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Abstract: Multi-skilled resources are becoming more and more common in real-life projects. The resulted
multi-skilled project scheduling problem (MSPSP) has attracted extensive attention from academics in recent
years. Therefore, this paper provids a systematic review of the literature on the MSPSP. Firstly, based on ana-
lyzing the characteristics of a project with multi-skilled resources, the modeling methods of the MSPSP under
different circumstances are summarized with a view to the objective functions and the constraint conditions.
Secondly, this study reviews the algorithms for solving the MSPSP, paying particular attention to the features
and improvement direction of exact algorithms, heuristics and meta-heuristics. Besides, it lists the common-
ly used test instances to verify the algorithm performance and compares the advantages and disadvantages of

different data sets. Finally, this paper presented some useful suggestions for future research of the MSPSP.
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Fig. 1 Quantity of literatures on MSPSP in 2000~2020
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Table 1 Summary of the parameters in MSPSP
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Table 1 Continues
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RIRSH k IR Esdijce 21 l il

K BrIR KR L il e

R IR E F fdilE Sy

F* PRk B RIHiREEE S R! A&HER I NBEIEES

RFyy VIR k B&Re i = 1,5 =0 Vi TR | RS RS

MSPSP 5 Zfift R K&, £ — € KIS, Qfarxd i shHERE I o0 2 70 BE B, DL A2 T i) H AR, BT B,
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Table 2 Models and objectives in MSPSP
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SR b, 2T H R R a8 R — A 115 40 A S S (] /5% 5 F- 47 [ @ (discrete time/resource trade-off
problem, DTRTP), ‘& 1 1% %51 2 A [ 52 & 1 LAE N 2 (work content/workload), =48 N B8 55 4% 2% B 1] ft) 7fe
AT TAE NI HE 30 4 0] 58 TH7.

T 30 1] R W (preemptive) 1 4% 355 70 S FROMAT 45 T 4R 40 (), IX 501 F-4% G 00 A B i) b g B — HLF AR
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THREAI M B Y5 5 I ) (1)) 3% 3 5 T R AR IR 2 75 72 AR AN AR BT 3 sl e 7 T A e o 7 AT R A
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3) WF-F AR W

Tt E il B i B0 — M ] 43 Dyl ST B2 5 RH AN BT B E SR R AR, MSPSP H (1) 2 H e BT IR 2 & 48 v] ST
TR, H—RIEOUT, SRS R e, TR 2 (R A BT, T SCHR[20, 211 H TSGR BE IR &, EAR
TFF 70 ) A2 B B 00 H 1 B i) A, (HL & A 5% 5 B W Y (principal resource) Bff J& %% 5 (dependent resource) A1 it
S5 (independent resource) (1) i, fE 2 MSPSP KM Fife A MER 275

B e /K (skill leve)Z 3 f& MSPSP BF 5t H e 5 WL ) — R BE S L TR, 7E 1% 48 MSPSP i 8% 50 £ /g
(V) B FE 2 G I, PR B e B e A R BUR e AN EEB, B RFy, € {0,1}. i/ % [EHi g K -F
[¥] MSPSP H1, % 5 i 1 2SR K T 2 22 6 1180, R 8] B R0 [ — H BB (0 SA R FE FE A A0 22 5%, iRk P
AR GIANRGI S g € {1,2,..., G} FoRBERHLRER AR, BLAZIuSH

1, MRk EE g KFERE B
RF,, = ‘ (26)
, He,
HY g < g, RFyy = 18, ARFy, = 1, HRYBHE R & S SR RenT, R 5E B 2 1% Re MRS

A"

R RE KT O SIS AR U BEUE S 7T, %2 1 R ML A — L HERT T 9T, St
H LB, T30 2000 VER IR K P A R 72 3 00 K 2 S VR R AT 7145, A,
T 2 BRI RE AT ST H 7 B K 490 5 06572 3% 3 308 b B B0 B9
R 0125,

