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A Hybrid Mathematical Programming-Heuristic Algorithm for a
Sustainable Power Grid Maintenance Scheduling

Jaegwan Joo - Youngjoo Roh + Hyunwoo Park - Jerimi Lee - Chungmok Lee
Department of Industrial and Management Engineering, Hankuk University of Foreign Language

This paper considers a stochastic job allocation problem inspired by a real-life electric power grid operator. The
power grid requires regular maintenance to ensure the sustainability of the network. To mitigate undesired power
breakdown from the maintenance operations, the objective of the problem is to minimize a stochastic risk
function measuring the risk of power grid maintenance schedule. The problem can be formulated as a Mixed
Integer Programming (MIP) problem involving many integer variables, which is very challenging to solve. A
hybrid mathematical programming-heuristic algorithm is developed to solve large-sized problems, consisting of
two phases: The first phase utilizes a simplified MIP formulation with objective perturbation to find feasible
solutions quickly. The second phase adapts the simulated-annealing algorithm to improve the solutions. A
computation study on the real-life instances shows that the proposed algorithm outperforms Cplex. Especially,
the proposed algorithm could find good feasible solutions for all tested instances, while Cplex failed to obtain
feasible solutions within three hours.
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UucpPE A FE5t7] s wArY ThE 2AES
T

Z 9 A= (electric power grid)2 E&H 02 A B4
at7] el vl B3g qAEAA A A o] H sty Lt
Al Agwte WA 2 (power stations), ¥ A (electric sub-
stations), 71 24 (power transmission lines) 522 T4 o] 3l
Ch(Kaplan, 2014). Z-2te] 74 2452 1/3 EA L 7pA 1
Ao MZ TE JAHEA A o tito] . o & Sof, EA
AoA AEE AAskE TAE &3] LAY T TA(Unit

Commitment Problem, Saravanan ef al., 2013, ©]3} UCP)2}x St}

A7} o] Fol A $kTh(Bertsimas ef
al., 2012; Carrion and Arroyo, 2004; Kazarlis ef al., 1996). UCP
o 7pE & B4 B8 AF EA A okS v ofF gt
= Zolth o] & Haf 2 A E7] oldw £F A
¥ ¥ (Mixed Integer Programming, MIP) A 2 2 g3} Hch A
grioll i3k = o F AFFAEE AT YA (power
design) A7} A TH(Keyhani, 2016). o] A& AAZ A
Tadte AF%e Algste TAEAN UEY I gAd
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(Nonlinear MIP) &4 2 23 5}
ol 71uke] H A3 &g EE AHE-STh(Huang et
al., 2018; Koutroulis and Blaabjerg, 2011).

H W Z 7}&3lE = 7| st wet, AAS 7F
& YA (renewable energy)E AHE-ste Mg o] # AT
T3k o] o] FojA 3 I Th(Liserre et al., 2010; Carrasco et al.,
2006). Keck et al.(2019)<> vl ] 2] A& # 742 (Battery Energy
Storage =& Electrical Energy Storage, EES)E ©]-8-3F A&
& WA 7Fs A o Bl AFsklTh A | A = 7] $-9F
2E RS Rsithe ddo] gled, A9 AFAE
AHgste B8-S A AA BT}, Schmid

& 2= 0Joo
2 T mu=

(2012) A= AEE 4 CREER
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A AY AFE FRAT. AT T AEL A
S Qe g +F0l vlA = G #F AT E
o] A I 9] tH(Xiao, 2014).

H=Fo] & 4= A8 #2)(maintenance)
A& (job assignment) Al & Aot} A& A A0 2
A8t7] YAllA = 7718 < A8 B2 (proactive maintenance) 7t
83l tHWuetal,, 2011). A18 47 717H(planning horizon) <t
THT A 7S A As Bl Ao A 2 sk 98
AE o8 7HA] A (resource)©] AR HTH 18] 3L EF 7|7t
AHE 7Fs 8k A9 2] A8k upper bound) ¥} 3} 3H(lower bound)©]
otk 743tk A ko] £A -2 A7 (electric) & $HY A O
Z Fashe Aol7] el 74 g oA dste g
(risk) ol thEF 27} B ol wabr ZAgFE A S B
T Yo et APE Hasete Aotk AA A Y
& A she A Y S| Abe thokekal I E 9 A E(risk meas-
ure) & AHESHTH B AT E AA T AEg 29 3 AR
RTE(https://www.rte-france.com/)7} AH&-3t= 913 A =< A A
ZAAdF Ho|EH & AT RTEE LA 4 S 53 39 A A
gk A8 AA S YA THRuiz e al., 2020). 1A = 2] 9
A BT AU LE B3t 2o Ay Qo] 99
Hojste dAo g 2B A AF AU LESHE o
A Y A 7E AR IHAE THE AY SR AYE A
Feoh B AT a2 29 A A] S H A s} w0l &
FAFALHMIP) EA 2 8] 37} 7k shth 1o
MIP 2] 28 2 Cplex 2 22 /-8 MIP Solver 2 E7] o & v -¢-
offo}. 1 o] F2& AR, AA RTEZF AHE-8hE 29 23] <
THAY +9 717 1gst] d A= Fe R 27171 v
SAAA Ak 24, A FES Y] A8 B2 S Ay
2 Q& s of 3t o] W] el BF o] B A 1 B2
o) ARG} A of2 o] FIHETH AA, E A = YRR
A (Generalized Assignment Problem, GAP, Ross and Soland, 1977)
o] YutsteE FAZ & 4 310) NP-hardol] &3t= &40t

Aol e A&7 A2 2A F 74 F4 2400 &

&
u 4>

|

=

=

dea

4
o

bl
mt ot

oA ] - o] FH

E AN
1oy
o rgd Z

33
XN
o

o 2 o mm &
=
8
(o
o
=
s
Re
1o

e -Hu O fo id

2 o
%
_ki:ﬁ )
ro M
o &

N 2 (o i Ho

—~
(=
—_
o
o
=~
(=]
(=1

=

&t 9] e (risk management)
o 997t
B e dsd 22 Fo 794 7
- A7 A #e] FAKRTE) Y A EE&
AA o8 & o] &3te] FE P S FYT
- YA A S A
Heuristic) ¢ 2L2] &8 A A3t}
- AR Bl AN S
o5 Hold A5 Bl

