hor: p b TAERIGHAT N ), Eh EYf#ME. FHMCP
5E SCHT A, R A2) BRI 3 pi T ) MCP

leny;
(g5t H A R .
3.3 Hy R AKFIFE(General flow of the algorithm)

CRGHE3 A3 27 I TRAL R I R KA AN K
SE B, ARSCHETE TR ARRCPSPIV SV, Bk e an
3R,

A3 L B RTE.

1) 3 FH ek 5 1T ) 80 i 43 P Ak 348, 45 28037 (1) 3 H
) 26 R RN 25 T AR S5 S T s/ e e 6 3 N T4

2) AR 1A 10 D % P RS A B A T G e
SE I (A TP,

3) N it R0 A R P I AR b AT PAL B, 295k
I 5 i 2% [1].

4) ) 3) i H AR AR s A AN S K

Fori=1toJ
Forj=1toJ
If (i, §) € H*
Then A4 A A A MBB AP .

5) KA T A MATEX AP,

6) i AL AL it

TE S BRA) [ B RN A 0 S U, ] DU
P S5 75 =K 40 ) S o BR R BRI AN [R] AN 4%
3, AT DA oA G5 SRS I sl FRAN S . B A S
Usezt S Y 2 R
4 seE6 2k B (Experimental results)

4.1 SEE ¥l (Experiment design)

T DA ST H R e AR ABE 28 0 Ak 388 5t e DA
A AN XA K ERCPSPH [0 H, 51 H #r 1
i) 1 FEPSPLIBECI 330 41 i f 3k 47 52 46 3K
SRR 4 T H R 2% 53 2% 1 &R El(network: complex-
ity, NC). % Ji X 1 & % (resource factor, RF). % J&
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55 i 7 #(resource strength, RS) AN [\ 41 & Bl AL 2E
. HNC s NI H 2% 1 A % AR TR AL 2 0% &
YRR B REJ i AR % U5 75 22 (1 R 5 R L,
RF = M0 T AR 7 24 3R S B8 U RS/t
GEUR ) PR T 58, RS B /N7 B Yt R i A 45

A5 I 0S4 7 3200 T A, 75 AR ] B Bt
WK = 4), FEZHUKFINRIPTR. XS HNC, RF
MRS [F48Ff AN [RI 4L 15, &R 2 A BUALAE 104 [r)
SE, IR, FEAT3 x 4 x 4 x 10 = 4804 i) #5151

A1 MK P AL EAT Ak 45
Table 1 Parameter settings of the benchmark

problems

NC RF RS

{1.5,1.8,2.1} {0.25,0.5,0.75, 1.0} {0.2,0.5,0.7, 1.0}

S v P S N SCHR[37 14 A 1 38 A% )R B R
SR SR AE A DR ) R4 21 AT U6 A, 4 10) P 1) H
b bR BUE S UB W A WIAA R B Fs 2R B 10 )
S AR A TR AL FE R A CPP, 52 BE1HE H 1A R0 5%
ACNAT-Cuts, & BE242 H 11 A A 5 5 New-Cuts.

FES2 0 R U P AT DA T AL T) VR INAT-Cats;
1) ¥ CPP il AL 1 Ji5 V3 Il AT-Cuts; IIT) 3 H CPPTiiAk
)5 V8 IiNew-Cuts; 1V) N JCPP T Ab B 5 5 Il AT-
CutsFINew-Cuts. #2851 LA E4fh Ty AR B (454
I FHCPLEX 11.2753 il EAT SR A, A5k ¢ S fiff I i) B o]
WE A 1800s.
42 WWHER S5 *ﬁ(Computaﬁonal results and
analysis)

S e vh A5 R SRS DL ZR2 TR, v H s
T Aopt(%) A3 H A% B AUE 5 S UL H b e B8 1)
SRR UE 2 avg CPUAR R SR BEAS 0] 180 52 451 1) ~F
KICPUR[RI(s). HHR20] WL: 1) CPP il &b B it 7% n] LA
DS AR ) J R L VA 0% 2) SR F A A 7 Ak 3
FEE TR I B3 A SR At Jo R T TR) P B ) THT 340 2 B0 R AR
KAEHA 3) K H BTV AR 7 24 BRASE R I M g A
TR H AT 5 2 AHAS L TR A SR 7 2L
TVEFR LS 3) Rl S 98 G v 45 RAFAE I B a4
I Jer PRY i BRT Ay ] IS I i oAy AN S s B 4t
P v 8 HH B 22 PR R AL A, A4 0] AR 45 55 0 I
.