7S A AT PRI F IO o8, 53 T REAF 1 51 MR IL S B 51 T ¥4 60, S OSIAR
T (B R 2 R R PR TR ARG ). 5 2 AR, ST S S e 2 T e
515, T )P BB & R B R KFIT0). 2 3 5114y MSPSPe IZI 3R AT,

3 EF MSPSP KB RSA

MSPSP J& T NP-hard 7] @, HA 8w R AFEMERE, H 1T T MSPSP ISR AR T LT 73 9 =Ff: K 5K
s B R RE R R kA
3.1 HEWMEZ

TE R SCAT A AP A MSPSP #5588, LR R] D9 28 51 BT A 2 2 0-1 AR AL, kSR B3 — o
&, IR URRT [E] S, 4 R R, (R A AR LRV 1Y), ERARTE SRARE /N RUASE ) 5L AR50 -4 FH 55 4815 5%
FEIA 7515, ARAE KRS B A5 o SR B o PR . n SCHR[42] DA 22 4 g B2 R 3546 0 B A, #9381 DA [ 2R 5
(17 0-1 FRIAEAY, FIF LINGO KA, (5T R Af (1 B0 AL & 5 ANEsh b H
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Table 3 Constraints in MSPSP

LR A AR E F Bk
WUHIREI  AHhEHEE TN B [34, 52,56 101]
BHIR AN [3.14]
Z I H — R ZIH [55, 57]
WHAE [3, 58-63]
TEBN JTXARSER &R FS/FF/SS/SF [18, 36, 56, 64]
Z A BN Z A AT [19, 64, 66, 98]
TAEA% HUE TAEAE [6, 39, 44, 57, 59, 67, 68]
TG B AL Hh T — P 46 T T 6 [6, 15]
P T 4R THFE [37, 10]
P46 o] o o R (6]
B 43 1T b [70]
HRE e RAEE IR S TR B [20,21]
P ] T £ B BEIR R4 KA mT [14-16, 27,29, 35,71, 72]
HigeKF TE B BEAKEAE BEk [22, 72, 74, 96]
i feszm T3 [49, 59, 60, 62, 67,71]
Esaia ALIE %N [6,44,46,75]
FCREFEMA I H [39, 49]
FREFAMIR T X [55]
F RS0 B 5 R [50]
HeRe KT AR FREATAE S 2 L [39, 49]
i REAFAE 5 2] 18 s N, [60, 76176

NGB R R JE, WA LK S, 97 @ A ik S8y, HAZ in) @ ) B 1R Dy iR B R A A M R A
i (mixed integer linear programming, MILP), {# T~ F 43 3 i€ FVE AT K i SR . Qi STk [4]1%E 52 7 MILP, 18
b J5 R A BRI AR T 05, AR Y805 3 1 f R e T a6 I (] 4 /) 1 s A & S, BB VS L, IR 1%
BN PR BRI 1A TR, P IR 4 1 s A, RS It BIUA IR 45 i CPLEX Al LINGO 4%, 723K
fift MSPSP ISR IH g b R /N RS (0 350 H 22491, G STHR 201458 FH 1) = 1AL 2 20 MG S).

93 SCRE FUE R AERG ISR i MSPSP 11 35 22777, T4 m HoR A i) SGAE T 1 AR5, — N EIR
FERE R R BRI R 2 0], 38 =R AR, H 5T MSPSP B 70 S8R i A0 07138 WA, 56 — Pl i B0 5 i
DRI EE TR ELHEE, B oo A5 R o () B 8 2 TR AT FA ot 22 BB, an SCERI41NBR 1 B A B2
LI, HAE DO BRAT I BN J, SCRR[201 B8 1 B0 0R, s & ANE sh#f e DU R TIIEAT, 1X
TR ST U E R BRI e — N TS R A, BRI A, M DL AR R
K.