KeX
=

ABL

21T =2

npAeto 2 Al

ARG EA = LA 2FH A EA] F sk TFEA
(assignment problem, AP, Kuhn, 1955)¢] ¥xtsl £A 2 & 4 3
Th APol| T 3 ThaF A ZF are o] &l A A tH(Kuhn, 1955),
APOl| A 2Q] 71 7behe} 2 AR ] A oFA o] 71 A e
FA = GAP X+ v\ Al (Knapsack Problem, KP)2] Y uks} &
A 2 M NP-hardoll < ¢+th(Garey and Johnson, 1979). TZ-E 4] 9}
#HHE 02 H A5 BAZ 75X S FE A (Weight Assignment
Problem, WAP, Ross and Zoltners, 1979)7} 1T GAPZ WAP &
TAYE I AR o 7 AdEo] EAltL AR
He Ad Y F9 A sigto] FozitheE I35 Aol Ut
wekA o] A A kA EL B Al (Multiple Knapsack
Problem, MKP, Martello and Toth, 1990)Z & 4= 1Th MKP & A|
NP-hard®]l &3}= ZA 24 B2 A7} o] Fo Rt} 53], g
A ¢F 2] (Knapsack constraints)-> B A S 2| G of| A ul] &
A 57sk7] Wizl A& k3] §A gh(linear relaxation bound)
S M) S8 f &A% (valid inequalities) ol o 3F A7}
to] o] Z o] H th(Nemhauser and Wolsey, 2014). 2t TG & A
A OFA & Fo] 7hA AL 9lof Wi Al o] fr BA oF A &
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73}
44 > As] 3 W o AP atol] S ofof g
A 44 A& ﬁo}fﬂﬁ AYE AR &
2T EAE Y Stk 2 =89 24
Xﬂ = GAP°1W9| 4 —?831}7} 4%4 TFYANFAH R
T At &, A7) A9 B3] gkt Ay
]XL ’\]7%1] gE|ojofatal, ol & FP A7 A
Sl A ALY TS dA] FoboF gk whofo] &
t o] shite] 2 A7t eperlod)oﬂ g2H8d 1 1A
3“}/1 H‘* Ate] 28k 8l
datA & L%E}.

GAPE g & ‘i;—}% A g0l EASH Y &

ATH U AL GAPE A A3 Ross and Soland(1975)E &
| A ¥ (branch and bound) 1T ES o] &3 HAs| ¢
2] F(exact algorithm)< A A 8FF T, Savelsbergh(1997)2 ZH2}
o] 2 Aok o] th3k & A A (column generation) S ©] &3

2% 7} (branch and price) ¢ 18] E& st GAPl
FH A dueE Aole AP s dARE A6
| FEstRom o] A A 4 AP FHERE A
e AT ET wol W F 9 th(Wentges, 1997; Lee and Park,
2011). GAPoll ti gk &7R 9k 56 EZAFo] EAste FE
o] th gk P FA Eoll o3l A= Oncan(2007)S 23t

GAPS] A & BAstA oA v &) 9 A& HA st
T AH(approximate) &1Ll -‘4'°HH—L B2 A7} o] Fo
ATk, Shmoys and Tardos(1993)- 71 sigtd g oo i3l
FA%7E oRn AL 8| 7F A4 o}xl GAY B2 347} 3
g colm RS Fo{7 ARG Hof F v AESHE I E 2
= T8 A T (polynomial time) 18] EE& A A8 T Cohen
et al(2006) H{FEA] g ZALRYES o] &5t
GAPS| ZAY I &S 7HHL'3}9§1‘:} o] ¢ &L v A
of g a-ZAL A FE A3 GAPYl & (1+a) &
AbH] & (approximation ratio)= 7FZIT}. Nutov er al.(2006)<
GAPol 2F7+e] 7FA o] F719 Max-GAPl thal] (1—1/e)-
A G ES ANES 712 12-2AF g EY Hes
AA Nds T

A e G EES 9 FES BAs] s Bt
€ A 2719 fﬂ?'fﬁ AFgrA AR l—i‘ 2+ &= (exponential
time complexity) S 2 Azt FZ8E 47 9
g A 7Y ?l ‘3%01 A= 9t} Diaz and Fernindez
(2001)& Tabu-BA& o] 8¢ WER-EAH SugFS A A
AT Ozbakir et al.(2010)2 8- 112 F(Bee algorithm, BA)2
GAPo] "4%0}":‘\:} BAT thoFgt Q171 WH(population-based)
dgE F stz Elo] Bo] & Folrhe Mo Aekste
A 7H*d?‘fﬂ Uzith, o el & Ajvl-f ¥ (Ant Colony
Method, ACM, Lourengo and Serra, 2002; Randall, 2004), 74 Z-
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A 1 A (Path relinking) & 18] & (Alfandari ef al., 2003), -+ &
(genetic) ¥ 32| F(Feltl and Raidl, 2004) 5-°] GAPS] 3| o2
ATH A
LR Q1 GAP =
25 A8 @ﬂﬂ‘ﬂ 'r°17‘hjrb 7}7@—% :
B =E A AA e YA = LA }‘53& 1jr%kfﬂ 3
ol tiel Avte] &5 Aot 7 AlvheE] Qo A
S Hagste s FHOE gt ]Eqﬂ] B3 4
A heFs AluE 28 atgjste] Y@< 39 (risk averse)
AU vlgol 3k 7] Zh(expectation value)S # 2 &5t
AT S Yubd 0 2 A4 3 A 3l (stochastic optimization)
2} 3oh(Birge and Louveaux, 2011). Albareda-Sambola et al.
(2006)3 ddE A9 s T YT EEEA 42 7bs Aol A
73—?—01] 3 thFA . Sarin e al (2014)E 2 3o 2
gk 2k 9 o] B Aol thelf £A WY el E
AAB G, o] B-¢olle A AR A oA o] 347
Hl|\d-Z A (stochastic Knapsack problem)7} 5o £7]7} oJ5 ¢
A o] & s Ast] 915 & A HH S AHEsE AT
B =RdA gFe AAEEEAE Aol 278 GAPS o
B e duEES IUE ALT F itk 1 ol
25 A, Ado] o' &Y w3 A A Kol dFEE Fof
A A AE73E & AL E ook 517] wjolt. o] &= 747
At SHH0E A T3S Ye Ao] ofY
e AP0 & AF BAof e A Al el «]—f—?}g 9
nlak7] wEo] RE AdrAAT SHH R A4S Ty
ofok at= GAPY| 7HY ol kATt S, (A3l A AA3)
)duﬂt‘g) Ex%sl—*,] _‘4?54 .1:]7].-6]- 7]. 113_}75' oz /\}%5]1: 7]
@t 7t opdet 71Uk st Foll 72 A HE -
?(quantile) 79| F o2 Ao H 7| fjEo|tt o]H g &A T
© HolE e TA 43S AN RTEZF AAE AHEseE 8
B2 7129 FA7 GAP £ WAP #A9 24 H oz g2
e o] T YA ZoH s a7

