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This study analyzes the overall relationship
structure  between agility, robustness, and
supply chain performance as supply chain
risk response and supply chain resilience in
response to possible risks in the supply
chain. To confirm this, survey data were
collected  for manufacturing
companies, and finally 134 survey data
were used for the study. The reliability and
validity of the
confirmed through statistical processing of
the questionnaire data, and the research
hypotheses were tested using the path
analysis method using the research items
satisfying them. The test results of the
research hypothesis can be summarized as
follows. As a result of testing hypothesis
H1, it was tested that supply risk response,
operational risk response, and network risk
response had a significant positive effect
on agility. In addition, environmental risk
response was tested to have a positive
effect on agility at a conservative level
(p<0.1 or less), and demand risk response
had a positive effect on agility, but was
not significant. As a result of testing
hypothesis H2, it was tested that supply
risk demand  risk

domestic

research items were

response, response,
operational risk response, and network risk
response had a significant positive effect
on robustness. However, the environmental
risk response had a positive effect on

robustness, but was not significant. As a
test of hypothesis H3, agility was tested to
have a significant positive effect on supply
chain performance,
hypothesis H4, robustness was also tested
to have a significant positive effect on
supply chain performance. As a result of
the testing of the research hypothesis, risks
that may occur in the supply chain are
classified into five types with reference to
previous studies. Among these risks,
activities that respond to the rest of the
risks excluding environmental risk response
are the resilience of the supply chain,
which is agility and robustness It has a
significant positive effect in most cases,
and suggests that agility and robustness as
supply chain resilience can lead to
improvement in supply chain performance.

and as a ftest of
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We consider a drone scheduling model
with a constraint on battery charge amount.
The schedule consists of three decisions as
follows: which drone to allocate the jobs
to, which sequence to deliver the allocated
jobs of each drone on, and when and how
much to charge the battery of each drone.
We assume that the battery charge time
has the linear relationship with the battery
charge amount. We consider two cases
with a single drone and multiple drones.
Firstly, we show that a single-drone case is

strongly NP-hard even if the charge
function is If the charge
function is a linear function with zero
Y-intercept, then we show that the single-
and the multiple-drone  cases are
polynomially  solvable NP-hard,
respectively. Finally, we prove the weak
NP-hardness of the case with multiple
drones and the linear charge function.

a constant.
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In this paper, a supply chain network
design (SCND) model considering supplier
disruption and route disruption
simultaneously is proposed. Since most of
conventional studies have focused either on
supplier  disruption only or on
disruption  only,  the  simultaneous
consideration of supplier disruption and
route disruption in the SCND model can
reinforce its flexibility and efficiency. The
SCND model is represented as a
mathematical formulation and implemented
using a hybrid genetic algoritm (HGA)
approach, one of the meta-heuristic
approaches. In numerical experiment, the
performance of the
compared with those of some conventional
approaches various-sized  SCND
models, sensitivity  analysis
considering 1) the change of the number of
main suppliers and ii) that of the number

route

HGA approach is

using
and a



of the backup routes at main suppliers is
done. Experimental results show that the
HGA approach outperforms the
conventional competing approaches, and the
flexibility and efficiency of the SCND
model proposed in this paper is also
proved. Finally, the significance of this
paper is summarized and a future research
direction is remarked in conclusion.
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The United States defines the autonomous
control level of unmanned aircraft in 10
stages depending on their operational needs
or technical maturity, and the level of
interoperability  in integrated
operation of manned and unmanned aircraft
in 5 stages. However, it was difficult to

terms  of

find a case in which the autonomous
functions of unmanned aircraft were
systematically ~ organized  from  the
perspective  of perception, planning, and
control, which are the mechanisms of
activities systems.  This
study aims to systematically classify the
autonomous functions of unmanned aircraft
according to  the
autonomous  systems in conjunction with
aircraft establish a
corresponding layer for each activity by
dividing the mechanisms of autonomous
systems leading to
perception-planning-control large,
medium and small categories in conjunction
with the activities of unmanned aircraft.
The methodology uses Delphi Method to
reflect  experts'  knowledge in  the
development and operation of unmanned

of autonomous

mechanisms  of

activities.  We

into

aircraft.

VA 271

29 Y Aest A
2 A e Az
GRS

AR - g4E

In this paper, we consider a two-machine
flow shop scheduling problem with
different job due dates. The objective is to
minimize the weighted number of early and
tardy jobs. We present a mixed integer
programming formulation for the problem
and develop efficient cut constraints which
are valid inequalities. Extensive experiments
are conducted to show the effectiveness of
the cut constraints. We propose an O(r’)
heuristic algorithm to solve the problem.
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Recently, new cutting-edge technologies

such as Internet of Things (IOT), Artificial
Intelligence, Big Data Analysis and
Blockchain Technology (BCT) have been
rapidly introduced in various industries.
Among them, the BCT is expected as one
of the most useful technologies in the field
of procurement. The characteristics of BCT
are 1) Information distribution and
synchronization, 2) P2P networks and
consensus, 3) Smart contract and payment
and 4) Data immutability.  These
characteristics of BCT could be well
applied into each segment of procurement
processes potential
suppliers, ~ negotiation contract
management,  order fulfillment
management and supplier management.

including  finding
and

and

Even though the possibility of successful
implementation of BCT into overall
procurement processes could be expected
very high, it has been rarely considered in
the literature. In this study, a conceptual
framework  for applying BCT into
procurement processes 1is proposed. Two
real world cases of BCT implemented in
procurement processes are also introduced.
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Effect of Supply Chain Risk Response on Supply Chain Resilience and
Supply Chain Performance
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This study analyzes the overall relationship structure between agility, robustness, and supply chain performance as supply
chain risk response and supply chain resilience in response to possible risks in the supply chain. To confirm this, survey data
were collected for domestic manufacturing companies, and finally 134 survey data were used for the study. The reliability and
validity of the research items were confirmed through statistical processing of the questionnaire data, and the research
hypotheses were tested using the path analysis method using the research items satisfying them. The test results of the
research hypothesis can be summarized as follows. As a result of testing hypothesis HI, it was tested that supply risk
response, operational risk response, and network risk response had a significant positive effect on agility. In addition,
environmental risk response was tested to have a positive effect on agility at a conservative level (p<0.1 or less), and demand
risk response had a positive effect on agility, but was not significant. As a result of testing hypothesis H2, it was tested that
supply risk response, demand risk response, operational risk response, and network risk response had a significant positive
effect on robustness. However, the environmental risk response had a positive effect on robustness, but was not significant. As
a test of hypothesis H3, agility was tested to have a significant positive effect on supply chain performance, and as a test of
hypothesis H4, robustness was also tested to have a significant positive effect on supply chain performance. As a result of the
testing of the research hypothesis, risks that may occur in the supply chain are classified into five types with reference to
previous studies. Among these risks, activities that respond to the rest of the risks excluding environmental risk response are
the resilience of the supply chain, which is agility and robustness It has a significant positive effect in most cases, and
suggests that agility and robustness as supply chain resilience can lead to improvement in supply chain performance.

Keyword : Supply Chain Risk Response, Supply Chain Resilience, Agility, Robustness, Supply Chain Performance

T Comresponding Author : Industry Academic Support Team, 214, Dahak-ro, Cimcheon-si, Kyeongsangbuk-do Korea,
Tel: +82-54-420-4457, E-mail: yeongbokseo@naver.com
Received: 2 February 2021, Accepted: 29 March 2021



1 HE
TEAET FJ(Supply Chain Management : SCM)@
As FFPA, 5 Ax 2 F59A, 8E Al

—L

Sanrldozs fF59A, HF
FTurbeolA d@9 2 BEUA
FAF 58 AR 35 Aw BF
AA~HaL 94%%}71] 01T01 l L5 gown &
o] Fthsle} Hl& HAstE A

He AA 7HAE S 22 47‘4§} = Ao F
2 EAo|tiChopra & Meindl, 2010).

Jeig FEAkE FE9EY 2SS 99 BEY
e Bl FuAke AA 7HA] Stistet HAstEo
= A7 719 SAY 7Y Sdske vlE H4sko
WFo g AEAS E F lom, ol BE F
89 Fu BYA PHoEA  AHHaKBullwhip
Effect) @7ol vebd 4 Utk =3 S2HE B
HA de TFAE FA(Scalability) & B o
2 I BRAComplexity)t  AEolEA
(Interdependence)e 714& 4 JA =AU

Q%]

3, A

HA FaARE 729 FH R (Vulnerability) SA &
7VatAl HATHolZ A dE, 2020, S FEA,
2009). weEbd AY BEAAC oF gxz

Risk) @4 A S 71mer ol Bl BFAE
THY AAZL ofelgol RS A BAT 5
ome, FFAsA AT & Q= F23 of
sfel HAE 8ol olFolAA B AS Y 7]
Qe ohjet AA FFAEANN Fs) He £
AT 5 UTHAFE 9, 2006)

=L FIAE 22t A, oAU, ofF
A BBIA, AT 71 D FRAL ol F
S o7 AUAE T 4 G BEUE ADE

st

AN ok g old AA dae

2~ 0]

© O 79AER B 7HE 3EARE
A FaAE 823 #ESupply  Chain - Risk
Management : SCRM)E stefof dt= olfi= &84

oM AT = e Y2t MEN A EAS

M FRAES Bl AHos g FINE
TAIYEE old F& Askd 5 Q7] wRelte]

%HH AA =, 2011b).

sEAREAA BT ¢ Qe g e AT
= %ﬂrﬂ gl &Gt gz 8/les Adsta @

Z A ANZE Y o (Smeltzer & Siferd,
199), 3uAke & AdZidels TG gl==7}
g 7ol gk ds) ALY ol FEAkE
B 2 HE Qlste] 149 710401]741 AFA 9 =
F UES I A5 7S 5 o, nikIA|
2 U] 7oA g gzt ARrIgENA
Z*JJrQOi’H TYg AaE I 7 A7) "ol

FTuAkE glzagel gk o8 2 #Ee] Fagoy
vEWOl S7Fet] A2 9, 2012 WA 9,
2014, 2015, $H<F 9], 2011 AHE &, 2006, 24|
F 9, 2010; 476*%, 2005; ghEaGEAk 2009;
Cavinato, 2004; Chopra & Sodhi, 2004; Christopher &
Lee, 2004; Giannakis & Louis, 2011, Harland et al.,
2003; Kern et al., 2012; Khan et al.,, 2008, Manyj &
Mentzer, 2008; Thun & Hoenig, 2011; Trkman &
McCormack, 2009). T3+ Fxsh= H 98 0lA 7d
719 B FEAkEel 4 wstel] A-gska o8-,

223 Q5L FUstuA sh= AL AFAQ V)
o BEL 92 BHA adlolr] wreltduy

AR Shex

A5, 2020).