SRR GRS, RIS A AN R TEAA IR R I, AEUE A% R R AT RS, BT RO, R
DURTAT A, [ 7€ 5 FRBE. AHECT B, REEREA BERTH T A S 1, B M R 02 5 A, A T e
B — A5 8 N G AT EAAAE, JGH BT MSPSP W & 28 M, — BIF R S kB 7 X, RIS
(1R FUAR ] Rt T R BB AT K, A ROl NS R 2 ). ansClR[161452 th 1 22 T 9 s A A 410 T SR AIE
W78, BEA RORMELE 32 AME sl i m H 5.

32 BRAFEZX

Ja e AL I — g oef FL AR o) R 1D, W T UREOE 1) SR A SR, e AN DR UE 25 H ) @ 1) e A0 e, 1HL
S REAE T 4252 I 8] e 25 ) N 25 (R T AT M. B 1 RS SR M LLAN, R 2 B0 It H 0 B SR e 5 0 e — A
AN i Bl 2 A TR] S 23 BT BE IR B E A R, PR R A T R dnfer kA, DA SRR GEAR A AT A, oK
T MSPSP (1) 5 K X EIE MK 2 2 B S0x 7 s s v 1.

VA TR AR AL ) g R 1R A6 2 T a2 AR R 18] R, W R B 9 4T 1A B2 (parallel scheduling generation
scheme, PSGS) Al 5 47 i &£ (serial scheduling generation scheme, SSGS)H Fh. 5y 1 FI5E 2 B/~ T AP
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FETHRIA AL 0 D A,
H£ 1PSGS
HA: TUH S8
Bt DUH WK S;
t« 0,V
while V' # 0 do
HRAEAH R LR B A AT TGS Ve
while V¢ # () do
MRAEAL MM Ve gk Bd 3 i[R3R WD), AH B SR [ RAD)]
Sit,V—V—-§ Vi Ve—ig

endwhile
t+—t+1
endwhile

return S;

&% 2SSGS

WA BHZSH

frh: WHRETRI S,

while V' # () do
AR MM VR BE 3 (R ED)]
HRAEFH R L HOR A ¢ e 57T FT RN 1] ¢
G @ SBR[ D]
S, VeV —i
endwhile

return S;

AU H, JEAT U B N A1 AR, 7245 OGR AR AN B 128 £6306 2 20 RS S I\ 4 BT T 4675 3h 4., #4771
JERE G BIEAR, AR OEARN L £I5 B I 4% 5 5 T T LRI 8] Z HFRE. PSGS Ml SSGS 2 Hh I AEAE — AN
BRI 77 3%, S A AR P e vt A S92 R T AN TR TR0 A2 B, 40 SCRR(32, 331K H K2 PSGS, M
SCHER[78] 1%+ SSGS.

T EAH M B R AR 2 MSPSP i R A AR R ) — 51 e R FR AR T 20 ORI 58 IR 24 S
HHT AT RN AR B S . EAR G B RE BT VR S PRI H I B2 b, 25 i sh RE AR, Bk 1 HI Ik L 293K
A, ST 0T B YR PR Ak S 5 SR A5 T B LB T BAE 2 RCRE U E b, i T BRI A 2 hne, B BEUR A
BAHE 1, FACRe 7 Ho 2 vl AR, a7 55 PR A5 0T LU I A & DAVE 9 I R At . T e R AR B B A AR 5 17
AN [FV S 46, A A i BEUR AR A 2, A Reda /ol H A, SR [321 1) dx /s 3 F B ORI, SCHER[331 —
73 Pl B R UL R, #S SR SR A [ 72 BV AR T I i KA TR SN AR 1. % SGSS T &, T HAFEARN %
R — AN B, FEASAFAE T B 251 J40 0 P ) 8. 3 FBRAEG 7 1) R SR M B2, L[] N 8 2 i — 28 JE AT D)
FATHNE S, T SRR RE A 2 BC AN & M VA IHAT, SR E LA K, X2 8 2 MSPSP 5 kK :URE
%% PSGS T A2 SGSS I JE A