2 SRERER

Table 2 The summary of experimental results

AT-Cuts CPP+AT-Cuts CPP+New-Cuts CPP+AT-Cuts+New-Cuts
Aopt/% avg.CPU/s  Aopt/% avg CPU/s  Aopt/% avg-CPU/s  Aopt/% avg-CPU/s
0.135 141.63 0.119 128.60 0.071 108.43 0.113 121.99

b T WS 0] S HNC, REFIRS R & Fifi b BE 7
2N BV B 5w, 1R 2 0] SIEE 45 A 4% NG,
REFIRS AN [F] B AT e vk, Sevt 45 R L3057
N, R3O ) @S HINC, REFIRS X 57214 fig

UM, Hour AR A 5 3R SR E RE A S 1k
U AR [ R R, RSP RE B A 9 2% 52 R 1 R
HINCIR R KTy 5, Bt B8 U5 DA 55R JUR PR 385 K
TMIAZIA, B B 50 5 R ER S IR 48 KC ee 3.

A 3 FIAAHNC, RFARSH Fik i it 69 %0k
Table 3 The influence of NC, RF and RS on the performance of algorithms

AT-Cuts CPP+AT-Cuts CPP+New-Cuts  CPP+AT-Cuts+New-Cuts

Aopt/% avg_CPU/s Aopt/% avg CPU/s Aopt/% avg CPU/s  Aopt/% avg CPU/s

1.5 0.255 268.77 0.221 213.71 0.145 208.02 0.218 209.83

NC 1.8 0.151 139.24 0.135 160.46 0.069 113.49 0.121 138.83
2.1 0.000 16.88 0.000 11.62 0.000 3.78 0.000 17.32
0.25 0.000 0.07 0.000 0.070 0.000 0.07 0.000 0.08

RE 0.50  0.000 22.59 0.000 17.76 0.000 25.45 0.000 15.17
0.75 0.195 213.56 0.207 195.58 0.058 147.13 0.135 176.35
1.00 0.345 330.30 0.268 300.99 0.227 261.05 0.317 296.36

02 0454 441.69 0.384 393.26 0.241 353.15 0.394 391.45

RS 0.5 0.086 111.53 0.091 106.56 0.045 75.82 0.058 91.39
0.7 0.000 13.29 0.000 14.58 0.000 4.73 0.000 5.12

1.0 0.000 0.01 0.000 0.07 0.000 0.01 0.000 0.01
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RAGEUH G IR RN, b ab 207 AT B S e
X ) 8 2 5UENC = 2.1, RF = {0.25,0.5} L XRS
= {0.7, LO}FIMI S 451 35 1T LAE 1800 s A 42 i 3k
1F AR GE T A 4804N DT S 481 (1 25 SR Bl 17
HREE I VERE 22 . R, AR E P e vk 4RD
Ab B 5 3R S SR AR480/ TR S 481 1304 A
HE i) A5 FR) 1 790 (R X 1) 730 £ 328 996 s 14 2 A7 7 b
4k ¥ 75 2 BHE 1800 s Y ¥ SR A5 e A AR, k1T Ll
WA [ b B 7 20 Sk e 2 . Gevk 45 R
RAPTR.

FearhParafiiInst Ay P 1k 5L 451 G 5, 151] WiPara =

9, Inst = 4L LMK 52 417309_4.SM; Aopt(%)ft#
FHN SEAG 201 H b ok 5 e U if H b ek 20
(b5 HE 22, CPUAR R SR A DK () 845 ICPU RS
] (s); Nodesf Q& Hyk 2 11 I CPLEXH8 ZZ i 15 55
B opth AN AEFI AL FE 7 20N S SR A 1) de A
fift (1) 5= averagefTAC R BRI AL R 7 20T S vk
HE A 5 e A0 A 10 s T 22 1 48, sumA 74X 36 4 Fol
Ab B 7 2T BV SR AR 304N M (1) A s AT IR ) LA
S CPLEXH 2R 11715 £ 5 4 nodes/cpufT 43R & Fh
Ab B 7 3R SV AR AR B P CPLEX A 2R 1715 A1