[o

_=.=HJ10i:or

3. A e R e By

B o He FAH &Y A (Stochastic Job Assignment
Problem, ©] 3} SJAP)E A 28} 58| 8 & A| At}
A" 1 71 TG Rk S AP A 2 4
o Aol wE i AREE ALY JAY rES THHEA.
zzrel A iers A8 18 713 7R AA A FE ofof 8t
o, 2 s AR ALY e ol whet A s A A7
a5 9 ot 23 REAYL 1 T +1 A
A °lxd°ﬂ FaHok 3 of= A £ AF AF ol

rlr

| 71 —d; , + 180 SAAY Zotof ke A& on|g,
(olst Al 73 1).
<Figure 1> A ¢k 78 10 g JAE RAZT AL F
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Figure 1. Example of Type 1 Constraints
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Figure 2. Example of Type 2 Constraints
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Figure 3. Example of Type 3 Constraints

A #y] BN | AH te 7oA F AY i i, e
o] Aol o A AAT W AA AE FA7 B
S A7t Aok o] Aol o A Atriplets) (¢, iy, iy)
A 7h FolA L o5 A% A9 F A i i,e e AR
te 7o) TN+ ? AT 7HR ool 8t Al oF £+ 3).

<Figure 3>& A% 73 30 that A& BAET AE &
H 71zkel 7={1,2,3}, A4 APl 1={i i,i,}, FF
E={(ti,i,) | VtE{1,2},Vi ELViEL ip;éz'q}ﬂ Zo]
HokaL o}x} = RE Y AH 204 A FHE £
A 19 A A 0, Aol £ 0 A7 o 27
%Jéﬂ]&l“ZA%%EHAJJH%ﬂ%Mﬂ¢
G At {3332 o7A Et

od AAdA LS ZE A ierl el 2 9 A

FY NN ¢S A resla T3 2o] H o5,

_g

m={t; ET| ViEl}.

oltf, 7= ¢ e 7ol A AY ie U AR e, ¢+,
oyt d 1A FRETE HE et 28 Vb
g 5 SIAPY A 7HA] AloF 2 & BF WEste AHEd
A% e %EOH(feamble solution)2} 1L 21 72} &2}
T A BEE AT A A A9 F
S BN, B =79 A & SIAPY
= BF FY9S o dAstE 9F 9utgr
ate Zlolth B ATollA AHeste A3 BT A

o3 Ao, Folxl 3 #of] thaf UukH O R A

A= 719Ek 3 71 98 (expected value of risk) 34
g(m) & A7 =0, 1] E B ¥ = 9 (quantile) 7S] &
Q1 7o) ZFH(expected value of excess risk) &4 h(r)Z A2
Aot 919 45 FAH ] Wil WEds zer, AA
A 710G SHAAT AT ¢ AE 5o tig AR
1A X8 FYUCEE V) 23 & A adtt

AN te TAA AoE AP A e I 5,8 A4
Ba AR verd ARG &Y e AY 79 AA
te{t', ¢ +1, -, ¢ 4d -1} A" A AvE e
s 5,9 thaf iyl sldste AP HAAIZIT

Aot FAY AYTFEAANA A= I 2 gt
e & AestH o 2

Y

I =M
o

N ok

e B 4 =

[t

1

713 9 s}2}of Bl (Sets and parameters)

T:AY 1 71 AR

1AY FY 10 5L SN A A

R: Aol wd i AnHE A Ht

dy: A iere A 8 N2 A e 7ol uhet A
A A A&7

vl terd NAEE Y ierg ted{t, ¢ +1, -,
t+d,— 1} FH57] A AL HE AL reER
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uy tE T AHEEE AL rer ¥
I te 7o AHEEE AY re RY F ARF 51
Ete 7 A A9 5 e 7 AY i i,ers e
AT A (tiniy) S AT
S, te T AH e A9 Aue L9 A
et e AFEE A iert te{r,

_]N
hin'

’

t+1, -, t

+d =1}l 2 B 4E Au L se59 tha
LAeHE AE
oAl 8} 77} Fold W) BE te 7o) W, 7= (i1l ¢/

<t<t/+d,—1, vt/er}2 ZJsA F, Y 1+ 19
HEAZIHA A te 1A 3 H = R A4 iersd
Aot

A BrEere () o A A & 71 9
A Avel e, AY 1 713 F FHAA 9
et o3t 2o] Aol dt

S
A
—

o, o
Moo
P
ol
to 3
do rr

> e

sES I,

1 1
e S IS, |

teT

ERIAAOEE S LR SR ES S AI0

= A8 71 7179 ARE 97 Ave] 2o B Hi A3
qHl 29 % SR A9 HEAG 23 918 ovlah, o
& 29 ol 2,

B35l ol HBAFES AT e Ro| Folinn @
o, wol Ao 29 & () & W d&F [ 1wl HA
228 o olaj T2t gol Aol HT
QW) = min {¢=R In < ¢ VnEN}.

NS W W\>rx\w\

%E}”d 7IH 23 @ h(n) = Bt 2ol B o d .
1 |s|EZ° ]

ey, nax[o, QT({’;/C?K'}SES) P,
AoE F & g(n), hin) e JAABAAY] HE 78
Ao bzt 7k5A a0, 1]7F Fo42 Aok o] FA F Y
He A4 AT ()& e 2 dAE T8 A
Mg Ak o] = 1 (Appendix 1)oll FE5 o] 9T},

fa)=ag(r)+(1—a)h(r).