OJAZIA FEAE 2=aet AHEE T Ay

S5 AuRd g5 o] RS 5 Atk WA

TEARE Blaa 8cle AL g2 dee &
84 2 Hede AAske aHEeT 9, 2012 ¥
BA 9, 2014, 2015 FWE 9, 2011 AIEE 9
2006; OXI—’F 2], 2010; JVé%, 2005; g
2009, FEAE Bl a9le] Aok ekl
it (’4:%(‘*?41—r 9], 201D, FwAkE Elaa A7t
719 B EFEARE Aol miAls Gl o 97
540l gA, 2014; A7, 2008; A3E, 2011 7
B-ds3t, 2011, 2013; BRg2, 2013; %u‘# 9], 2015;
1S-AdE, 2020, AR 2, 2020, SFAREANA
g2a ad] A 343 A7 %@'Ol%‘xﬂ,
2014; ]%‘r 2020; olZHl-AA R, 2011a, b; o]l
9, 2020, FEAE 2T wWEs IEEEA
04—?(4)’5 2020; AAS-01ZE, 2017, FHA-
=, 2020, FEA-INE, 2017), 3EAE B

d

/\1—
b B = )

—~

o

o]

lo

o 2

O\-N r°l'



TEAkE g3 teel TEAe IE

=eglzel o AL RHAS, 2007
, 2011' AAEEE, 201D, 354K ©
el 2 Fesjel Al o
9], 2003 FEA, 2018, FFAE gra
a2 A AHATRAAE, 21 5
A7 glom, o] Sols Be MPATE0] A

Se olE HaATe ARATeRA s
BE TR ARSI Pa3o] e hee Fa4
3 Baye AN ATER FIAe HEuY

220 =
Aol g AFE0] IR ANHUAT, FEAZol
A BT 5 Yt eladel BE the 3 As B
Fol ade S8 9la Waw st 1Y 2 B
FAe R4 ) vAE Jagol g A
PAFEE ABA HPolt, BF FFAL 5%
w4 9F Sus iVt 1999 2 FINEH
7/—\]_0_

AN, FBAE B2 e Fayolt ¥
Zo|A g @ T WEA g9l W 3 Bk
Ho med FEAE H23E ALY B
ol St AHlT), TAEE e 2130 o
A
A kg el glojA, el Bl
ATl e AxVAYoR Y - 9

3 bt 71?; 2 ZRNEATY ATE A7

X

i

% Qe7kE sk Aol

B, AR71e] BN A B Sl
4% 9 A9 Bl BFol FIHOE AAAGAR
U FFAEAAE dehid Qeod, B9 9%
FusAY BY 35S £UT Ba4e gloldt

=3 Y @) HuE 9 A L AF, AU
EA w24 Be4 oA gloAA videlth el
D2 FEAEAe Baa e FAN =R

5 9 5 g

oo 24 FIAS I|EElEA

Zol A9 2 FRAEe AYen

solsts A3 A8 2
3

F Aoz old o
2 Fusp) 9Jste] BEA D R0, FIAEY
g3 B 4F 94wt 4skE 5 9] wEol
o wetA oled AFE A Sloltk

2. o|24 uj7
21, A 2|23
2 2aRisle dakelA 23 Ao Baow

—sH j,]EH :6:_0_ &—/‘a], g;gxqo] & /\Lo] WAy sk 7].&/&

oJmBtH AL, 2005 Finch, 2004; Harland et

al, 2003). =3 ke AAlY] FH, A=, AFE
9 94 22 Ay RS TNE 5 e Y
Al

AMA(Christine et al., 2003; Tang, 2006, Zsidisin et
al, 2004), FEAREdOlA HA Vs & A S
Tt Fu B oste] Ao aTARRbel A
= f8tA Xt Feds X AOoEH
(Peck, 2005; Zsidisin, 2003), olw3t A3} =H 2] o
28 JRERE dE=E Qdste g 71gel oigk
FAHQ AdE 7HAHE F e EE s 9vs
tHo]Zu- A A =, 2011a).

FuAkEd Y Blaade A 4 SAAE
gze] M7 AE B oE QlIgH

2 0l
T AT
£do] 2] £ 74 29e 2ERIG. 28w B

AkE9] ole THsA S
= A
(Kumar et al., 2010). webA ©]& o
AN717] 913 855 B Jh
TaARE g2 BEECRMFT FFARE A A
e gaaery 4 AzslEb] st AA
Hola AR R FHAtEe f2dE AEFeR

olais, BRAIES) B9 =
A 5o @A WANIE Qo HedT
s Has



W BRAE HEe) P23 238 dZo] 1w
GEos WEowM wgel Fast fold e
RS, PASAL AT F Qe Prazry
3 8 £42 A2A) G AAE ouian
(3%, 011 AFTA53, 2013 AFE 9, 2006

Chopra & Sodhi, 2004; Hallikas et al., 2004; Manuj &
Mentzer, 2008). webd 23S HubH oz ZHAA
7l &g &5< oJvlst=rl(Tang & Tomlin, 2008),
PR orE FFAE 4 ALSTFsAE A
T ook atal 7199 AETE 2 S FHEt
of AANA A 7HA] Ak A7, A
[8lol tisixe AR A A AAE AEE
Aol A7 78, ol 55 AEH R el
$J3) A o|cHGiannakis & Papadopoulos, 2016).

Ay Amo] ostd vkl B¢
A FNA  FYoERE 20199E  J|ES
63.7%(F= 33.0%, T 30.7%Z A, B2 A
A=E59 Hlw Al 5 Aotk EF S FAAA
(Gross Domestic Product: GDP)ollA #lz<%je] x}A]&}
= HIFE oF 25%EA Azl F3sta e RlF
o] F2 Aot mEtA vt AxdAES
22 9 FaAE A4 AT de g
Ao it HAZ #Ael JFe Frske Ao F
L83 AFEE] dgo] HIYoh

TEAREY #BHEG Fxaze AEE ATEY
19959 gHAIERmD SiA1Z, 2000d AHA7] BEX
HieA 3 shA], 2001 9113, 20053 3 EAL
7hERY, 2009 A8 T}, 2011 FYE tiA|

Z, 20200 1258 AlzkE Z2U-19(COVID-19) &

S = £ 9lon, E3 Iy Agdoes Q3 ¢y
£4de 98 Ax AT A Fele PdE F
NS W= 2 Agolty IBEE AENY D FF
AR T AAe] 2 FlE FAAY = F U=
FEAE Elagol diste] HAsA ded & e
Hokyl JES W g Fh

22 B3 223 22 Y O

FRAENN WY Haas
oAz 714 2ol SJhel vk & U] Wl

7ol 71 A AgATFASl webs gFetA o
Efual QltiolFul-AdZE, 2020). A= Ela3rt
AR Ao mEs g FFAE 7 =
A 2ol weba] ERee o ® FEE

A gaa B AR mE2s 25 B oEN
Chopra$} Sodhi(2004)= WF2 22zt 9574 2
2224 Supplier & 22239} Customer ¥ g
237 BFIM, 27 ¢ AFEFHoZE= Systems
Risk, Forecast Risk, Intellectual Property Risk,
Procurement Risk, Receivables Risk, Inventory Risk,
Capacity Risk® -3t} m3 Wangs Yang(2007)
A WA B o5 BN g el
AAG WEA Q01 UHF, 957, 94
gags FEsk, gy Q01D A A, &
@ gl $AeaaE FEstal, FHE 201D
= R gzm, 974 gad, 38Ake 4 g
278 WO FEst AT

IS 715 ZEA 20 wEbA ERshkes W
21& AR Harland 9)(2003)= A2 2lx=, A
chelzd, Fedsd, A sE, AL g,
AR glA, Bwdead, A2 g, A
g2, Egsd, WA g239 14 35oR
AAgE Chen £J(2013), Goudas} Saranga(2018),
Tang(2006)2 +94 =39} FFel=3d=2 FE3}
], De Araujo Lima 2J(2020)= AF& |23, 3|A
E g, 293 gad, A gadg 7R
t}. Manuj9} Mentzer(2008)= FgeElxd, &Y~
3, Fagsd, Botexa, Ariead, AR,
AR 23, APE 239 871A] g3 2218 AA|
gt} AFE 2J2006)= FEAkE B 89s &
BINE AABIL o] TN EFAESE 9F7]HA
of #A HHEAE Bt &% A d5 A
B AE, 352 2382 RSt AAskaL T

HE AQ01DE FEAE Y 23 §3E
a2, FR0AMY g, &I Y&
3, 37340 graw FESHH, & Q015)E &
wo2d, Fegad, Yead, $AA I,
o)A glaaz ANt FAR 9020 ZE2A
2 gl2d, §A gad, Feesd, Fuged, @
Ze]2=38] S7HAE FHEsk, Bk - A 8H2007)-&

t



of

A g2 tee]