K 4 Bk KR M) AT GG AR AT b

Table 4 The comparison of algorithms performance for solving hard problems

CPP+AT-Cuts CPP+New-Cuts CPP+AT-Cuts+New-Cuts
Para Inst Aopt/% CPU/s Nodes/f> Aopt/% CPU/s Nodes/!> Aopt/% CPU/s Nodes/|™
9 4 1.408 1800 3842 1.408 1800 7266 1.408 1800 3087
9 6 5.084 1800 4842 0.000 1485 8225 0.000 1122 3281
9 7 3.174 1800 3607 3.174 1800 11610 3.174 1800 4408
9 10 1.136 1800 3751 0.000 621 5459 1.136 1800 3071
10 3 1.612 1800 31749 0.000 824 19154 1.612 1800 33177
10 10 2.439 1800 10563 0.000 411 2481 0.000 616 3521
13 1 5.172 1800 2981 3.448 1800 6161 5.172 1800 3492
13 3 1.316 1800 2859 2.631 1800 10235 3.947 1800 2786
13 4 2.777 1800 6266 1.388 1800 20660 1.388 1800 5323
13 5 1.492 1800 2517 1.492 1800 7157 2.985 1800 3805
13 6 1.562 1800 2688 1.562 1800 4172 3.125 1800 5436
13 7 1.298 1800 3728 1.298 1800 16521 1.298 1800 3580
13 8 0.000 1198 2828 0.000 855 27855 2.830 1800 4193
13 9 1.408 1800 9708 1.408 1800 16636 1.408 1800 9011
13 10 1.562 1800 2652 1.562 1800 7597 1.562 1800 2964
14 3 1.724 1800 30924 1.724 1800 44036 1.724 1800 25893
14 5 0.000 749 5974 0.000 791 10155 0.000 524 4263
14 9 2.173 1800 6269 2.173 1800 8170 2.173 1800 4897
25 1 2.150 1800 8061 1.075 1800 77765 2.150 1800 12343
25 3 2.631 1800 4958 1.315 1800 18010 2.631 1800 5190
25 4 1.234 1800 10453 0.000 1168 176180 1.234 1800 8913
25 7 1.052 1800 16807 0.000 124 25461 0.000 968 8901
25 8 2.898 1800 5437 0.000 1163 22275 2.898 1800 4996
29 1 1.176 1800 6191 3.529 1800 41154 2.352 1800 5976
29 2 2.222 1800 5371 1.111 1800 20527 2.222 1800 5277
29 5 2.040 1800 7248 0.000 1635 55496 1.020 1800 6600
29 8 1.250 1800 5140 2.500 1800 10371 1.250 968 7558
29 9 2.061 1800 7692 0.000 1337 51641 2.061 1800 7022
30 2 2.941 1800 40796 1.470 1800 36089 1.470 1800 46243
45 9 0.000 1233 21161 0.000 113 23954 0.000 1070 17730
opt 3 12 5
average 1.900 1.142 1.808
sum 51780 277063 42927 792473 48468 262937
nodes/cpu 5.351 18.461 5.425




ERE

KB SRARR BR3P T A FRE I ) 249 ORI B R IR 15 50 1119

RAT G v Bl B REARIAS ) kb 3 5 R
ERIPEREZE . Rarh B R B 1) KA SRR
Aab B 7 R A S5 30 DRI A i) R0 3K 1A 1) o £
B F, 7E1800 s AT 124 )il sk 73 T e i, 45 h
PR ()~ b v 22 KA 1.142%; K 61 TV A Ak
7 3 SV B ZE T 43 531 9 3811.900%, 5
F11.808%. 2) 3% 4k ¥ 77 30 F CPLEX AL 3k A4 1
BT B TE) Y R T s B A R ORI 2 e, S
SR ST A B 7 5 I SRV A N 1) N 9 2R 1)
SRR K, AR 18,4614 Y A, iX ]
DU AL B 7 2T 59 SRR A 20k SR e U P S 6 &
. 3) EARER IR S5 W AT 2 45 X (12) B
A A2 A (10) sk [R] B R0y RI(12) 3k #4537
L 0 AR SR A R, E A A R ) AR, ) A
A AN 35 20 (10) 3 A 25 SR B L, 48] =4 1) ) i
S25133013_3.SM, J3029_1.SMF1J3029_8.SM.

