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To make a satisfactory decision regarding project scheduling, a trade-off between the resource-related cost and project duration
must be considered. A beneficial method for decision makers is to provide a number of alternative schedules of diverse project

duration with minimum resource cost. In view of optimization, the alternative schedules are Pareto sets under multi-objective

of project duration and resource cost. Assuming that resource cost is closely related to resource leveling, a heuristic algorithm
for resource capacity reduction (HRCR) is developed in this study in order to generate the Pareto sets efficiently. The heuristic
is based on the fact that resource leveling can be improved by systematically reducing the resource capacity. Once the reduced
resource capacity is given, a schedule with minimum project duration can be obtained by solving a resource-constrained project
scheduling problem. In HRCR, VNS (Variable Neighborhood Search) is implemented to solve the resource-constrained project
scheduling problem. Extensive experiments to evaluate the HRCR performance are accomplished with standard benchmarking
data sets, PSPLIB. Considering 5 resource leveling objective functions, it is shown that HRCR outperforms well-known multi-ob-
jective optimization algorithm, SPEA2 (Strength Pareto Evolutionary Algorithm-2), in generating dominant Pareto sets. The number

of approximate Pareto optimal also can be extended by modifying weight parameter to reduce resource capacity in HRCR.
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20001 of o5 v S AHH R F8h7] 9
o oA HA s gagFEe] NEE o] gtk giEe
2 FHA 4a1E]F(GA : Genetic Algorithm)©]
A # 4 3HPSO : Particle Swarm Optimization)

Rkel mel Fe] gl 7] &8k Qv -

& Aess 7 Ao ®E ¢zl NSGA2(Non-dominated
Sorting Genetic Algorithm)[3]2} SPEA2(Strength Pareto Evo-
lutionary Algorithm)[21]& A& dag]Fel 71 x3t3 9}
a1, SMPSO(Speed-constrained Multi-objective Particle Swarm
Optimization)[13]% PSO°l| 7| Z3}al It} & o &= Fi
# A slol| 7123 tH54 GRASP(Greedy Randomized Adap-
tive Search Procedures)[16], TH&-4 7} o] % E-A(VNS :
Variable Neighborhood Search)[5]Z} Pareto-iterated Local
Search[4] o] 7IE= ST},

ZeAE 27NN FRYH A g 43
= 1% A Al L2 AE 47 =7 (RCPSP : Resource-
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(resource leveling) &A= A2 Ft}, RCPSP= A 9] A
ok2 aejsto] FRUS Hasts BA G Zot 2kl

o
T

28 v8e] Hashe A9l FEsheh DA wAS M
I Qrk A 28 HEE gRATE B F st
A 0] it g e Ak 7] daolth. whebA,
TRUN A 2av g ALEE FHOR = L

AE 2758 foke] Aol A8d vy 71 v
23} W52 RCPSPe} Ahel 38t TAE 5342

%
>
rir
D)
(o,
lo
2
12
Mo o

s

w

o
fitl
N

5
o
U
12

O

AL

4Ql Az}ol| wrEr}. Ballestin and Blanco[1]9] 7oA =
T3 FAsE 7 MAE B 2l 22 E(activity list)[8]=
¥ &3}, S-SGS(Serial Schedule Generation Scheme)©ll <]
3 3 ¥ 2AEe] B wE TR 2AlEE W
3l7] 913 double justification[17]S &3} th Hu and
Flood[9]9] dTelAe &5 2|2~E 187 S-SGS HiHS
ARESFA L, AdE A A A8RES Fol7] ¥
o A9 st S A8kt ¢ A9 27 SPEA2
daE]5S AHE8E] of7lo] B A (archive population)
S T8 TE JiAIEe] EE U AFe] B8 HellA
7t &5 A%

A= Mz H=E AAERe] AP H7] Lot o

N

AAAANA Ews 7] e vdd e A
A HES T 2AEES AlTateof itk

RCPSP= #H919] &35 8o A Fuds 7t
A F Qi 2% S BAOR Fh A9 &
g A vE AFAQ AT vk Ao &l
AaB5E RCPSPY Fol = A9 BEIF o] FojA 1
ol Wt A9 W §e Folti WH FRALS F/he
ok 299 F7HR Qo] A vlgo] WA s
A g A9E A9 BEse 1 Zdke 3
ok o]el3 548 Atald M= v Akl &5 el
A RCPSPell |8 S5 Tatol hkdt 2AEE 4
2 % 9t

&+ Ayl ZRAE FRdd A 48 W8
A58 9% BY A48 B B G s
Uge no AgYor 78 & dE Fozsd W
HRCR(Heuristic for Resource Capacity Reduction)= 47
gl HRCR<> RCPSPE @l Aste= 7hdl o] g ohare]
= I
Hhekth =20 A et 2 Al 2%l A= A
=35 Slel AHRE EE RASeE Ao Al 3%
o4+ HRCRS Z7fstal dare]5e] -8 Ao tfs)
ARttt viA e o g A 47 A= HRCR| A8 7t
TR das ALt