TEWRE 1 BETHRIAZ AL B, 75 B0 B OB ARA an 4k, RO 2 A g 58 1RSI, BAT)
73 ARG B B LA S B R IR v . AT SOk, e L ok S 7 20 a0 — 5 PR A0 R 3 3% sl A B U
PESEAL, T JE AR5 & B AR Se AL, # I8 — 5 01 B R A2 RO L) 0 30 St 1 B2, 3 21 B2 SV PR 9 A T
M SE RN 1) J5 e AR T SCR[3217% 18 135 30 PR 5c iR T AR I [] B J= B35 2l ) 7] 4 D5 38 DA T35 Zh AU, %
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Fig. 3 Common solution representations in meta-heuristic algorithms for MSPSP
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Pk H & G BV B R AE LR, R 1 P o — U R TRl AR L A B A I AR 48 R SR

— M B BE TR0 A 5 e B AE LRI 2 B bR 1) R, PR AR T 22 H 5 MSPSP B, 35 2 (152 R FH o 8
RAEE. AEZ BRI EE D, iR YE AN B A0 00 8 0 A0 25 A2 DR UE i A4 10 O B, b de i LI AS
AR S R T7 R AR BEHE P BeR, BT Pareto s RIIL, Wit 7 HHTEE S48, @ id 2 H bR E RN EE
JAARTEfEE 23 18] N B AL B AMAHEF, T A 58 AR YR, n=E S e A 7 i84% 5% (non-dominated sorting
genetic algorithms, NSGA- IT) &5, H A& SCHk L3R4,

4 MSPSP HIRMEE X
Table 4 Algorithms for MSPSP

Rk LW FENE R
Ko wf % BRI R SRAE  CPLEX/LINGO 253K fif 4% [38, 40, 70, 71]
9y 8 FHE NHNE [7, 16, 20, 38, 72, 77]
HemmEsk Benders i (@A [4, 58, 79]
A RAREL  ETF PSGS Mg kR FATIRE (15,19, 32, 33]
T SSGS )3 & 3\ HFATRE [80, 81]
Hep kA58 — [26, 31, 82]
Joa K 045 B Y TS ST i [23, 83,97, 99]
FIE BN AUE S 15 [25,99]
HIEBFF AR R JRAs [84]
HoER A B [27]
ORI ) — A [73]
Pp Pt TSR YRR [63, 74]
IR BN+ B — YR D [9]
T BN+ TR 2 [9, 40]
% H b i6 B+ SR gty [45, 49]
NSGA-II % Hbx AECACHE T [3, 47, 50, 60, 85]
PSRN R7R Z Hbw AECRCHET [48]
FENREIE % Hbx. BoHET [66]

34 HEIE

TERG IO LI I, — AN A BB 22 25 G B 2. MSPSP 5% 45 1 BB it RCPSP £5 $L[A] st AT AN ]
R, MECT A% 40 RCPCP, MSPSP 3601 1A S+ BE 244, B LA RCPSP Wt 7t o B4 FH 1A v 550491 2 TG 3240
$E R T MSPSP Hiff 7t 2 /. PRk, A 262535 AR R 70 0 2 H JE i 12 2 RCPSP b ifE 5491 A& 2 MSPSP, 5 £
S35 MIRAIE T 438 (1) MSPSP 55431 .

VA R e RS A IR B8, 75 B & RS 5 P 2R A B I H S, R I H B ) 2 A A RR
Pk v, B A A OB, — Mok, = ZEM LR IO AR PR 1T 2 MSPSP 41 128 8L 7% 2 40 & (number of
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activities, N) % 2% & 7% i (network complexity, NC). %% JJ§ 5 & (resource strength, RS)F1 4 §¢ [F 2 (skill factor,
SF).