2 gJAPE AYH AYL nE 0}

ZA7W RE 49 RS 0 HIBAGS (0B A
caae 240l

SELLE

EAIAE AT A HATIEAT 2ol 2

g AN BT R

Z A ¥ < (Decision Variables)

x2S i A T AF AR o] ¢ o] | 19 s, oY
"0 #S A oA HF et eT,

yio A i A e AR A o] D W, A ol A
< 8 FolH 19 FE, oUW 09 g e oA
Mg et e te{t, ¢ +1, -, t +d,,—1},

P At AEEE A r 9 FAEF tE T, rER,

v AR ] AE AU L sl R F AR # e T
SES;

q' 7R ol e, Al o] 1 At e Sl g
2 e

kAN e 9 AdE 2 sol Bk F e gwp)ol AA

19 919 Alkel 2 200 0@ 89l R R R,
19 g, o™ 09 #hE Zhe ol W e
SES,

p AR 1R AU 2 SHAAM Y HaE A7 e T
A

A
o, NA ] A AU L SHAA Y Fi H ol il
A 9 98 AL S gt 89 gto] 23
=¥, ter
G: A AGY L, AY £ 7|2 F SN A F A
H:AY 79 712 AIZWHE‘/\MHMM@‘ 9

ol B9 SHAA Y i 234 9 F.

SIAPE UHMSHGE A (GAP)S} wl=akA Tk 7 2H¢d o] A A
F AN-AEL )0 Fd 7 AZ A A (2, ) JETT=

o7} itk Ciskel SIAPAA] TEiskE 919 AEe A
2O bl oA A9 Avged met FAHCE H o
e, ZAFFE o8 1T F IAEs HE A99Y
FE AT
SIAPY 2| R (P)E

al

T3t 2ol Al A 3kt

(P) min aG+(1—a)H, (1)
st x,, =y, VIiEL VIET, )
ViE{t, ¢ +1, -, ¢ +d,, —1},
diwy =1, Vil 3)
ter
EZbytyzﬁ VTER’ VtET, (4)
tETiET
Il <p" VreR, VteT, 5
p; <uy, VrER, YtET, (6)
Zygl,t’+ Zy§2,t’ <1V (il,i2,t)€E (7)
ter ter



18 FAR - 24T - FDS - olATYn] - o] T H
=X Ve VIET, VsES, ) FTEAE LY h@ Ao|Th A §)& 2 AH
e Y A QoA SAHE Sl o3 A3 ) 3 AN
¢ S ML VIET V€S, O) AR ©)- (1) o1 ol thal, 2 A8 919 kel @ %
= ML=k, VIET, VsES5,, (10) W gt ~- 29 ghS Atety] g8l Fasieh o] A ES
Yk=T17-1811, VIET, (1) AAFE A A Lol thak 5 919 ol Al ¢ o] A1 E Al
o 2o S T 29 HET A B¢ F -2 L S
= |5\ ESU ViET, (1) [T 1511 S$2EAFE AL bignumber ME o1 &
a G A AP R R8T 5 ek A oH (12)5 4 AA 9
o = q?— P VEET, (13) A AU 2 SR A i 9L AT AR (13)2
o, (14) A AR 9 Ate) e SRl A <] kool ohal S A
|T‘fert A AU @ S 89 gho] 2H3t= A g
P (15)  ATITALRA (14)-(15)= FAHFFE AL a5
" £ e Aol Ao (16)- 255 24 AR WY 2712
2, S{0.1}, Vi€l VIET, (16)  vehag.
v, £40,1}, ViEL VIET, (17 SIAPE &7] 98 FEEY P)v EJAT HFALY
vie{t, ¢ 41, -, ¢ +d,— 1} (Mixed Integer Linear Programming, MILP) &4 ] ™ Cplex 52
P =0, VrER, VIET, (1s) MIPsolver= #A1 & = 5 Itk SHAI R SIAPE GAP sl
v; =0, VtET, VsES,, (19) B2 NP-hardel 35 249 47 2 £ 3109, maA
A9 2717t ARFE AN E de A2 AFHoE
¢ =0, VteT, (20) (exponentially) 2713 4 o];} =3, A2k (9)9} (10)9] A4
KELL VIET, VsES, 2D pig-number M & 81 23 o) 4 93} &7 Fh(linear relaxation
p =0, VIET, (22)  bound)E F3AA MIP solverd AHeS A AsAZG
¢, =0, VIET, (23)  (Nemhauser and Wolsey, 2014). wW-2hA], W2 A7k Qkol] 22 3] &
G=0, 4y A7) Ao EAA e sde] @ FETh o el A oY
H=0. (25 @ wHe Ry 9% FeAYRAH BY duF
(Hybrid Mathematical Programming-Heuristic Algorithm)< A| A]
EAGT () dolA A AFHIEFE ALt g
Ak 2= A4 i o] A w3 AR Aol D A, A A%
7Rt d, 5t Aol A S o m gk A oA (3)2 BE AY
ol A8 Y 71 ol @A FYHEE AT AGY 4)-(6) 4, Jra] A B kAR Bt gy
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Figure 4. Flowchart of Proposed Algorithm
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Algorithm 1 Matheuristic Local Search

1: Solve (P2)
2: T < solution of the (P2)

: loop

4

5 for i € I do

6: for f € T do B

7 8,0 (@) « £ (7 427) = £ (7)
8 end for

9: end for

10: Set objective function of (P2) as (29)
11: Solve (P2)

12: 7 < solution of the (P2)
13: if f(7) < f(7) then

14: T T

15: else

16: Exit loop

17: end if

18: end loop
19:
20: return 7

Figure 5. Pseudocode of Matheuristic Local Search Algorithm
min aG+(1—a)J=3x,,+2x, 53— 22, , — Ty 4 (30)

—Z3, +x373.
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Algorithm 2 Meta-heuristic Global Search
1: Solve Algorithm 1
2: 7 < solution of the Algorithm 1