Tgdl2d, Fagl23, YEYA gl~3, Clobal &
298 PRI, w3 o|:Hl A RQ1IhE 3HF
g3, AA B &9 glaa, Feead, @4
32 AASh, olFul-AA 7(2011a), olFHl-IdS
(20202 FwElad, a8, Y, vES]
g4, A2z A fPoeE FEIL
Christopher} Peck(2004) =3+ ¥Fe]x~3, +Y98l~
3, Fadxd, sAg2a, $34 gra9 A
2 FEg

2 dAFolxE olFA A =(2011a), o)A
(202008] ATollA AAE FEAE Blaa B
ZAo =z 31 ThE HAPA A AAE £9&
7te AESY g2d 2FE AlPsidon, &5
g3 a8E] diste HHsHA Sk 25
2 sl A5 T

o
=
=2

r—{n:
lo 4% it O{N

23. 32k =EEY

A FEAH2009) ot FEAbEelA A
Hgle F 7} |& 2EstooF st stk sk
T IuAE g2aERE g2as WAse Ao
2R FFAES A= C’de R (Security) & 27
s, O v FaAkEe] AWE glaazRy
/‘VESM] §IE(Resﬂlence)o}h Zlo] a7HETaL 1%
wAREd A et X3 &
"E‘f?}—% uE 91—‘5 E— ]7} Ay gk
< 9m|sh=
Ao ZM(Barroso et al, Ponomarov &
Holcomb, 2009), €]2==7} TS o]Fo g3 W
A olxe HzxO| HHE Holx Rt FdE AH
2 38T 4 9= e ou|sit)

Simch-Levi £J2013)= 3FAFE S|EeE A =
e sk Alztel digk sNd(Time to Recover :
TIR)S AA&=E, g3 gk =S5 e 3
Eye o 287 s Ak SHske Aotk 1t
FslA Ayt 2o =E2FH= A$ &S
o 108< 8= 3= 7Y ¢ FEA
a7 3= 7Y
82 sk 7Y 9 FFAkEe
sithal ek Zlolth

ol

=4

<4 ot rr

A FEERHAYTS FFARed vAe 9%

Choprag} Sodhi2004)= #]2=39] the-S 2lstedA
= 879 A, M A FE, weA Al
AN WA S, F949 A, B e, e
59 AxE AAFE =3 Khan(2008)S w14
(Agllity)®] AL Fsteo] 223 B84 vt 7hs
s, Tang¥} Tomlin(2008) +<14d(Flexibility)S &

g3l ke AAgE =g Christopherst
Holweg201D)&= 2849 21239 f$S HEH {75
= ASEZA UESYI AT, ¥4, U4, gla3
£ #E F Je 3= AAgL

olgfgt FEAE  IEEEA  FAHRRICE
Ponomarove} Holcomb(2009)= A FH|A, E8-3

<, 322 A8k, Valikangas2010): 3)5ehe]
e A71I7F B A dse 40}: A5

HA(Proactive Capacitp®} 9715 7z ¢ F¢ wkg
S#(Reactive Capacity) = —_;Lv‘i"’é}—cﬂl, olgg &

< E33F Aoz Wielandel Wallenburg(2012,
0= g2a eSS A% qFo=m NPYTs
B3} AARAEARD R TRE] BEAS He
e ANTT GRANETQ0) GA FFAE
o] Azxe| SHYH Yol ALHAL 22 WA
AEE Q2L A Aglo] GAEE AL Bles
U % girk Sk, dstel sk FRAEe

ko 24, Boky3dl AgE Holur] 9sle 34
I} FsA-gte e WA Reactive)o| WA S AR
A oA (Proactive)?! E4-2 7FAoF ol it

et B AR I
240 thste] weA Wk DHEAY lxFo
st A9 4 A3, GF 7)50] AgErigs £
g s £y = 9l e (Meepetchdee & Shah,
2007, Wallace & Choi, 2011), 8]2=3 WY o|zle] A

e NRURYS

R |

HZ B3] 913 Jul-&(Asbjornslett, 2008) 7
o) MFog sl AFE gt
SaAEd
719 2 FFAEY e Oke Ao E 4

F gk
Al WO

Scorecard & &&=

=<

E3] FaAedA AAE S8 o
= w38 HEBSC Balanced
WAy SCORSupply  Chain



AE 719 B FEAEATS 3 dEe ARSI
Bhagwat<} Sharma(2007)=

of ARA A3k A% S,

d, ARE AR &
A3 AfolFe AAA Ay 3 oHl=y
44 4= AR

a3 o]FHAEF(20200E FFAE gaTol
n2e 7|9AFEA Sy 8o sl dnE, s
ANFA AHRE AAstL 429 =, 2124
A, PEERlE w949 AAd =9 gddA
TEAEAAEA FEAE AN g

ol
o

of
Pt
]
S
o
;
o lo

FolHel AR Z3FE D Fx HPATES

3 W82 t9 Table 1.3 2t

3. AWM % 478

H

ol |»
>
Y o

TRAGAA AT Y el
2200 jsel HgR B

A sjERreig oz

| BFAEAT e AAH BATE el

. ol8 HIs] AT ATIHEe

A ng ofe)s) 2k

11, B3Ae A3 th gEEry 70| B

=)
%L'
>
0
o

ot

P

o

ZAFE20200 FFAE BT Uig &
2 AR Z& AR W=, 4 TH e

2

( JO{'
¥ 5oy
r e o

T

T
. rl
[0} 10

u
>

ﬁH%lO
T
\ o
e o o
o ol

NI A o
Ml o
o

o
o
=)

Sl

ﬁ.‘lﬂ
52
)
ke
o
o
ofje
E-)
&
]
ol
&3
S
3,

T &5 9 J34 dg
oIt FAAQN ¥ vt sk
Nooraie 9)(2019), Shekarian =
A gade v E2H A & 5L 9 F
:’

8 0 of 41 4 oY 1 4 K

T

o
rlr
pou)
rlo
rg
o
oX,
=
o
re
ox

gk Christopher} Peck(2004)
TuAkE d9, 3eAke A3dd w3 34
S EREEA ALE A7 APeloR A3t
Ze AR

mebd FEAkEdA S & dAY BAs=
230 ety th-gdte S gl g A
&3 O dFozA UHAY 22T tiste] ¥
o, gaavh BAE] olde dHE EAY &

Bl

Y= BAH GF F FIAE HBBYR ofmT
Je2E YL v1A oD o328 & glomz
olele] A7rhEe AAstaA Sk

7Wd H1 : gl23dg&2
oA Zeloh.
7Hd HI-1 @ s8] 2=aue2 1A

WA AR 9T

&< B2 Zolth

7P HI2 - Se2ange Nage) FH 9
&< )4 Aot

7P HI3 - 29823013 MRS TR 9
< w3 Zoltk

P4 HI-4 - MEYD Bzadse agye) 34
2 g w1 Zolu,

7P HLS « 8323032 MAge) FRH 9
F& V1A olck



TEAkE g2a Uge] FEAe AETEAET FFAER T vAE 97

Table 1. Detailed Measurement Items and Reference Precedents for Each Research Item

Item Number Detailed Measurement Reference
Supply Risk Response to supply instability due to dependence on minority suppliers Chen et al.(2013)
Response Response to rising raw material prices and costs Christopher & Peck(2004)
Response to lack of ability to respond to changes in supplier order Christopher & Sodhi(2004)
Responding to supplier lead time uncertainty De Araujo Lima et al.(2020)
Response to deterioration in supplier financial soundness Faisal(2009)
Demand Risk Response to the diversity and volatility of demand Gauda & Saranga(2018)
Response Difficulty in accurately predicting demand Harland et al.(2003)
Response to short product life cycle Jung et al.(2020)
Response to market price decline Lee & Jung(2011b)
Response to competition in the market Lee & Jung(2011a)
Operational (Safety) inventory increase response Lee & Kim(2020)

Risk Response

Inadequate internal process response

Product delivery delay response

Response to lack of flexibility (production quantity, product mixing, delivery time)

Respond to limited resources and loss of production plan failure

Manuj & Mentzer(2008)
Park & Chun(2011)
Park et al.(2014, 2015)
Shin et al.(2006)

Network Risk Respond to the lack of trust (opportunism) with business partners Song et al.(2011)
Response Response to lack of timely information sharing with business partners Spekman & Davis(2004)
Responding to excess or shortage of inventory due to prediction failure Tang(2006)
Response to lack of cooperation (competitive thinking) with business partners Wang & Yang(2007)
Response to lack of cooperation (competitive thinking) with business partners Yang et al.(2011)
Responding to change and disconnection of partnerships with business partners Yoon et al.(2015)
Environmental Response to exchange rate fluctuations and increase in transportation costs
Risk Response to changes in customer and market taste and technology
Response Responding to competitors' unexpected behavior
Response to logistics infrastructure risks (transportation bonds, IT failure, etc.)
Response to changes in laws, policies and regulations in overseas markets
Agility Adjust responsiveness to changing customer needs Barroso et al.(2011)
Changes in production items due to changes in customer (market) Chpora & Sodhi(2004)
Changes in production quantity due to changes in customer (market) Christopher & Holweg(2011)
Speed up transaction-related decisions Khan (2008)
Enhancing the ability to quickly accommodate change Meepetchdee & Shah(2007)
Robustness Provides enough time to respond to external shocks Nam & Kim(2020)

Maintains a stable situation even with external shocks

Preparation and implementation of various scenarios for risk

Efforts to return to the situation before the risk occurred

Performing a role despite impairment of some functions

Ponomarov & Holcomb(2009)
Simch-Levi et al.(2013)
Tang & Tomlin(2008)

Wieland & Wallenburg(2012)