5 45 (Conclusions)

A HE T CPH AR ER X 3K iR CPSPITPAR 1Y 4
T ) EURIASE Y FROAL 3 5 v LR A AN 4 e
T3St ML TR ) R SR A S IR AT HE DR S 1) )
FL RN A 7R 00 A 8 3 ) ) A0SR A LA A 1
2) A SCHE H A O S5 2 B N AR SR
SKAFRCPSPIL A7 W I (1) ek A 1, mT LA JR) B 4
BREVE IR SR At T AN R 3) AEARE IS RN I SO
T DLAEAR R B b 8 o JURR 7 2 T A it )
(1) SRR Ao

£ % C#k(References):

[1] BRUCKER P, DREXL A, MOHRING R, et al. Resource-constrained
project scheduling: notation, classification, models, and methods[J].
European Journal of Operational Research, 1999, 112(1): 3 —41.

[2] PRITSKER A, WATTERS L, WOLFE P. Multi-project scheduling
with limited resources: a zero-one programming approach[J]. Man-
agement Science, 1969, 16(1): 93 — 108.

[3] CHRISTOFIDES N, ALVAREZ-VALDES R, TAMARIT J M.
Project scheduling with resource constraints: a branch and bound ap-
proach[J]. European Journal of Operational Research, 1987, 29(3):
262 - 273.

[4] DEMEULEMEESTER E L, HERROELEN W S. A branch-and-
bound procedure for the multiple resource-constrained project
scheduling problem[J]. Management Science, 1992, 38(12): 1803 —
1818.

[5] ALVAREZ-VALDE R, TAMARIT J M. The project scheduling poly-
hedron: Dimension, facets and lifting theorems[J]. European Journal
of Operational Research, 1993, 67(2): 204 — 220.

[6] DEMEULEMEESTER E L, HERROELEN W S. New benchmark
results for the resource-constrained project scheduling problem[J].
Management Science, 1997, 43(11): 1485 — 1492.

[77 BRUCKER P, KNUST S, SCHOO A, et al. A branch and bound al-
gorithm for the resource-constrained project scheduling problem[J].
European Journal of Operational Research, 1998, 107(2): 272 —288.

[8] MINGOZZI A, MANIEZZO V, RICCIARDELLI S, et al. An exact
algorithm for the resource-constrained project scheduling problem
based on a new mathematical formulation[J]. Management Science,
1998, 44(5): 714 —729.

[9] MOHRING R H, SCHULZ A S, STORK F, et al. Solving project
scheduling problems by minimum cut computations[J]. Management
Science, 2003, 49(3): 330 — 350.

[10] DORNDORF U, PESCH E, PHAN-HUY T. A time-oriented branch-
and-bound algorithm for resource-constrained project scheduling
with generalized precedence constraints[J]. Management Science,
2000, 46(10): 1365 — 1384.

[11] HARDINJR, NEMHAUSER G L, SAVELSBERGH M W P. Strong
valid inequalities for the resource-constrained scheduling problem
with uniform resource requirements[J]. Discrete Optimization, 2008,
5(1): 19 -35.

[12] KOLISCH R, HARTMANN S. Experimental investigation of heuris-
tics for resource-constrained project scheduling: an update[J]. Euro-
pean Journal of Operational Research, 2006, 174(1): 23 —37.

[13] HARTMANN S. A self-adapting genetic algorithm for project
scheduling under resource constraints[J]. Naval Research Logistics,
2002, 49(5): 433 — 448.

[14] MERKLE D, MIDDENDORF M, SCHMECK H. Ant colony opti-
mization for resource-constrained project scheduling[J]. I[EEE Trans-
actions on Evolutionary Computation, 2002, 6(4): 333 — 346.

[15] DEBELS D, DE REYCK B, LEUS R, et al. A hybrid scatter
sear-ch/electromagnetism meta-heuristic for the resource-constrained
project scheduling problem([J]. European Journal of Operational Re-
search, 2006, 169(3): 638 — 653.

[16] DEBELS D, VANHOUCKE M. A decomposition-based genetic al-
gorithm for the resource-constrained project-scheduling problem[J].
Operations Research, 2007, 55(3): 457 — 469.

[17] VALLS V, BALLESTIN F, QUINTANILLA S. Justification and
RCPSP: A technique that pays[J]. European Journal of Operational
Research, 2005, 165(2): 375 — 386.

[18] GONCALVES J F, MENDES J J M, RESENDE M G C. A genetic
algorithm for the resource constrained multi-project scheduling prob-
lem[J]. European Journal of Operational Research, 2008, 189(3):
1171 = 1190.