3 T —=
Vo)
5: loop
6 T « {tt,, <t <t +diu, —1}
io€I\{i}: (¢,i,i2)EE
7 H'<—{ i i85, (1) <0, Viel, erT\Tfi}

9: for 7’ € II' do
10: if f/(7') —
11: T
12: if 7 is feasible then
13: T
14: end if L
15: else if random(0,1) < exp (*M) then
16: T 7
17: end if
18: end for
19: if Termination criteria is reached then
20: Exit loop
21: end if
22: I'«pgxT
23: end loop
24: return 7

f/(m) <0 then

Figure 6. Pseudocode of Meta-heuristic Global Search Algorithm
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Table 2. Characteristics of Problems in A set

instance| 171 | 1Rl | 17l | [B] [IS]0in S lwealShhae| 7
A 01 | 90 9 181 | 81 1 1 1 0.95
A 02| 90 9 89 32 120 | 120 | 120 | 0.95
A 03 | 90 10 91 12 1 1 1 0.95
A 04 | 365 9 706 | 1377 | 1 1 1 0.95
A 05 | 182 180 | 87 | 120 | 120 | 120 | 0.95
A 06 | 182 | 10 | 180 | 87 1 1 1 0.95
A 07 | 17 9 36 3 5 6 6 0.5
A 08 | 17 9 18 4 587 | 654 | 693 | 0.95
A 09 | 17 10 18 0 5 6 6 0.5
A 10 | 53 9 108 | 40 5 6 6 0.5
A 11 | 53 9 54 4 565 | 638 | 693 | 0.95
A 12 | 53 10 54 0 5 6 6 0.5
A 13 | 90 9 179 | 136 | 12 12 12 | 05
A 14 | 53 10 | 108 | 22 142 | 160 | 174 | 0.95
A 15 | 53 10 | 108 | 22 | 283 | 319 | 347 | 0.95
Table 3. Characteristics of Problems in B Set
instance | 171 | IR | 12l | IB] [IS]ui0 19 neai| 1S hnax| T
B 01 53 9 100 | 26 | 169 | 191 | 207 | 0.9
B 02 53 9 100 | 19 | 169 | 191 | 207 | 0.9
B 03 53 9 706 [ 1192 | 56 63 69 |09
B 04 53 9 706 [ 1192 | 56 63 69 |09
B 05 53 9 706 | 1377 | 56 63 69 |09
B 06 53 9 100 19 | 226 | 255 | 277 | 0.9
B 07 53 9 250 | 186 | 169 | 191 | 207 | 0.8
B 08 42 9 119 | 37 | 226 | 254 | 277 [0.95
B 09 42 9 120 | 44 | 113 | 127 | 137 ]0.95
B 10 25 9 398 | 344 | 169 | 192 | 207 | 0.8
B 11 53 9 100 | 34 | 169 | 191 | 207 | 0.9
B 12 | 102 9 495 | 570 | 56 64 69 10.95
B 13 | 102 9 99 4 141 | 159 | 173 1 0.9
B 14 | 191 9 297 | 207 | 84 95 1103 | 0.8
B 15 | 250 9 495 | 665 | 56 63 69 |0.8

| °‘E} w9 o] A5
ZF R 7Y

YA 2R 53 LY F 23

Table 4. Characteristics of Problems in C Set

instance| |71 | IRl | | | Bl |IS],in 1S heaid 1S hhas | 7
C 01| 53 9 120 54 169 | 191 | 207 [0.95
C02] 53 9 120 43 169 | 191 | 207 | 0.8
C 03| 53 9 706 | 1223 | 56 63 69 10.85
C 04| 53 9 706 | 1194 | 56 63 69 | 0.9
C 05| 53 9 706 | 1377 | 56 63 69 10.95
C 06| 53 9 280 | 183 | 169 | 191 | 207 | 0.8
C 07| 42 9 120 38 113 | 127 | 138 [0.95
C 08| 25 9 426 | 340 | 175 | 191 | 207 | 0.8
C 09| 53 9 110 38 169 | 191 | 207 | 0.9
C 10 | 102 9 522 | 705 56 63 69 10.95
C 11| 102 9 89 35 171 191 | 207 | 0.9
C 12 | 191 9 298 | 195 84 95 103 | 0.8
C 13| 230 9 505 | 533 56 63 69 10.95
C 14 | 220 9 465 | 620 84 95 103 |0.85
C_ 15| 300 9 528 | 624 45 51 55 10.95
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= T AT AT A dueEe A I ALFE FF 27 RN FHE & HA dagFol fE T
71t T 02 A7t 57}0}04 A 1% B, CY A o @A HAN | FAdF 2RI e A A F L 27
A= g EAE Astae A ll(integer solutlon)E 22 FEHEWME AT YA 7L F e RAEH

ZA0 i FEA A By dugEe BE FA <Table 8>, <Table 9>, <Table 10> 42| A| 8- L7 2 B3 &
&k A3l (feasible solution) & o™, HAs) daugFol e F DAE AQ N HIEH 27 fraA ) g =4
HHAE 2 A FTA 10 AYsty YT HANE 2S  FFMAES vndf A BAFT) 24zte] oA 8] 43
Tt B3 FEA YA d T4 G ES B AR duEE TE A - o 2t-& MHLSA(Phase 1) €

Table 5. Experimental Results for Exact Algorithm and Proposed Heuristic Algorithm on A Set

) MIP HMPHA
instance
Tot_time(sec) Ob;j. Init_time(sec) Init_Ob;. Tot_time(sec) Obj.

A 01 3.9 1767.82 18.8 1767.82 218.8 1767.82
A 02 >7200 - 9.2 4727.13 3830.7 4680.57
A 03 0.8 848.18 7.0 848.18 207.0 848.18
A 04 639.8 2085.88 32225 2085.88 3422.5 2085.88
A 05 >7200 - 71.6 646.42 3945.9 636.03
A 06 9.4 590.62 64.4 590.62 264.4 590.62
A 07 0.1 2272.78 0.2 2279.99 432.5 2272.78
A 08 >7200 756.16 0.3 749.95 250.0 746.93
A 09 0.1 1507.28 0.1 1507.32 250.0 1507.28
A_10 59 2994.85 25 3015.74 2192.6 2995.08
A 11 >7200 - 2.8 504.37 1117.2 495.48
A_12 4.1 789.63 0.9 790.07 570.0 789.63
A_13 >7200 - 17.6 2009.50 3854.2 2000.15
A_14 >7200 - 43 2309.90 2112.6 2269.54
A_15 >7200 - 5.5 2315.81 2143.7 2281.68

Table 6. Experimental Results for Exact Algorithm and Proposed Heuristic Algorithm on B Set

) MIP HMPHA
nstance
Tot_time(sec) Obj. Init_time(sec) Init_Ob;. Tot_time(sec) Obj.