Supply Chain
Performance

Improve overall financial performance

Reduced lead time from order to supply

Increase overall productivity

Increase order fulfillment rate

N[ AR WIN[— N R WLV = N|RAR W NRARWINR | NRARR|WVIN (=N |WRLR (| N WIND|[—=|WO|[W[N|—

Increase inventory turnover

Azfar et al.(2014)
Bhagwat & Sharma(2007)
Lee & Kim(2020)
Nam & Kim(2020)
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Table 2. Characteristics of Surveyed Companies

Item Division Frequency %
Rank Executive over 21 15.7
Team Leader 30 22.4

Deputy Manager 49 36.6

Proxy below 34 254

Years of 3 below 20 14.9
Service 4 ~5 19 14.2
6 ~ 10 53 39.6

10 over 42 31.3

Responsible Marketing 96 71.6
Job Sourcing 17 12.7
R&D 5 3.7

Distribution 6 4.5

Production 9 6.7

Etc 1 0.7

Sales 50 ~100 39 29.1
Unit: 101 ~ 300 23 17.2
KRW 301 ~ 500 15 11.2
100million 501 ~ 1000 22 16.4
1001 ~ 5000 16 11.9

5001 ~ 10000 3 22

10000 over 14 10.4

Etc 2 1.5

Employee 50 below 41 30.6
Unit: 51 ~ 100 24 17.9
Person 101 ~ 200 20 14.9
201 ~ 300 15 11.2

301 ~ 500 2 1.5

501 ~ 1000 9 6.7

1000 over 19 14.2

Etc 4 3.0

Sectors Electricity/Electronics 31 23.1
Car 28 20.9

Construction 1 0.7

Machine/Metal 35 26.1
Petroleum/Chemical 2 1.5

Plastic 10 7.5

Communication 4 3.0

Household Good 10 7.5

Medicine 7 52

Furniture/Office 2 1.5

Paper/Pulp 3 22

Etc 1 0.7

Supply Second Supplier 31 23.1
Chain Primary Supplier 85 63.4
Location Product Manufac 18 13.4
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Table 3. Exploratory Factor Analysis Results

11

7 B

ftem Number 7 2 3 4 5 6 7 8
Supply Risk 1 832 142 167 142 097 084 190 049
Response 2 .809 197 234 174 .109 .049 116 -018
3 828 .043 A72 253 .079 .145 175 .106
4 807 .092 275 242 .009 .183 .103 -.036
5 730 .034 321 269 -.030 252 124 -010
Demand Risk 1 282 .049 -.107 133 -.038 275 .685 -.026
Response 2 -010 394 137 318 130 170 562 -281
3 130 .046 183 162 .049 .168 .884 -.069
4 .162 .161 215 206 .052 .186 841 -.106
5 244 279 321 255 .032 126 .688 -.087
Operational 1 316 220 810 133 -.020 174 .101 -014
Risk Response 2 164 .199 833 .198 -.041 273 .032 -072
3 182 220 .695 295 -.186 173 229 .044
4 272 246 745 257 -071 139 .195 .017
5 .298 126 759 229 -012 112 110 -.035
Network Risk 1 216 .105 -.107 -.041 721 .021 .123 -.095
Response 2 -.082 -.066 016 .091 768 012 -.003 .093
3 -.022 -.159 013 -.139 884 -072 .013 .035
4 .075 -.047 -.118 -171 .893 -.084 -016 .024
5 .056 -.152 -.020 -.159 881 -110 -010 .022
Environmental 1 126 -.020 .094 -.182 .024 -241 .095 776
Risk 2 -.004 .028 .061 .020 -.031 -.098 077 899
Response 3 .011 .101 -.089 .043 .091 -.038 =275 .824
4 -.057 .083 -.145 .143 .027 .026 -244 792

5

Agility 1 129 187 241 138 -.155 697 228 -.040
2 346 .059 400 210 -.141 .545 208 -172
3 217 .066 120 .143 .017 851 120 -114
4 .042 119 .149 240 -.037 797 226 -.053
5 123 .051 142 121 -.061 918 112 -119
Robustness 1 283 .067 283 716 -.010 .161 .196 .084
2 242 .039 176 791 -.155 .168 152 .054
3 319 174 212 708 .004 .268 .190 -.056
4 177 .100 232 842 -178 .146 .123 -.039
5 201 154 181 820 -.190 .145 239 .004
Supply Chain 1 .162 .682 250 114 077 .026 .101 .006
Performance 2 178 825 .106 -.008 -.074 .145 .091 -021
3 -.028 828 .089 162 -.093 111 .068 157
4 .034 .886 118 061 -214 .008 .070 .050
5 117 911 171 063 -.065 .088 124 027
eigen value 4.389 4.208 4.176 4.123 3.782 3.769 3.519 2.968
% variance 11.254 10.790 10.712 10.571 9.699 9.663 9.023 7.611
accumulate % 11.254 22.045 32.756 43.328 53.026 62.689 71.712 79.323
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Table 4. Result of Confirmatory Factor Analysis
Item Number Outer Loading AVE Cronbach's a C. R R?
Supply Risk 1 0.867 0.802 0.939 0.953 -
Response 2 0.856
3 0.911
4 0.934
5 0.908
Demand Risk 1 0.970 0.884 0.935 0.958 -
Response 2 0.934
3 -
4 -
5 0.916
Operational 1 0.923 0.806 0.940 0.954 -
Risk Response 2 0.927
3 0.879
4 0.908
5 0.850
Network Risk 1 0.707 0.683 0.884 0.912 -
Response 2 0.741
3 0.927
4 0.950
5 0.935
Environmental 1 0.813 0.683 0.848 0.896 -
Risk 2 0.849
Response 3 0.860
4 0.781
5 -
Agility 1 0.825 0.723 0.904 0.929 0.475
2 0.819
3 0.859
4 0.830
5 0.913
Robustness 1 0.866 0.800 0.937 0.952 0.536
2 0.875
3 0.880
4 0.906
5 0.942
Supply Chain 1 0.856 0.810 0.921 0.945 0.200
Performance 2 0.872
3 0.930
4 0.939
5
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Table 5. Discriminant Validity Analysis Result
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Ttem Average St JAVE | 1 2 3 4 5 6 7 8
Deviation
1. Supply Risk Response 5.205 1.293 0.895 1
2. Demand Risk Response 4.984 1.049 0.940 | 0.519 1
3. Operational Risk Response 4.970 1.083 0.898 | 0.620 | 0.535 1
4. Network Risk Resoinse 4.178 1.234 0.826 | 0.058 | 0.078 | 0.248 1
5. Environmental Risk Response 3.442 1.065 0.826 | 0.010 | 0.200 | 0.078 | 0.061 1
6. Agility 4.702 1111 0.850 | 0.533 | 0474 | 0.595 | 0.299 | 0.225 1
7. Robustness 4.699 1.280 0.894 | 0.555 | 0.552 | 0.618 | 0.346 | 0.011 | 0.612 1
8. Supply Chain Performance 4.848 0.944 0.900 | 0.340 | 0.440 | 0.446 | 0.214 | 0.016 | 0.396 | 0.406 1
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Table 6. Test Results of Hypothesis

H P a t h Original | Simple | e | GTERR | tval | pval | AP
Sample Mean or Reject
H1-1 |SUR —  Agility 0.267 0.266 0.101 0.101 2.652 | 0.009 Approve

H1-2 |DER —  Agility 0.126 0.125 0.097 0.097 1.303 | 0.195 Reject
H1-3 |OPR —  Agility 0.303 0.295 0.105 0.105 2.883 | 0.005 Approve
H1-4 |NWR —  Agility 0.189 0.193 0.071 0.071 2.672 | 0.009 Approve
H1-5 |EVR —  Agility 0.161 0.171 0.094 0.094 1.717 | 0.089 Reject
H2-1 |SUR —  Robustness 0.224 0.234 0.097 0.097 2.306 | 0.023 Approve
H2-2 |DER —  Robustness 0.289 0.287 0.090 0.090 3.209 | 0.002 Approve
H2-3 |OPR —  Robustness 0.270 0.253 0.089 0.089 3.022 | 0.003 Approve
H2-4 |NWR —  Robustness 0.249 0.252 0.069 0.069 3.612 | 0.000 Approve
H2-5 |EVR —  Robustness 0.085 0.079 0.084 0.084 1.017 | 0.311 Reject
H3 |Agility — SCP 0.237 0.239 0.109 0.109 2.161 | 0.033 Approve
H4 |Robustness — SCP 0.261 0.260 0.102 0.102 2.550 | 0.012 Approve

- Supply Risk Response : SUR, Demand Risk Response : DER, Operational Risk Response : OPR

Network Risk Response : NWR,  Environmental Risk Response : EVR, Supply Chain Performance : SCP
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Scheduling for Drone Operation and the Battery Charging
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***Professor, Department of Retail Management, Kongju National University

We consider a drone scheduling model with a constraint on battery charge amount. The schedule consists of three
decisions as follows: which drone to allocate the jobs to, which sequence to deliver the allocated jobs of each drone on,
and when and how much to charge the battery of each drone. We assume that the battery charge time has the linear
relationship with the battery charge amount. We consider two cases with a single drone and multiple drones. Firstly, we
show that a single-drone case is strongly NP-hard even if the charge function is a constant. If the charge function is a
linear function with zero Y-intercept, then we show that the single- and the multiple-drone cases are polynomially solvable
and NP-hard, respectively. Finally, we prove the weak NP-hardness of the case with multiple drones and the linear charge
function.
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1. Introduction

Integrating both facility planning at each stage
of supply chain and transportation route planning
between the facilities, the supply chain network
design (SCND) model is one of the important
issues in implementing supply chain management.
By the integration of facility planning and
transportation route planning in the SCND model,
the efficiency of its operation and the quick
response to customers can be simultaneously
achieved. Unfortunately, however, there exist many
situations that the SCND model is prone to
disruption.