A HEee ngE T2HE FRUS AGoR 3§
o] A A WES Haglehe 7|24 545 7}
Aet, A FEstel] ik Aol A o]2fgh 7] 24] 54

% Atk TEUo] T3

7)
ARG A, B, 28 SARS A2 M, A, Vo
kA

ﬂfk:max{(fwt:L Tty T}

T
A= E ka/T
t=1

2 QpaAE thew 2o B4 g5k nelhdh W,
524 5] Aolold A9 kol UE AFAE v



Generation of Pareto Sets based on Resource Reduction for Multi-Objective Problems Involving Project cheduling aond Resource Leveling 81

Resource Investment(Resource Availability Cost)
fr=min Y w, M,
k=1

Difference between actual usage and desired usage

m T
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Variance
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Heuristic for Resource Capacity Reduction

0 Initialization

0.1 P=K

0.2 S=

03 R, =co,kEK

04 apply RCPSP algorithm with resource capacity
R, k€K and compute M, A, V,

0.5 if the schedule is infeasible, then stop

06  R,=RP,=M,kEK

0.7 VP, =V, kEK

0.8 AR, =M, — A, kEK

0.9 add current schedule and R, k€ K to solution set S

1 Repetitive resource capacity reduction

1.1 while (P= &) do

1.1.1  find resource type k' where V, =max{ VP, }, kEP

112 Ry=RP,—a; AR,

1.13  if (R, =RP,) then R, =RP,—1

1.14  if (R, < R™™) then R, = RF"

1.1.5 apply RCPSP algorithm with resource capacity
R, kE K and compute M,, A, V;

1.1.6  if the schedule is feasible, then

1.16.1 VP,=V, kEK

1.1.62 RP.=M, kEK

1.1.63 AR =M, —A, kEK

1.1.6.4 add current schedule and 7,, k€ A to solution set S

1.1.7  if (Ry =RP,—1) or (Ry =R}"), then P=P —k/,
R, =RP, else AR, =ay ARy

2 Find Pareto optimal from solution set S

4. ME U BN

e Zzde 2AZY BAY HHE 4L T

at7] ek Fread Bl 4 w4E 8 2
o] PSPLIB[11]°14 21 <=7} 1207021 J120 &4 A&
g o ® stith HRCRS E3e S8 S5 At
29 A2 F3 = o] 2.6GHz2] Xeon CPUS} 32GB
RAMS] PCollA A aalltt, HRCR ol 2 k2
B2 ARl o, 7S BE A Aol disl] 052 A4

s,
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4.1 HRCR & ZHxt

<Table 1> 2] @Ej9] =7} 421 X1_1 #AJ9] HRCR
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<Table 1> Solutions Generated by HRCR with X1_1 Problem