SCHR[93 1443 F T H 1 FEE 5451 FZE (project scheduling problem library, PSPLIB') #2101 H i & 4535k &% & FH )
—NE . A A AN R R, H T AL 8 1) RCPSP H47, ik & 21550 RCPSP &4, Il H
TR /N B RAK UL S 30, 60, 90 A 120 ANiG2), HLAGAS A T L5 480 45471

SRT PSPLIB H [ B 535 8 B4 Re B2 U, ‘& Joi24% BB T MSPSP B 75, DRI G2 5 A D6 Hu Al 1152k, K
Z AR PRFFE I H W28 AR RTHE T, XT BT IR 5L e I 3 B 75 SR & 7 AT . WisSCHRB61FE H T —FhJk
F PSPLIB 1) % i e 10t H H.45] 4= sl AL, #i& 7 PSPMSWC &1 22, 4K 85 T B W 28 % sh & 40 8 IUAS
£ J30, 160, 190 H1 1120, FASTEAELE 360 M), 3£ 1440 /NI H F41.

WA 52 MRS MSPSP s s, #3843 501 22, inSCiik[871#4i& 1% 1T H] T MSPSP ] iMOPSE 5
151 E2, AR T30 I 288 v 3 s B 4 DO A 14 10, T15, J100 A1 1200, 4354 F 3 4N, 3 A, 18 AN 18 M
i, 3t 42 B HAMER = 18I RanGen B0OH A2 0, 803 AAT Bt S0, B3 B B SE I H &
BIEATRIE T, 5 SCER TR FH 1 48 e FL Ak L3R 5.

# 5 MSPSP REGIE
Table 5 Case library for MSPSP

B EEHAY HAp P44 b3 N FH SRR
T PSPLIB i PSPMSWC 55 [36] [18, 26, 81]
He — [6, 15, 20, 27, 83, 86]
3T MSPSP #Jits iMOPSE %43 /22 [87] [13, 22,23, 24, 38, 45, 47, 48, 74, 88]
RanGen 4, [89] (17, 55,79, 82]
He — [5. 14, 16, 19, 28,, 63]
LRI H ZE 45 A5 EPRIH [3, 8,31, 49, 60, 71, 73, 90]

4 GRIB

NeE Z BRI H R FE I S B S 28, AR SO T 3 A AR ] R SR A AN 5 T 4 AT T MISPSP (1 3L A
TR FERAY ) B AR R s T, H AT AR T T O E I T A | BRI AT SR, T I R B
PRI H AR A AT A 38 o AT 23 DT, A0 H i IUE ) & Rtk 2 A, SEBRI H A B (1 H bR TN 4k,
A 25 E8 22 AN H AR 7 VA SR RE A A L SE 77 oK. TR A A 0 T, BT 2 HiRE 5 2 T H | 21
S VEB AW B R AT AR SR T A A, TR T BN E S R SR, SERRIE AR R A S AT I RE
fiE, BTiss Je i 2 H2 pe BRI B A R R R PE, U4, A e 5 N 288D H 0 H A& 2 Haeml H 55
% FLRE 55, BT DA B Re T H I B A 7T, W B 2 Mg A AT LR A R T R, AR R SRR AL AR R, AE )
RAGTTH, F=EAVTR T KEM IS K GE, X E & SR A X 3>, (HAESE e, — et
U R e SR T TR, tHRRSS T 00 H B 3 50 2 5 7x. Rk, Wfar o & HE SR g B P L SR A ot
B 18 R T AR AR R 1 — AN FC 5 ). ), TERI 90 TSR I S0 T, B R 58 1 R 5451
K% fe X} PSPLIB 120135 1, 1R AMEA 48— % B 3 #E (benchmark), T & — AN 551 85 22 (165 %) B 2L o
) R RIS S3491) P22 9, MISPSP HF 70 ) — A B .
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