Disruption, one of the risks that can be
SCND model, has been
considered by many literatures (Chopra and Sodhi,
2004; Tang, 2006; Waters, 2007; Jabbarzadeh et
al., 2018). Chopra and Sodhi (2004) classified the

risks in the SCND model into nine categories.

occurred in the

Disruption, one of the categories, is occurred by
natural disasters, terrorist attacks, war, etc. Tang
(2006) mentioned that disruption risk, one of two
main risks, are caused by natural disasters such
floods, or

disasters such as

as earthquakes, hurricanes  and

human-made terrorist  or
cyber-attack. Waters (2007) considered disruption
as one of the external risks or environmental
risks which cannot be controlled. He included
extreme weather, earthquakes, hurricanes, wars,
etc. in the examples of disruption.

Real-world cases of disruption in the SCND
model as follows: Dole, one of the multi-national
food companies, suffered serious revenue decline
according that their suppliers (banana plantations)
were breakdowns by Hurricane Mitch in 1998

(Baghalian et al., 2013). Apple cancelled many
customer orders due to the shortage of DRAM
chips by Taiwan suppliers when an earthquake
hits Taiwan in 1999 (Baghalian et al., 2013).
Ericsson has the loss of 400 million FEuros
because of the supply shortage of semiconductor
components by the fire of their suppliers
(semiconductor plants) in 2000 (Baghalian et al.,
2013). In recent case, the earthquake of Japan in
2011 caused that the twelve assembly plants of
Toyota had to cease manufacture, and had the
production loss of 140,000 vehicles due to the
shortage of component or part supply by the
disruption of their suppliers (Baghalian et al.,
2013). More examples of disruption in the SCND
model have shown in the literatures (Martha and
Subbakrishna, 2002; Monahan et al., 2003).

As mentioned-above, we can see that in most
real-world cases, the supply problem by supplier
disruption can have devastating effect on
manufacturers or customers. The supply problem
to manufacturer or customers can be classified
into two modes: supplier disruption and route
disruption.

First, conventional studies with  supplier
disruption are briefly summarized as follows. Xiao
and Yu (2006) designed the three stage SCND
model which consists of raw material suppliers,
manufacturers, and retailers. The raw material
supply disruption by raw material suppliers is
considered. By the disruption, the raw material
price is changed, which can influence on the
product production by manufacturers. The SCND
model suggested by Baghalian et al. (2013)
of three stages

distribution center and retailer. In the SCND

consists with  manufacturer,
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model, a mathematical model for maximizing the
total profit (= total revenue — total cost) is
developed under considering the disruption of
manufacturer. In real-world case study using a
small-sized SCND model (three manufacturers,
three DCs and nine retailers), they proved the
efficiency and availability of the SCND model
under the various disruption risks of manufacturer.
They also recommended the use of meta-heuristics
approaches to prevent the exponential increase of
running time when solving large-scaled SCND
models. Jabbarzadeh et al. (2018) designed a
closed-loop SCND model with supplier, producer,
collection center and first customer in forward
logistics and disposal center and second customer
in reverse logistics. They considered the
redundancy of producer to cope with the
disruption of producer, so that the product supply
by producer can be continuously available. They
proved that the SCND model with the redundancy
of producer is more efficient in total cost than
that  with
disruption. Azaron et al. (2021) suggested a four

single producer under producer’s
stage SCND model with supplier, manufacturer,
warechouse and market under considering various
The SCND

model was represented by a mathematical model

disruption risks of manufacturer.
to maximize total profit. They concluded that
considering  various  disruption  risks  with
uncertainty can reinforce resilience in the SCND
model. However, similar to Baghalian et al.
(2013), the exponential increase of running time
when solving larger-sized SCND model is left to
the weakness of this study.

Secondly,

conventional studies with route

disruption are briefly summarized as follows. Lo
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and Tung (2003) suggested a network model
which route capacity can be decreased when a
congestion by traffic accident is occurred in the
network. Wang et al. (2012) designed the two
stages SCND model which consists of central
depot and customers. In the SCND model, vehicle
routing problem with time windows (VRPTW)
was studied under considering various disruption
risks and its recovery processes. Particularly, a
transportation ~ route  disruption by  vehicle
breakdown and its recovery by a backup plan
were considered in the VRPTW. Server et al
(2013) also designed a network model considering
the various situations that the routes within the
network can be prone to disruption. In the
network model, the traveller should decide the
best one of the next feasible routes depending on
the current state of the network to minimize
travel time. Poudel et al. (2016) suggested a four
stage SCND model for the efficient supply of
bio-fuel. The suggested SCND model is
represented by a mathematical model under
considering the disruption of the routes with
failure probability within each stage. The objective
of the mathematical model is to minimize the
total cost under both normal and disruptive
scenarios, in order to strengthen the route
Abudayyeh, et al. (2018, 2021)

constructed a bi-level optimization framework to

connection.

minimize the impact of disruption under
considering that various disruption risks (ex.,
earthquakes, floods, traffic

industrial

accidents, adverse

weather, action, and in-adequate
maintenance) can be occurred in transportation
network model. They analysed the influence of

driver’s re-routing to cope with a partial or
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complete disruption of the transportation network.

As mentioned-above, all of conventional studies
have focused either on supplier disruption only or
on route disruption only, which means that there
is no study that both supplier disruption and route
disruption are simultaneously considered in the
SCND model.

In real-world case, there are many situations
that supplier disruption is considered with route
disruption at the same time in the SCND model.

For instance, in a SCND model which consists
of suppliers and manufacturers, if a supplier is
disrupted under the route between the supplier
and the manufacturer connected by the supplier is
available, then the route is also disrupted, since
the route is unavailable by the disruption of the
supplier. To overcome this weakness, a backup
supplier which can replace the disrupted supplier
should be considered and then the supply by the
backup
manufacturer, though Jabbarzadeh et al. (2018)

has considered the supplier’s redundancy as a

supplier can be continued to the

similar concept of backup supplier.

If the main route between a supplier and a
manufacturer is disrupted under the supplier and
the manufacturer are available, then the supply
between the supplier and the manufacturer is also
disrupted, since the supply is unavailable by the
disruption of the main route. To overcome this
weakness, a backup route which can connect the
supplier to the manufacturer should be considered
and then the supply by the backup route is
continued between the supplier and the
manufacturer, though the re-route by Abudayyeh,
et al. (2018, 2021) or another feasible routes by

Server et al. (2013) has been considered as

similar concepts of backup route.

In this paper, to overcome the weaknesses of
conventional studies mentioned-above, we propose
a SCND model under the situation that supplier
disruption and route disruption are simultaneously
considered. The proposed SCND model is
implemented by a hybrid genetic algorithm (HGA)
approach, one of the meta-heuristic approaches,
since as already mentioned by Baghalian et al.
(2013), most of larger-scaled SCND models
cannot be solved using conventional approaches.
The major contributions of this paper when
studies are as

compared with conventional

follows:

¢ Reinforcing the flexibility and efficiency of
the SCND  model
considering the simultaneous disruption of

implementation  under

supplier and route.

e Presenting a mathematical formulation for
efficiently representing the SCND model.

e Proving the efficiency of the HGA approach
by comparing some conventional meta-heuristic
approaches using various-sized SCND models.

e Providing a sensitivity analysis considering the
change of the number of main suppliers and
that of the number of the main routes at the

main supplier.

This paper is organized as follows: In Section
2, we describe the SCND model to be studied in
full detail; Section 3 presents the mathematical
model for the SCND model; In Section 4, the
HGA approach is proposed for implementing the
Section 5 shows the

mathematical model;

computational results and analyses of the
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numerical experiments using various- sized SCND
models to prove the efficiency of the HGA
approach conventional

compared with some

approaches and also includes a sensitivity

analysis; Finally, we conclude the paper in

Section 6 and suggest our future research

direction.

2. Proposed SCND Model

A conceptual flow of the proposed SCND
model is described in <Fig. 1> We assume that
three types of part are required for producing a
product at manufacturer, and each part is prepared
at three supplier groups (i.e., supplier group 1 for
part 1, supplier group 2 for part 2, and supplier
group 3 for part 3).

One main supplier with one main route and
one backup route, and two backup suppliers with
one backup route are located in the supplier
group 1. First, the main supplier sends part 1 to
manufacturer using its main route. However, if
the main supplier is disrupted, then one of the
two backup suppliers sends part 1 to manufacturer
using its backup route. Also, if the main route of
the main supplier is distupted, then one of the
three routes (i.e., one backup route of the main
supplier and two backup routes of two backup
suppliers) is wused for sending part 1 to
manufacturer. The same situation is also shown in
the supplier groups 2 and 3 for parts 2 and 3,
respectively.

This type of

manufacturer using various parts (or materials) is

supply from suppliers to

common in assembly industry. For instance, most
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of car manufacturing companies (ex. Hyundai
Motor Co.) produce cars at their manufacturing
plants using various types of parts (or materials)
of the distributed

worldwide prepare or produce.

that a number suppliers

In <Fig. 1>, the importance thing is how to
maintain the sustainable and efficient supply from
each supplier to manufacturer under disruption
risks of main supplier and its main route. In the
mathematical

next section, Wwe propose a

formulation to maintain the sustainable and

efficient supply.

Supplier Group 1

F Supplier Group 2

24
od

Supplier Group 3

Main Supplier f’*?,‘ Backup Supplier !ﬂ Manufacturer

—— Main Route - =+ Backup Route

Fig. 1. A Conceptual Flow of the Proposed SCND Model

3. Mathematical Formulation

The following assumptions are used for

representing the proposed SCND model.
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- No priority is considered when choosing
backup suppliers considered at each supplier
group.

- If main supplier is disrupted, then backup
supplier and route should be used, since the
backup route of the main supplier is
unavailable by the disruption of the main
supplier.

- If the main route of a main supplier is
disrupted under the main supplier is available,
then either the backup route of the main
supplier or the backup routes of backup
suppliers should be used.

- A single type product is considered.