Step R M A \" P T
0 (00, 0, o, 00, 00) @9, 34, 37,29) | (137, 85, 7.5, 65) | (130.6, 655, 1027, 542) | {1, 2, 3, 4} 99
1 (32, 34, 37, 29) (32, 25,37,29) | (137, 85, 7.5, 65) | (818, 463, 93.2, 54.2) {1, 2,3, 4 99
2 (32, 25, 23, 29) (32,25, 23,29) | (137, 85, 7.5, 65) | (77.2, 64.0, 70.4, 49.1) {1, 2,3, 4 99
3 (23, 25, 23, 29) (23, 24, 23, 29) (13.7, 85, 7.5, 6.5) (45.6, 46.3, 63.7, 50.6) {1, 2, 3, 4} 99
4 (23, 24, 16, 29) (23, 21, 16, 28) | (137, 85, 7.5, 6.5) | (43.1, 36.7, 27.4, 49.4) (1,2, 3,4 99
5 (23, 21, 16, 18) (23, 21, 15, 18) | (137, 85, 7.5, 6.5 | (61.2, 49.3, 33.9, 31.5) (1,2, 3, 4} 99
6 (19, 21, 15, 18) (19, 21, 15, 18) | (137, 85, 7.5, 65) | (25.0, 40.6, 31.0, 33.7) (1,2, 3, 4 99
7 (19, 15, 15, 18) (19, 15, 15, 18) | (137, 8.5, 7.5, 6.5) (264, 24.6, 27.3, 37.0) {1, 2,3, 4 99
8 (19, 15, 15, 13) (19, 15, 15, 13) | (137, 85, 7.5, 65) | (24.8, 202, 23.5, 20.8) {1, 2,3, 4 99
9 (17, 15, 15, 13) (17, 15, 15, 13) | (137, 85, 7.5, 65) | (134, 225, 223, 22.0) (1,2, 3,4 99
10 (17, 12, 15, 13) (17, 12, 15, 13) (13.7, 85, 7.5, 6.5) (11.2, 7.2, 30.3, 19.2) {1, 2, 3, 4} 99
1 (17, 12, 12, 13) (17, 12, 12, 13) | (137, 85, 7.5, 65) | (14.6, 11.8, 17.0, 16.0) {1, 2,3, 4 99
12 17, 12, 10, 13) (17, 12, 10, 13) | (133, 83, 73, 63) | (135, 108, 11.2, 16.4) {1, 2, 3, 4} 102
13 (17, 12, 10, 10) (17, 12, 10, 10) | (133, 8.3, 7.3, 63) (13.1, 82, 72, 6.2) (1,2, 3,4 103
14 (16, 12, 10, 10) (16, 12, 10, 10) | (133, 8.3, 7.3, 63) (8.5, 137, 10.9, 8.8) (1,2, 3,4 102
15 (16, 11, 10, 10) a6, 11, 10, 10) | (124, 7.7, 6.8, 5.9) (10.8, 7.3, 12.0, 8.4) (1,2, 4 109
16 @15, 11, 10, 10) s, 11, 10, 10) | (123, 7.7, 6.8, 5.8) 93, 87, 132, 11.7) (1,2, 4 110
17 (15, 11, 10, 8) (15, 11, 10, 8) | (12.1, 7.5, 6.6, 5.7) 9.6, 7.0, 122, 4.7) {1, 2, 4 112
18 (14, 11, 10, 8) (14, 11, 10, 8) | (119, 74, 6.5, 5.6) (6.6, 7.6, 127, 5.2) {1, 2, 4 114
19 (14, 10, 10, 8) (14, 10, 10, 8) (11.7, 7.3, 6.4, 5.5) (5.3, 5.3, 123, 4.1) {1, 2, 4} 116
20 (13, 10, 10, 8) (13, 10, 10, 8) | (115, 7.1, 63, 5.4) (3.8, 74, 123, 5.5) (1, 4} 118
21 (13, 10, 10, 7) (13, 10, 10, 7) | (111, 69, 6.1, 5.2) (4.6, 73, 137, 4.7) n 122
2 (12, 10, 10, 7) (12, 10, 10, 7) | (10.6, 6.6, 5.8, 5.0) 4.2, 8.7, 144, 3.9) (1 128
23 (11, 10, 10, 7) (11, 10, 10, 7) 9.9, 62, 5.5, 47) (1.7, 9.5, 13.7, 6.4) n 136
24 (10, 10, 10, 7) (10, 10, 10, 7) 9.0, 5.6, 5.0, 4.2) (22, 13.1, 156, 6.4) 0 151
T 4.2 HRCRZ} SPEA29| A5 Hlm
| :
wi 8 g <Figure 2>+= X1_1-Alo] tjsll HRCR¥} SPEA2¢] 9|
o L w8 e 3 )2 Lhedl glolth SPEA2CIA 24 R En
- Masaaoa ¥ Cagoo A3} 2HY x93 BAKf)S A8519 Tk SPEA2 %ald)
I T — &< Ballestin and Blanco[1]¢] ®'H& A&t %7
) & AA37] $8) LFT(Latest Finish Time) 73S 4 &
W .3 S 53 71w A A ASY[11]2 04819 3, double
20 8 0 ]ustlﬁcatlon[l8]°ﬂ ot Fit HAZE A&t dol
M. S Bew,e. o HE AT AL SAFI A T q4ude
I U £ 1 4e AEa, WIS F 92 09
o R e R T A $31, sdWo] AR E FAEdA gl
I 5 A49) 921 wpE w8 Q4ke AHER). ) BE
. =qimo] gL 717} 0759 0.052 L, MG
; : 400, A4E 1,0000.2 33t
: 8 fwoo © ° SPEA2°I A 9] 919 2t=<l 2+9l &% HRCRE A4
%l <Table 1>2] 257 3l & step 0F-E] step 107-A1 & A
' gk v #] 147 sl A o] Ak &FOE skl o]

w2} SPEA2E 149 A st g vle] Aol 507]<]
<Figure 1> Bi-Objective Views of Solutions Generated by HRCR ~ ©17}o|E. 7iA & 3Bz & 70070 & 319 th
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IFoA o] ¥4 HRCRO| 93 s]E YE L, Atz <Table 2> Ratio of 256 VNS Solutions Dominated by HRCR
3