B 01 >7200 - 20.7 4023.63 377.1 3996.30
B 02 >7200 - 14.3 4326.85 3831.1 4299.64
B 03 >7200 - 572.5 35294.10 3864.5 35293.85
B_04 >7200 - 267.6 34852.78 4312.9 34829.29
B_05 >7200 45329.99 75.9 2426.48 3342.4 2399.25
B_06 >7200 - 16.1 4309.37 3954.9 4289.68
B_07 >7200 - 47.7 7601.88 5847.2 7554.61
B_08 >7200 - 12.2 7437.39 1522.9 7435.72
B 09 >7200 - 14.6 7512.74 3808.9 7496.88
B_10 >7200 - 59.1 10772.47 4039.4 10658.11
B Il >7200 - 21.1 3651.17 3809.9 3626.66
B 12 >7200 - 241.6 38479.87 7200 37883.86
B 13 >7200 - 32.5 5208.43 4039.8 5052.90
B 14 >7200 - 3383 12044.07 7200 11963.19
B 15 >7200 - 1093.1 23172.46 7200 22868.60
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Table 7. Experimental Results for Exact Algorithm and Proposed Heuristic Algorithm on C Set

instance MIP HMPHA
Tot time(sec) Obj. Init time(sec) Init Ob;. Tot time(sec) Ob;j.

C_01 >7200 - 19.9 8519.93 688.2 8518.33

C_02 >7200 - 21.6 3587.73 3849.9 3553.08

C 03 >7200 - 468.5 33561.40 3990.8 33547.98

C_04 >7200 - 272.6 37620.84 3285.9 3759591

C 05 >7200 - 71.7 3201.21 2448.5 3177.68

C 06 >7200 - 95.2 8504.24 4303.2 8432.07

C_07 >7200 - 21.3 6093.66 3961.7 6086.94

C_08 >7200 - 103.5 11380.17 4607.6 11242.23

C 09 >7200 - 26.0 5648.32 3986.4 5609.23

C_10 >7200 - 262.6 44652.37 7200 44005.87

C_11 >7200 - 35.0 6003.97 3968.1 5821.38

C 12 >7200 - 3334 13001.96 7200 12871.71

C_13 >7200 - 1589.2 43334.10 7200 43165.61

C_14 >7200 - 1128.1 27079.45 7200 26925.44

C 15 >7200 - 1994.1 43484.35 7200 42630.78
EREREE PEEPEREERPEEEE TRET k- BT RSl PR R B EEp
& g2 MHGSA(Phase 2) 9o] ook FNYZY AANE A2 &3 £H 5 B2EE B
Time(ratio) 8- DAY d12|F9 FAzte] A ¢ ¢ o A717}k v

1
g5 FHAAN AA = vEE debith Obj(m- A #
l

provement) B2 o|H B T8 AIH Y FAT S oWl 2 A AFA|SkE Bl Hat oF 20%0] ™, Phase 29| B¢ FHA
AE&S YehdT o, el A A 1A dueEo) 3 H2 F80% S AA e WHH JUH O R BA S 277 2
AA L4 B,CAFY AF 7e-2dd 248 dugFol A4 ¢

of S A 7kol 4 AR 3 Bl &L 22t 3 F 35% o) 4 A
A=AE Bag2 Yehin, Aahw AZEol wla) oS vl go] Ho e el e & gl

Table 8. Comparison of experimental results for MHLSA and MHGSA on A set

Time (ratio) Obj. (improvement)

instance MHLSA MHGSA MHLSA MHGSA Total
(Phase 1) (Phase 2) (Phase 1) (Phase 2) improv.

A 01 8.58% 91.42% 0.00% 0.00% 0.00%
A 02 20.49% 79.51% 0.63% 0.36% 0.98%
A 03 3.39% 96.61% 0.00% 0.00% 0.00%
A 04 94.16% 5.84% 0.00% 0.00% 0.00%
A 05 24.58% 75.42% 1.41% 0.20% 1.61%
A 06 24.35% 75.65% 0.00% 0.00% 0.00%
A 07 16.14% 83.86% 0.08% 0.24% 0.32%
A 08 0.11% 99.89% 0.33% 0.07% 0.40%
A 09 0.03% 99.97% 0.00% 0.00% 0.00%
A 10 0.18% 99.82% 0.63% 0.06% 0.69%
A 11 0.56% 99.44% 1.60% 0.17% 1.76%
A 12 64.91% 35.09% 0.05% 0.00% 0.05%
A 13 48.23% 51.77% 0.45% 0.02% 0.47%
A 14 0.36% 99.64% 1.62% 0.13% 1.75%
A 15 0.39% 99.61% 1.16% 0.32% 1.47%
Avg. 20.43% 79.57% 0.53% 0.10% 0.63%
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Table 9. Comparison of Experimental Results for MHLSA and MHGSA on B Set

St ol el @ A

o133

4~ Phase 13} Phase 29| A Z+2F B4 0.57%, 0.23%

o)

&

5 A A7 Bt 039%, 0.49% ZA4dhe e
A9 A7)0l w2} A

ol

Time (ratio)

Obj. (improvement)

instance MHLSA MHGSA MHLSA MHGSA Total
(Phase 1) (Phase 2) (Phase 1) (Phase 2) improv.