- The number of suppliers at each supplier
group and that of the manufacturer are fixed
and known beforehand.

- Only one supplier and one route are available
at each supplier group.

- The costs to operate the suppliers considered
at each supplier group are all constant,
different from each other, and known
beforehand.

- The wunit handling costs of the suppliers
considered at each

supplier group are

different from each other and known
beforehand.

- The wunit transportation costs between the
suppliers at each supplier group and
manufacturer are different from each other
and known beforehand.

- The proposed SCND model is considered to

be in a steady-state situation.

Indices, sets, parameters, and decision variables

are defined as follows:

e Indices and Sets
m: index of manufacturer mE&EM, M. set of
manufacturers.
g index of supplier group, g¢&G G: set of
supplier groups.
s: index of main supplier, s &S, S: set of main
suppliers.
s" index of backup supplier, s'&S’, S”: set of
backup suppliers.
r: index of main route, » &R, R: set of main
routes.
r index of backup route, »'ER’, R" set of
backup routes.

e Parameters
Amgsr. quantity transported from main supplier
s of supplier group g to manufacturer m using
main route 7.
Amgsr". quantity transported from main supplier
s of supplier group g to manufacturer m using
backup route #".

quantity
supplier s’ of supplier group g to manufacturer

Amgs'r" transported  from  backup
m using backup route r'.

Bgs: quantity handled at main supplier s of
supplier group g.

Bgs" quantity handled at backup supplier s’ at
supplier group g.

Umgsr: unit transportation cost from main
supplier s of supplier group g to manufacturer
m using main route r.

Umgsr". unit transportation cost from main
supplier s of supplier group g to manufacturer
m using backup route 7.

Umgs'r". unit transportation cost from backup

supplier s’ of supplier group g to manufacturer
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m using backup route 7"

Hgs: unit handling cost at main supplier s of
supplier group g.

Hgs" unit handling cost at backup supplier s’
of supplier group g.

Egs: fixed cost at main supplier s of supplier
group g.

Egs" fixed cost at backup supplier s" of supplier
group g.

Cm: capacity of manufacturer m.

o Decision variables

xgs: takes the value 1 if main supplier s at
supplier group g is available and 0 otherwise.
xgs" takes the value 1 if backup supplier s’ at
supplier group g is available and 0 otherwise.
ygsr: takes the value 1 if main route » of main
supplier s at supplier group g is available and
0 otherwise.

ygsr' takes the value 1 if backup route »' of
main supplier s at supplier group g is available
and 0 otherwise.

ygs'r" takes the value 1 if backup route 7' of
backup supplier s’ at supplier group g is

opened and O otherwise.

The objective function is to minimize the total
cost (TC) as follows. The TC is the aggregate of
the total fixed cost, the total handling costs and

the total transportation cost.

min. TC = Y, Zg Die Z)'Amgsr ’ Umgsr " Xgs " Vgsr Za
Zng Es Zr"Amgsr’ ’ Umgsr' “Xgs T Vas! +
EmZg 25' Zr’Amgs'r" ’ Um_gs'r' " Xgs' " Vgs'r! +
ZngBgs : Hgs "Xgs i Zng’ Bgs' ' Hgs’ T Xgs' +
EngEgs'ng-l_ZgEs' Egs' T Xgs! (1
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In Equation (1), the first term is for the sum
of the transportation costs at main suppliers and
main routes, the second terms for the sum of the
transportation costs at main suppliers and backup
routes, the third terms for the sum of the
backup
backup routes. As a same meaning, the fourth

transportation costs ~ at suppliers and
and fifth terms represent for the sum of the
handling costs at main suppliers and that of the
handling costs at backup suppliers, respectively.
The sixth and seventh terms represent for the
sum of the fixed costs at main suppliers and that
backup

of the fixed costs at suppliers,

respectively.

The objective function shown in Equation (1)
should be optimized with respect to the following

constraints.

Zs Xgs +Zs’ Xgs' = 1, Vg )
Zszrygsr + ZsZrygs:" +2527'ygs’?" =1,vg (3)
Eg Zs Zr Amgsr “Xgs " Ygsr +Zg Es Zr’ Amgsr’ ’

Xgs* Vgsr' = ZngBgs‘ng' vm (4
Eg Zs’ E?"Aarlgs’)" “Xgs' " Ygs'r! = Eg Es’ Bgs’ ’
Xgst, Y (5)
Eg Zszl‘Amgsr "Xgs " Ygsr + Eg Zs ZJ"Amgsr" :

Xgs* Vgsr' T

Zg Zs’ Zr" Amgs'r’ “Xgs' " Vgs'y! <G vm

(6)

Xgs Xgs' YgsriYgsr's Ygs's! € {0'1}1 Vg,s,s'r, r' (7)

Equation (2) represents the opening constraint
of main suppliers and backup suppliers at each
supplier group. Another opening constraint at the
main routes and backup routes of main suppliers
and the backup routes of backup suppliers is
shown in Equation (3). The amounts which can

be transported from each supplier are subjected in
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Equations (4) and (5). Transportation amount
between the suppliers at each supplier group and
manufacturer are restricted in Equation (6).
Opening and closing constraints at main suppliers,
main routes, backup suppliers, and backup routes

are shown in Equation (7).

4. HGA Approach

As already mentioned above (Baghalian et al.,
2013), most complicated network models including
the proposed SCND model have been known as
NP-complete problems (Savaskan, 2004; Gen et
al,, 2018; Yun et al, 2020). Existing literatures
have shown that meta-heuristic approaches such as
genetic algorithm, Tabu search, particle swarm
optimization and Cuckoo search (CS) have been
adapted to solve complicated network models
efficiently (Savaskan, 2004; Gen et al., 2018; Gen
and Cheng, 2020; Yun et al, 2018, 2020).
However, there exists many situations that most
single-based meta-heuristic approaches do not be
well adapted (Yun, 2006; Yun et al., 2013; Gen
and Cheng, 2020). To cope with this weakness,
various hybrid approaches hybridizing conventional
single-based meta-heuristic approaches have been
developed and their efficiency has also been
proved (Lin et al., 2009; Zhang et al., 2012;
Xinyu and Liang, 2016).

Therefore, as a same trend, a HGA approach,
called the pro-HGA approach, is proposed in this
paper. The proposed HGA approach combines GA
approach with CS approach. In fact, the HGA
approach combining GA approach with CS
approach was firstly developed by Kanagaraj et

al. (2013). They adapted GA approach for global
search and CS approach for local search in whole
search space. First, for GA loop, initial population
is randomly generated and then selection,
crossover and mutation operators are adapted in
initial population to produce offspring population.
Secondly, for CS loop, the offspring population of
GA loop suffers from re-searching process by
Lévy flight scheme (Kanagaraj et al., 2013) to
produce more respective solutions. However, the
search efficiency of the HGA approach by
Kanagaraj et al. (2013) can be decreased, since
re-searching process by Lévy flight scheme is
done by just one time in CS loop. To improve
this weakness, Lévy flight scheme are applied to
all solutions of the offspring population in the
pro-HGA approach, which can achieve continuous
improvement of solution during GA and CS
search processes. The detailed implementation
procedure of the pro-HGA approach is described

in <Fig. 2>.
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procedure: pro-HGA approach
begin
Gy = 0
t<—0 /I t: iteration number
randomly generate parent population GP(f) using
floating-point representation scheme (Gen and Cheng
1997);
while (not stop condition)
generate offspring population GO(f) from GP(¢) by
2X crossover and random mutation operators (Gen
and Cheng 1997);
evaluate GO(?);
GA,p < best solution of GO(¥);
for each solution s; of GO(t)do
generate a new solution S, from s; by
applying Lévy flight scheme (Kanagaraj et al.,
2013);
randomly select a solution s; in GO(?);
if (F(Spew) > F(s;)) then
CP(t) < Spew // CP(f): CS population
end
end
randomly generate the remainders of CP(f) for
keeping population size;
worst solutions with a fraction rate (fr) in CP()
are abandoned;
randomly regenerate new solutions S as many
as fr and insert S, into CP(f);
evaluate CP(f);
CSop < best solution of CP(f);
if (F(GAoy) > F(CSop)) then Gop < GAyy
else G,pr < CS,
end
generate new GP(f) using elitist selection strategy
in enlarged sampling space (Gen and Cheng
1997);
t < t+l
end
output Gops;
end

Fig. 2 Detailed Implementation Procedure of the pro-HGA
Approach

S. Numerical Experiments

The mathematical formulation suggested in
Section 3 is implemented at three different scales
of the SCND model as shown in <Table 1>

The performance of the pro-HGA approach is

Table 1. SCND Model at Three Differewnt Scales

45

[N

AW

compared with a single-based meta-heuristic
approach (i.e., GA by Gen and Chang (2000))
and a hybrid-based meta-heuristic approach (i.e.,
HGA by Kanagaraj et al. (2013)). The GA, HGA
and pro-HGA approaches were programmed and
run under a same computational environment
(MATLAB Version 2014b, IBM compatible PC
1.3 GHz processor-Intel core 15-1600 CPU, 4GB
RAM, and OS-X EI).

The parameter settings to implement all
approaches are as follows: population size is 5,
crossover rate 0.3, and mutation rate 0.2 for the
search process of GA. The number of host nests
is 20, o =1 and fraction rate (f) 0.25 for the
search process of CS. These setting values were
obtained after fine-tuning process of each
approach. Total number of iterations is 1,000. To
in the run of each

obtained after 20

eliminate the randomness
approach, all results are
independent runs.

The parameter values to implement the
mathematical formulation in Section 3 are defined
as follows: Amgsr= 1,000, Amgsr' = 1,000,
Amgsr'" = 1,000, Umgsr = U[1.0, 2.0], Umgsr' =
U2.0, 3.0], Ungs?' = U[2.0, 3.0], Hgs = U[1.0,
2.0], Hgs' = U2.0, 3.0], Egs = U[10, 20], Egs=
U120, 30], Cgs = 1,000, Cgs' = 1,000, Cm =
1,000.