& 34> SPEA2° <3 70071 &lE el SPEA2 Solutions
€l sl HRCR2] 8ol fsf 25 Aldominated) ol moroner T T [ 12 | 8 | 14 | B
HRCR ®wie] drjxem ¢3 se A4dsta slas X1 1 25 091 | 091 | 090 | 091 | 093
HoErh A4l 289 H”"] °M o2 FEgk gl X2 1 30 079 | 091 | 079 | 1.00 | 099
ME 498 435 Mg X1 &4 ¢ g& A X3 1 29 091 | 093 | 092 | 094 | 093
ANNE TU3 A}E 7FA e HRCRY 37} SPEA29] X4 1 26 085 | 089 | 087 | 090 | 092
3 Bt o5 = A eg X5 1 26 041 | 068 | 040 | 046 | 072
X6 1 21 093 | 092 | 093 | 094 | 093
) X7 1 49 097 | 099 | 097 | 099 | 099
o g X8 1 43 094 | 094 | 093 | 097 | 093
R X9 1 43 097 | 098 | 098 | 099 | 0.99
. X10 1 36 096 | 099 | 096 | 097 | 099
:a - " X111 52 098 | 098 | 097 | 098 | 099
o oo X121 50 098 | 097 | 097 | 1.00 | 099
Ky f.o‘?ﬁ ; X13_1 45 098 | 096 | 096 | 098 | 097
N o :Asﬁf\%%em.maa% ¢ A X141 61 098 | 097 [ 097 | 099 | 098
° X151 58 097 | 099 | 099 | 1.00 | 099
X16_1 74 098 | 099 | 098 | 1.00 | 099
| steon X17 1 7 099 | 100 | 099 | 099 | 1.00
¢ weoome e e oo e X181 67 098 | 099 | 098 | 099 | 1.00
<Figure 2> Solutions Generated by HRCR and SPEA2 X 1 61 091 | 090 | 071 | 099 | 092
X20 1 62 096 | 099 | 098 | 098 | 1.00
4.3 HRCR3H 2} EI‘E‘"E | X5l H|m X211 19 0.64 | 064 | 058 | 049 | 0.76
X221 20 092 | 087 | 085 | 091 | 090
HRCRO] o5 a7} el Qe gussas 2 X23 1 23 086 | 091 | 083 | 084 | 087
a17] e e mE E3e 23S 98 o7 3 RCPSP e 2 050 | 084 | 082 | 082 | 08
X251 2 087 | 084 | 081 | 081 | 089
St mlarstetof vk X1_1el A 47) Ahdde} gwFe) X261 36 095 | 098 | 095 | 096 | 098
#l= #4 (10, 10, 10, 7)1M A (16, 16, 16, 13)7HA = X271 43 095 | 096 | 094 | 09 | 098
9743 4tk olefgh A9 B 7i(= 2401)709 &F X28 1 40 095 | 094 | 095 | 093 | 096
z5o] A Hrh NS dF5A717] Y3 o] F o X29 1 41 098 | 098 | 098 | 098 | 098
S A £ By 2 2567 23S AASA Y X30_1 33 085 | 089 | 084 | 088 | 0.89
<Table 2>= 307H Ao 8] HRCRe| <3 T3)7 ave 090 | 093 | 089 | 092 [ 094
39 4(no sols)9} 7+ =3} 4ol 4] HRCRO| 9]+ 3] std 012 | 008 | 013 | 0.13 | 0.07

7F 25670 &% 2o R Fek dl5 Avlstes vl&S Ve

Ak 100%00 77k A v &S Btk HRCRO 9 <Figure 3(a)> HRCROIA A3 H 21719 3} 25671
3 7t e E J3e aRdor Adeths onE 2t o RCPSP &S (Aaa713t, f)e] vsd ez vl
o gdog: Fady 29 HJF3 sk T Ao 7 AL =219 HRCR 37} @& A uju] &9 ¢
Agks=ol| A 2567] 3 % HRCR 3ol ¢]3] )= 1) ez EAHL wrh Be dlE A XlHHHI%
o] 89% Y-E] 94% Alololl itk Aujn]&o] 7pg A& s =Y F 9}% 713)7} TﬂED} HRCROM =

AE XS 192 f£,9 A4S 40%l B3sicy 2 Aujn] S

o EAe] BFA H|s] HRCRY 9l a9 71 4 ¥ F Atk o9 #o] X—%—%?% e Mi’ﬂ 23
Aol 7]91%t}, v} g & AM%W}U% x]aﬁﬂl% ek = 9tk <Figure 3(b)> o, 80] 0.5 Al 0.25
s7H8 7 Atk ol & SEA = A &F 4SS o, 41718 HRCRo| A Ht= S
A o F 05 hAlell B A2 s 44 # Zlolt}, oluf o] A ujn] &L 87%= TUhst) £ A
S AadS A et B g2 A & S I HRCROIAM £372E 93 71535 H4d3] 2%
A s Aol ko] B E Ao gELS =Y & dSS 9nsit)
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<Figure 3> HRCR Solutions Generated by Varying Weight for
Resource Reduction
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