B 01 46.97% 53.03% 0.68% 0.00% 0.68%
B 02 64.31% 35.69% 0.62% 0.00% 0.63%
B 03 19.40% 80.60% 0.00% 0.00% 0.00%
B 04 33.93% 66.07% 0.05% 0.02% 0.07%
B 05 24.47% 75.53% 1.08% 0.04% 1.12%
B 06 78.04% 21.96% 0.37% 0.09% 0.46%
B 07 7.50% 92.50% 0.30% 0.33% 0.62%
B 08 86.87% 13.13% 0.02% 0.00% 0.02%
B 09 32.18% 67.82% 0.21% 0.00% 0.21%
B 10 4.33% 95.67% 0.74% 0.32% 1.06%
B 11 93.69% 6.31% 0.64% 0.03% 0.67%
B 12 18.46% 81.54% 1.13% 0.43% 1.55%
B 13 24.69% 75.31% 2.42% 0.58% 2.99%
B 14 18.36% 81.64% 0.32% 0.35% 0.67%
B 15 15.19% 84.81% 0.00% 1.31% 1.31%
Avg. 37.89% 62.11% 0.57% 0.23% 0.80%

Table 10. Comparison of Experimental Results for MHLSA and MHGSA on C Set
Time (ratio) Obj. (improvement)

instance MHLSA MHGSA MHLSA MHGSA Total
(Phase 1) (Phase 2) (Phase 1) (Phase 2) improv.

C 01 70.94% 29.06% 0.02% 0.00% 0.02%
C 02 3.33% 96.67% 0.86% 0.11% 0.97%
C 03 30.27% 69.73% 0.04% 0.00% 0.04%
C 04 12.28% 87.72% 0.03% 0.04% 0.07%
C 05 11.43% 88.57% 0.72% 0.02% 0.73%
C 06 46.72% 53.28% 0.52% 0.33% 0.85%
C 07 81.79% 18.21% 0.09% 0.02% 0.11%
C_08 38.65% 61.35% 0.82% 0.40% 1.21%
C 09 64.58% 35.42% 0.65% 0.05% 0.69%
C_10 24.99% 75.01% 1.28% 0.17% 1.45%
C_11 87.95% 12.05% 0.59% 2.47% 3.04%
C_12 6.80% 93.20% 0.20% 0.80% 1.00%
C.13 22.10% 77.90% 0.00% 0.39% 0.39%
C 14 15.68% 84.32% 0.00% 0.57% 0.57%
C 15 27.72% 72.28% 0.00% 1.96% 1.96%
Avg. 36.35% 63.65% 0.39% 0.49% 0.87%
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Figure 7. Performance of the Hybrid Mathematical Programming-Heuristic Algorithm
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Figure 9. An Example of Feasible Solution for SJAP
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Table 11. An Example of Risk Values for SJAP

5
s Sy Sy

7 . Plogmt | =2 | =3 | t=1 | t=2 | =3 | 1=1 t=2 | t=3

=1 7 1 1 4 10 4 8 10 4
1 =2 - - -

t'=3 - - -

t'=1 5 0 0 4 0 0 5 0 0
iy t'=2 0 5 0 0 4 0 0 5 0

t'=3 0 0 5 0 0 4 0 0 5

=1 4 0 0 8 0 0 2 0 0
i t'=2 0 3 0 0 8 0 0 1 0

t'=3 - - -
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iSh sES

)= Qs({(7+5),
)— Qs({(1+3), (10+8), (10+1)})=11

maX(O, 12— é (7+5)+ (4+4)+(8+5)])+
h(ﬂ)=% max(O, 117% 1+3)+(10+8)+(10+1)])+ =0.66
max|0, 4— 2 [ 1)+(4)+(4)])

A% EHNRS f(r) & T 2ol ANHT
F(r) =05%x8.334+(1—0.5) X 0.66 =4.5
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Table 12. Detail Experimental Results for MHLSA and MHGSA

Time (ratio) Obj. (improvement)
inst MHLSA MHGSA MHLSA MHGSA 1
instance
(Phase 1) (Phase 2) (Phase 1) (Phase 2) Tota
- — — - — — improv.
Init_sol Termination Termination Init_sol Termination Termination
18.8 18.8 218.8 1767.82 1767.82
A 01 1767.82 0.00%
- (8.58%) (0.0%) (91.42%) (0.0%) (0.0%)
9.2 785.0 3830.8 4697.32 4680.57
A 02 4727.13 0.98%
(0.24%) (20.25%) (79.51%) (0.63%) (0.36%)
7.0 7.0 207.0 848.18 848.18
A 03 848.18 0.00%
- (3.39%) (0.0%) (96.61%) (0.0%) (0.0%)
3222.5 3222.5 3422.5 2085.88 2085.88
A 04 2085.88 0.00%
(94.16%) (0.0%) (5.84%) (0.0%) (0.0%)
1. 0.8 49, 32 .0
A 05 71.6 97 3949.6 646.42 637.3 636.03 161%
(1.81%) (22.77%) (75.42%) (1.41%) (0.2%)
64.4 64.4 264.4 590.62 590.62
A 06 590.62 0.00%
(24.35%) (0.0%) (75.65%) (0.0%) (0.0%)
0.2 69.8 432.5 2278.22 2272.78
A 07 2279.99 0.32%
(0.04%) (16.11%) (83.86%) (0.08%) (0.24%)
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Time (ratio)

Obj. (improvement)