Three measures of performance are used to
compare the performances of the GA, HGA and

pro-HGA approaches as depicted in <Table 2>.

Case #of #of #of # of #of #of #of #of
Supplier  Supplier Main Backup Mainroute in  Backuproutein  Backup route in Manufac-
group supplier  supplier  main supplier main supplier backup supplier turer
1 9 13 1 12 1 1 12 1
2 12 15 1 14 1 1 14 1
3 15 30 1 29 1 1 29 1
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Table 2. Measure of performance

Measure Description

Best Solution Best solution in all trails
(BS)

Average Average solution through all

Solution (AS) trails
Average CPU
time (CPU)

Averaged running time through
all trails (unit: sec.)

To compare the performances of the GA, HGA
and pro-HGA approaches under various disruption
situations, four scenarios (Scenario 1 to 4) that
main route of main supplier at each supplier
group can be disrupted and another four scenarios
(Scenarios 5 to &) that main supplier at each
supplier group can be disrupted are taken into
detailed

descriptions of each scenario are as follows:

consideration, respectively. The

- Scenario 1. Main route of main supplier in
one supplier group is disrupted: Backup route
of main supplier and those of backup suppliers
are available.

- Scenario 2. Main routes of main suppliers in
two supplier groups are disrupted: Backup
route of main supplier and those of backup
suppliers are available.

- Scenario 3. Main routes of main suppliers in
three supplier groups are disrupted: Backup
route of main supplier and those of backup
suppliers are available.

- Scenario 4. Main routes of main suppliers in
four supplier groups are disrupted: Backup
route of main supplier and those of backup
suppliers are available.

- Scenario 5. Main supplier in one supplier
group is disrupted: Backup routes of backup
suppliers are available.

- Scenario 6. Main suppliers in two supplier

Ho
o
i

groups are disrupted: Backup routes of backup
suppliers are available.

- Scenario 7. Main suppliers in three supplier
groups are disrupted: Backup routes of backup
suppliers are available.

- Scenario 8. Main suppliers in four supplier
groups are disrupted: Backup routes of backup

suppliers are available.

In Scenario 1, the main route of main supplier
in one supplier group is disrupted. For instance,
in Case 1 of <Table 1>, this Scenario means that
the main route of main supplier in one supplier
group of total 9 ones is disrupted. Same
meanings are also applied to Scenarios 2 to 4. In
Scenario 5, main supplier in one supplier group is
disrupted. For instance, in Case 1 of <Table 1>,
this Scenario means that the main supplier in one
supplier group of total 9 ones is disrupted. Same
meanings are also applied to Scenarios 6 to 8.

The experimental results using the GA, HGA
and pro-HGA approaches in Scenarios 1 to 4 are
summarized in <Table 3> In Case 1 of Scenario
I, there is no difference in terms of the BS
among the performances of the GA, HGA and
pro-HGA approaches. In terms of the AS, the
pro-HGA approach shows better performance than
the GA and HGA, whereas, the search speed of
the GA approach is the quickest in terms of the
CPU.

In Cases 2 and 3 of Scenario 1, the
performances of the pro-HGA approach are the
same with those of the GA and HGA approaches
in terms of the BS, while the former outperforms
the latter in terms of the AS. The search speed
of the GA approach is quicker than those of the
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HGA and pro-HGA approaches. In average value
of the Gaps 1 and 2, all approaches have the
same performance in terms of the BS, while, the
pro-HGA approach shows to be slightly better
results (0.01) in terms of the AS than the GA
and HGA approaches.

The experimental results in Cases 1, 2, and 3
of Scenario 1 show that the pro-HGA approach
does not shows any merits in terms of the BS
rather than the GA and HGA approaches, though
the former shows a slightly better performance in
terms of the AS than the latter, which implies
that the pro-HGA approach fails in the ability for
locating a better solution during its search process
when compared with the GA and HGA
approaches.

In Cases 1, 2 and 3 of Scenarios 2, 3 and 4,
the pro-HGA approach shows significantly better
performances in terms of the BS and AS, except
the CPU than the GA and HGA approaches. This
result analysis is quite different when compared
with those of Cases 1, 2 and 3 of Scenario 1,
which means that adapting the pro-HGA approach
is more efficient than adapting the GA and HGA
approaches under the situation that the more
disruptions at the main route of main supplier can
be occurred.

The experimental results using the GA, HGA
and pro-HGA approaches in Scenarios 5 to § are
summarized in <Table 4>. In Case 1 of Scenario
5, the performances of the HGA and pro-HGA
approaches are the same with each other, and
their performances is slightly better than that of
the GA in terms of the BS. In terms of the AS,
the performances of the pro-HGA approach are

superior to those of the GA and HGA

VE]IAA R EdFadae
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approaches, while, the search speeds of the GA
approach are the quickest in terms of the CPU.
Similar situations of the Cases 2 and 3 of
Scenario 5 are also shown in the Cases 1, 2 and
3 of Scenarios 6, 7 and 8 Most Cases of
Scenarios 6, 7 and 8 show that the pro-HGA
outperforms the GA and HGA
approaches in terms of the BS and AS, except
for the CPU. This implies that adapting the
pro-HGA approach is more efficient than adapting
the GA and HGA approaches under the situation

that the more disruptions of main supplier can be

approach

occurred.

For more detailed comparison of the GA, HGA
and pro-HGA
processes, <Figs. 3 and 4> show the convergence
behaviours of the GA, HGA and pro-HGA

approaches in Case 3 of Scenario 4 and Case 3

approaches in their search

of Scenario 8.

In <Fig. 3>, the pro-HGA approach shows a
better convergence behaviour than the GA and
HGA approaches, though all approaches show
various and quick convergence behaviours during
initial generations. Similar convergence behaviours
are also shown in <Fig. 4> The GA and
pro-HGA approaches show one- or two-times
convergence behaviours at about 6 generations
and 10 generations, respectively, and the HGA
approach shows continuous convergence
behaviours until about 12 generations. However,
in the view of total generations, it can be shown
that the convergence behaviours of the pro-HGA
approach is superior to those of the GA and

HGA approaches.
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Table 3. Experimental results using GA. HGA and pro-HGA in Scenarios 1 - 4

GA HGA Pro-HGA
Scen-  Case BS AS CPU  Gapl Gap2 BS AS CPU  Gapl Gap2 BS AS CPU
ario (%) (%) (%) (%)
| 2,879 2,913 0.335 0.00 0.01 2,879 2,901 0.375 0.00 0.01 2,879 2,879 0.495
1 2 3,728 3,742 0.355 0.00 0.00 3,728 3,729 0.385 0.00 0.00 3,728 3,728 0.492
3 4,597 4,635 0.375 0.00 0.01 4,597 4,624 0.390 000 001 4,597 4,597 0.506
Avg. 0.00 0.01 Avg, 0.00 0.01
1 2,920 3,059 0.379 0.01 0.05 2,879 2,083 0.390 0.00 0.03 2,879 2,904 0.495
2 2 2,496 2,627 0.382 0.04 0.05 2,489 2,690 0.391 0,03 0.08 2,410 2,498 0.498
3 4,725 4.806 0.394 0.03 0.03 4,730 4818 0.452 0.03 0.04 4,597 4,655 0.510
Avg, 0.03 0.05 Avg. 0.02 0.05
I 3,061 3,171 0.403 0.06 0.06 2,898 3,120 0.442 0.00 0.05 2,892 2,985 0.498
3 2 3,962 4,061 0.416 0.06 0.06 3,869 4,031 0.445 0.04 0.05 3,730 3,837 0.501
3 4,730 4,872 0.420 0.03 0.02 4719 4.798 0.453 0.02 0.01 4,612 4,758 0.512
e VB 005 005 o Ave 002 003
1 3,090 3.243 0.428 0.07 0.06 3.038 3,198 0.442 0.06 0.05 2,879 3,056 0.501
4 2 4,065 4,182 0.430 0.07 0.06 4,026 4,164 0.480 0.05 0.05 3,817 3,947 0.508
3 4,874 5,046 0.445 0.02 0.03 4,856 5,011 0.465 0.02 0.02 4,763 4,890 0.518
Avg. 0.05 0.05 Avg. 0.04 0.04
* Boldface is the best value at each performance
* Gap 1: Difference (%) when compared the performance of GA and HGA with that of pro-HGA in terms of the BS.
* Gap 2: Difference (%) when compared the performance of GA and HGA with that of pro-HGA in terms of the AS.
* Avp.: Average value (%) of Gap 1 or Gap 2.
Table 4. Experimental results using GA, HGA and pro-HGA in Scenarios 5 - §
GA HGA Pro-HGA
Scen-  Case BS AS CPU Gap 1 Gap 2 BS AS CPU Gapl Gap2 BS AS CPU
ario (%) (%) (%) (%)
1 2,906 2,978 0.335 0.02 0.04 2,853 2,893 0.375 0.00 0.01 2,853 2,859 0.495
5 2 3,690 3,752 0.355 0.01 0.01 3,675 3,735 0.385 0.00 0.01 3,675 3,709 0.492
3 4.584 4,626 0.375 0.01 0.01 4,544 4,579 0.390 0.00 0.00 4,544 4,575 0.506
Avg. 0.01 0.02 Avg. 0.00 0.01
1 2901 3,031 0.379 0.01 0.04 2,901 3,023 0.390 0.01 0.03 2.880 2,926 0.495
6 2 3,764 3,927 0.382 0.02 0.05 3,731 3,892 0.391 0.01 0.04 3,690 3,738 0.498
3 4,625 4,771 0.394 0.01 0.03 4,611 4,764 0.452 0.01 0.03 4,573 4,643 0.510
0.01 0.04 0.01 0.03
1 2,879 3,023 0.403 0.01 0.04 2,853 2,984 0.442 0.00 0.03 2,853 2,911 0.498
7 2 3,767 3,908 0.416 0.03 0.04 3.758 3,911 0.445 0.02 0.04 3,675 3,747 0.501
3 4692 4872 0420 002 003 4663 4821 0453 001 002 4614 4740 0512
Avg. 0.02 0.04 Avg. 0.01 0.03
1 3,104 3,299 0.428 0.05 0.06 3.060 3,232 0.442 0.03 0.04 2,967 3,109 0.501
8 2 3,909 4,079 0.430 0.03 0.03 3,905 4,125 0.480 0.03 0.04 3,796 3,948 0.508
3 4.861 5,041 0.445 0.03 0.03 4.855 5,048 0.465 0.03 0.03 4,698 4,895 0518
Avg, 0.04 0.04 Avg. 0.03 0.04