[19] BALLESTIN F, VALLS V, QUINTANILLA S. Pre-emption in
resource-constrained project scheduling[J]. European Journal of Op-
erational Research, 2008, 189(3): 1136 — 1152.

[20] RANJBAR M, DE REYCK B, KIANFAR F. A hybrid scatter search
for the discrete time/resource trade-off problem in project schedul-
ing[J]. European Journal of Operational Research, 2009, 193(1): 35
—48.

[21] BAPTISTE P, LE PAPE C, NUIJITEN W. Constraint Based Schedul-
ing[M]. Kluwer, Amsterdam: Kluwer Academic Publishers, 2001.

[22] MERCIER L, HENTENRYCK P V. Strong polynomiality of resource
constraint propagation[J]. Discrete Optimization, 2007, 4(3/4): 288 —
314.

[23] MERCIER L, HENTENRYCK P V. Edge finding for cumulative
sche-duling[J]. INFORMS Journal on Computing, 2008, 20(1): 143
—153.



1120 ECI U o R VA 528 &
[24] TERCINET F, NERON E, LENTE C. Energetic reasoning and bin- [33] BARTUSCH M, MOHRING R H, RADERMACHER F J. Schedul-
packing problem, for bounding a parallel machine scheduling prob- ing project networks with resource constraints and time windows[J].
lem[J]. 4OR, 2006, 4(4): 297 - 317. Annals of Operations Research, 1988, 16(2): 201 — 240.
[25] DEMASSEY S, ARTIGUES C, MICHELON P. Constraint-propaga- (341 U, B3, AR, FLAT 2 O R I0 SR L I 3 ) 24 R A £
tion-based cutting planes: an application to the resource-constrained SHED]. HAMEAR, 2010, 36(4): 586 —592.
project scheduling problem[J]. INFORMS Journal on Computing, (LIU Shixin, GUO Zhe, TANG Jiafu. Constraint propagation for cu-
2005, 17(1): 52 — 65. mulative scheduling problems with precedences|[J]. Acta Automatica
Sinica, 2010, 36(4): 586 — 592.)
[26] BAPTISTE P, DEMASSEY S. Tight LP bounds for resource con-
strained project scheduling[J]. OR Spectrum, 2004, 26(2): 251 — 262. (351 BOMZE IM, BUDINICH M, PARDALOS P M, et al. The maximum
) clique problem[A]. Handbook of Combinatorial Optimization|M].
[27] CARLIER J, NERON E. Computing redundant resources for the re- Du D Z. Pardalos P M, Eds. Dordrecht, Netherlands: Kluwer Aca-
source constrained project scheduling problem[J]. European Journal demic Publishers, 1999.
of Operational Research, 2007, 176(3): 1452 - 1463. [36] KOLISCH R, SPRECHER A. PSPLIB—a project scheduling prob-
[28] HOOKER J N. Logic, optimization, and constraint programming[J]. lem library[J]. European Journal of the Operational Research, 1997,
Informs Journal on Computing, 2002, 14(4): 295 — 321. 96(1): 205 —216.
[29] HENTENRYCK P V. Constraint and integer programming in OPL[J]. [37] LIU S X, YUNG K L, IP W H. Genetic local search for resource-
Informs Journal on Computing, 2002, 14(4): 345 — 372. constrained project scheduling under uncertainty[J]. International
Journal of Information and Management Sciences, 2007, 18(4): 347
[30] MARAVELIAS C T, GROSSMANN I E. A hybrid MILP/CP decom- 363,
position approach for the continuous time scheduling of multipurpose
batch plants[J]. Computers & Chemical Engineering, 2004, 28(10):
1921 - 1949. Y A~

[31]

[32]

CHINNECK J W. Special issue on the merging of mathematical pro-
gramming and constraint programming[J]. Informs Journal on Com-
puting, 2002, 14(4): 293 — 294.

RADERMACHER F J. Scheduling of project networks[J]. Annuals
of Operation Research, 1985, 4(2): 227 — 252.

X kH (1968—), F, HIZ, WAL I, WA RIS ML Y

MRS A AL T ST, E-mail: sxliu@mail.neu.edu.cn;

E114

KAgdE  (1965—), U5, [+, UMY TR, N HFERP, MES J

i LR G ARtk 7 55 (T 5%, E-mail: songjianhai @baosight.com.