MHLSA

MHGSA

MHLSA

MHGSA

inst
stanee (Phase 1) (Phase 2) (Phase 1) (Phase 2) 'Total
- — — - — — improv.
Init_sol Termination Termination Init_sol Termination Termination
0.3 0.3 250.0 747.48 746.93
A_08 749.95 0.40%
(0.1%) (0.01%) (99.89%) (0.33%) (0.07%)
0.1 0.1 250.0 1507.32 1507.28
A_09 1507.32 0.00%
- (0.03%) (0.0%) (99.97%) (0.0%) (0.0%) ’
2.5 3.9 2192.7 2996.84 2995.08
A_10 3015.74 0.69%
(0.11%) (0.07%) (99.82%) (0.63%) (0.06%)
2.8 6.3 1117.4 496.3 495.48
A 11 504.37 1.76%
(0.25%) (0.32%) (99.44%) (1.6%) (0.17%)
0.9 370.0 570.0 789.63 789.63
A 12 790.07 0.05%
(0.15%) (64.76%) (35.09%) (0.05%) (0.0%)
17.6 1859.1 3854.8 2000.47 2000.15
A_13 2009.5 0.47%
(0.46%) (47.77%) (51.77%) (0.45%) (0.02%)
43 7.6 21133 2272.56 2269.54
A 14 2309.9 1.75%
(0.2%) (0.16%) (99.64%) (1.62%) (0.13%)
5.5 8.5 21449 2289.01 2281.68
A 15 2315.81 1.47%
(0.26%) (0.14%) (99.61%) (1.16%) (0.32%)
Avg. 8.94% 11.49% 79.57% 0.53% 0.10% 0.63%
20.7 177.1 377.1 3996.3 3996.3
B 01 4023.63 0.68%
- (5.48%) (41.48%) (53.03%) (0.68%) (0.0%)
14. 2464.2 1. 4299. 4299.64
B 02 3 6 38316 4326.85 99.85 99.0 0.63%
(0.37%) (63.94%) (35.69%) (0.62%) (0.0%)
572.5 753.8 3885.3 35294.04 35293.85
B_03 35294.1 0.00%
(14.74%) (4.67%) (80.6%) (0.0%) (0.0%)
267.6 1470.4 4334.0 34836.63 34829.29
B_04 34852.78 0.07%
(6.17%) (27.75%) (66.07%) (0.05%) (0.02%)
75.9 818.7 3345.5 2400.27 2399.25
B 05 2426.48 1.12%
(2.27%) (22.21%) (75.53%) (1.08%) (0.04%)
16.1 8. . 4293. 4289.
B 06 6 3088.8 3957.8 430937 93.55 9.68 0.46%
(0.41%) (77.64%) (21.96%) (0.37%) (0.09%)
47.7 303.7 4050.6 7579.4 7554.61
B_07 7601.88 0.62%
(1.18%) (6.32%) (92.5%) (0.3%) (0.33%)
12.2 1322.9 1522.9 7435.72 7435.72
B_08 7437.39 0.02%
(0.8%) (86.07%) (13.13%) (0.02%) (0.0%)
14.6 1226.1 3809.8 7496.93 7496.88
B 09 7512.74 0.21%
(0.38%) (31.8%) (67.82%) (0.21%) (0.0%)
1 175.2 4044. 10692.48 10658.11
B 10 > 7 6 10772.47 % 8 1.06%
- (1.46%) (2.87%) (95.67%) (0.74%) (0.32%)
21.1 35713 3811.8 3627.69 3626.66
B_11 3651.17 0.67%
(0.55%) (93.14%) (6.31%) (0.64%) (0.03%)
241.6 1327.4 7190.2 38046.76 37883.86
B_12 38479.87 1.55%
(3.36%) (15.1%) (81.54%) (1.13%) (0.43%)
32.5 997.8 4041.0 5082.43 5052.9
B 13 5208.43 2.99%
- (0.8%) (23.89%) (75.31%) (2.42%) (0.58%)
3383 1320.5 7193.5 12005.8 11963.19
B 14 12044.07 0.67%
(4.7%) (13.65%) (81.64%) (0.32%) (0.35%)
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Time (ratio) Obj. (improvement)
nstance MHLSA MHGSA MHLSA MHGSA Total
(Phase 1) (Phase 2) (Phase 1) (Phase 2) .
Init_sol Termination Termination Init_sol Termination Termination Hmproy:
B 15 1093.0 1093.0 7197.6 2317246 23172.46 22868.6 131%
- (15.19%) (0.0%) (84.81%) (0.0%) (1.31%)
Avg. 3.86% 34.04% 62.11% 0.57% 0.23% 0.80%
C ol 19.9 488.2 688.2 851903 8518.33 8518.33 0.02%
- (2.89%) (68.05%) (29.06%) (0.02%) (0.0%)
21.6 128.1 3851.1 3556.96 3553.08
€02 (0.56%) (2.76%) (96.67%) 358773 (0.86%) (0.11%) 0.97%
C 03 468.5 1212.4 4004.7 33561 4 33549.41 33547.98 0.04%
- (11.7%) (18.58%) (69.73%) (0.04%) (0.0%)
C 04 272.6 404.6 3294.6 37620 84 37610.27 37595.91 0.07%
- (8.27%) (4.01%) (87.72%) (0.03%) (0.04%)
C 05 71.7 280.3 2451.9 320121 3178.18 3177.68 0.73%
- (2.92%) (8.51%) (88.57%) (0.72%) (0.02%)
C 06 95.2 2014.2 4311.3 850424 8459.68 8432.07 0.85%
- (2.21%) (44.51%) (53.28%) (0.52%) (0.33%)
C 07 213 32412 3963.1 6093.66 6087.98 6086.94 0.11%
- (0.54%) (81.25%) (18.21%) (0.09%) (0.02%)
C 08 103.5 1782.0 4610.4 11380.17 11287.28 11242.23 121%
- (2.24%) (36.41%) (61.35%) (0.82%) (0.4%)
C 09 26.0 2574.6 3986.6 5648.3 5611.86 5609.23 0.69%
- (0.65%) (63.93%) (35.42%) (0.65%) (0.05%)
C 10 262.6 1827.7 7314.5 4465237 44079.04 44005.87 1.45%
- (3.59%) (21.4%) (75.01%) (1.28%) (0.17%)
11 35.0 3496.0 3975.1 6003.97 5968.57 5821.38 3.04%
- (0.88%) (87.07%) (12.05%) (0.59%) (2.47%)
c D2 3334 489.0 7190.9 13001.96 12975.85 12871.71 1.00%
- (4.64%) (2.16%) (93.2%) (0.2%) (0.8%)
c 13 1589.2 1589.2 7191.0 533341 43334.1 43165.61 0.39%
- (22.1%) (0.0%) (77.9%) (0.0%) (0.39%)
C 14 1128.1 1128.1 7196.5 27079 45 27079.45 26925.44 0.57%
- (15.68%) (0.0%) (84.32%) (0.0%) (0.57%)
C 15 1994.1 1994.1 7194.5 4348435 43484.35 42630.78 1.96%
- (27.72%) (0.0%) (72.28%) (0.0%) (1.96%)
Avg. 7.11% 29.24% 63.65% 0.39% 0.49% 0.87%
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