* Boldface is the best value at each performance

* Gap 1: Difference (%) when compared the performance of GA and HGA with that of pro-HGA 1n terms of the BS.
* Gap 2: Difference (%) when compared the performance of GA and HGA with that of pro-HGA in terms of the AS.
* Avp.: Average value (%) of Gap 1 or Gap 2.
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Fig. 3 Convergence Behaviours of the GA, HGA and
pro-HGA Approaches in Case 3 of Scenario 4

Fig. 4 Convergence Behaviours of the GA, HGA and
pro-HGA Approaches in Case 3 of Scenario 8
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<Fig. 5> shows the result of using Scenario 1

in Case 1.

Supplier Group 1

d et ORCAC)
\p *l,-\ . Supplier Group 5
Y, & .

% ) a1

(/\C»‘ g ® \ﬁ)f\\ =

% Growt
o e G

Main Supplier {3} Backup Supplier |gg Manufacturer
— MainRoute  _ _, Backup Route

Fig. 5 Result of using Scenario 1 in Case 1

As shown in <Fig. 5>, among all supplier
groups, the main supplier of the supplier group 8
is disrupted. By the disruption of the main
supplier, third backup suppliers send parts to
manufacturer using its backup route.

5.1 Sensitivity Analysis
In the

mentioned-above, we considered that the number

analysis using each  Scenario
of backup route of main supplier is fixed as
constant 1. However, in real-world case, there

exist many situations that various backup routes
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can be considered. Therefore, it will be
worthwhile to consider various backup routes in
main supplier. <Table 5> shows the change of the
number of the backup routes in main supplier at
Case 3 of Scenario 4.

<Fig. 6> of the

pro-HGA approach in terms of the BS using

shows the performance

<Table 5>. In <Fig. 6>, a continuous decrease
trend of the values in terms of the BS is shown
and the average decrease rate is 1.04%, which
means that the total cost for operating the SCND
model can be decrease through the continuous
increase of the number of backup routes.

For another sensitivity analysis, we consider the
increase of the number of suppliers in supplier
group. <Table 6> shows the change of the

number of suppliers at Case 3 of Scenario 8.

5,200

Best Solution (BS)

5,100

5,057

5,000

4,950 4,942

4,900

4,800

2,700

Average Decrease Rate: 1.04%

4,600

1 2 s 10

3 B
No. of Backup Route

Fig. 6 Performances of the pro-HGA Approach for the
Change of the Number of the Backup Routes

Table 5. Change of the Number of Backup Routes in Main Suppliers at Case 3 of Scenario 4

Case #of #of #of #of #of #of #of #of
Supplier  Supplier Main Backup Main route in ~ Backup routein  Backup route in  Manufac
group supplier  supplier  main supplier main supplier backup supplier -turer
1 15 30 1 29 1 1 29 1
2 15 30 1 29 1 2 29 1
3 15 30 1 20 1 3 29 1
4 15 30 1 29 1 4 29 L
5 15 30 1 29 1 8 29 L
6 15 30 1 29 1 10 29 1
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Table 6. Change of the Number of Suppliers at Case 3 of Scenario 8

Case #of #of #of #of #of #of #of #of
Supplier ~ Supplier Main Backup  Mainroutein  Backup route in  Backup routein = Manufac-
group supplier  supplier  main supplier main supplier  backup supplier turer
1 15 2 1 1 1 1 1
2 15 5 1 4 1 1 4 1
3 15 10 1 9 1 1 9 1
4 15 15 1 14 1 1 14 1
5 15 20 1 19 1 1 19 1
6 15 25 1 24 1 1 24 1
7 15 30 1 29 1 1 29 1
<Fig. 7> shows the performance of the 6. Conclusion

pro-HGA approach in terms of the BS using
<Table 6>. Similar to <Fig. 6>, <Fig. 7> also
shows the continuous decrease of the values in
terms of the BS and the average decrease rate is
0.70%.
operating the

This implies that the total cost for
SCND model can be

through the continuous increase of the number of

decrease

suppliers.

Best Solution (BS)

sov0 | 4,864

4,813
4793 4780 4775

4700 , 4,662

4,600

e Average Decrease Rate: 0.70% ‘

4400

2 5 20 25 20

10 1
No. of Supplier

Fig. 7 Performances of the pro-HGA Approach for the
Change of the Number of Suppliers

Both <Fig. 6> and <Fig. 7> show the
continuous decrease of the total cost through
continuous increases of the number of backup
routes and that of suppliers. However, if we want
to decrease the total cost more rapidly in
operating the SCND model, it will be worthwhile
to increase the number of backup routes of main
supplier rather than to increase the number of

suppliers.

In real-world case, there exist many situations

that supplier and transportation route can be

disrupted due to natural disasters such as
earthquakes, floods, or  hurricanes and
human-made disasters such as terrorist or

cyber-attack. These types of disruption have been

considered in many conventional literatures.
Unfortunately, however, there is little literature
that supplier’s disruption and route’s disruption
can be taken into consideration at the same time.

In this paper, we have proposed a SCND
model considering supplier’s disruption and route’s
disruption  simultaneously. The proposed SCND
model consists of two kinds of supplier (main
supplier and backup supplier) and two kinds of
route (main route in main supplier and backup
route in backup supplier) in each supplier’s group.

The proposed SCND model has represented
with the

objective function of minimizing total cost under

using a mathematical formulation
satisfying several constraints. The mathematical

formulation has been implemented using the
pro-HGA approach, one of hybrid meta-heuristic
approaches. In numerical experiments, the SCND
model with three scales has been presented and
the performance of the pro-HGA approach has

been compared with those of the GA and HGA
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approach in terms of the BS, AS and CPU. The
experimental results have shown that the
performance of the pro-HGA approach is more
efficient than those of the GA and HGA
approaches in terms of the BS and AS, except
for the CPU. Additionally, two types of
sensitivity analysis have been done; the change of
the number of backup routes in main supplier,
and that of the number of suppliers. The
experimental results have shown that the increase
of the number of backup routes of main supplier
and that of the number of suppliers can decrease
the total cost for operating the SCND model.
However, since the SCND model proposed in
this paper has a simple supply chain network
considering supplier and manufacturer alone, the
SCND model should be extended as a multi-stage
SCND model linked with supplier, manufacturer,
distribution center, retailer and customer. Also, an
effort for reducing the search speed of the
pro-HGA approach should be required. These two
weaknesses of the SCND model and pro-HGA
approach will be left to our future research

direction.
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A Study on the Classification of Autonomous Functions of Unmanned
Aircraft Using Delphi Method

Byungho Jung** - Jihyun Oh*** - Hyeonju Seol**** - Seong In Hwang**t

**Republic of Korea Air Force Academy
***Agency for Defense Development

**#*Chungnam National University

The United States defines the autonomous control level of unmanned aircraft in 10 stages depending on their operational
needs or technical maturity, and the level of interoperability in terms of integrated operation of manned and unmanned
aircraft in 5 stages. However, it was difficult to find a case in which the autonomous functions of unmanned aircraft were
systematically organized from the perspective of perception, planning, and control, which are the mechanisms of activities of
autonomous systems. This study aims to systematically classify the autonomous functions of unmanned aircraft according to
the mechanisms of autonomous systems in conjunction with aircraft activities. We establish a corresponding layer for each
activity by dividing the mechanisms of autonomous systems leading to perception-planning-control into large, medium and
small categories in conjunction with the activities of unmanned aircraft. The methodology uses Delphi Method to reflect
experts' knowledge in the development and operation of unmanned aircraft.

Keyword : Delphi Method, Autonomous Function, Unmanned Aircraft, Perception-Planning-Control
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of FA719) WL &l ok AE7}
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AMEAA AAT AE7]5Y HAUES “UA
-Ae-Aol” & AEREREY 7] FRAA FH
= ¥ th(Brooks, 1986). o8 WAUFL 222
Aol 2o FBAAAHORE Hosta, A
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(Forster
et al., 2006).

HI HFAR] Ve o] Fo Yrta Qe
A&7 Asae olHd AEEES WAYSE
< A&sta e tFZHU Zokolth. AE&F
A A A (Perception)-FHPlanning)- A
(Control)” ¢ 39@AE AXHA Z53tA o
AAGAANME  7hvl2} - 2ko]H(LIDAR) - &t
(RADAR) 59 AAM=ZE F¥H AL <A
daA A= JAAH 7 ARE A5t

l_]_-\__
dta YBF FPo| 5T FH AEE AN
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o whAEE AlojgAld A ddeAA U2
BEE FEAESF e 7t AdE 2FAE &
PIHAA - @, 2017). Table 1 &5
A5 Aol Zﬂ H% Ne BAe cAA-BE-A

Table 1. Self-driving car technology features (Source
Research Report of Samsung Transportation Safety

Culture Institute 2017-09)

Sortation et
- AT AEERe| sAleRakd
) QIX]y
Sensing | IR . FHHz2E =33 2olH,
Perc 2lo|ck
.e:,tl - XY ol YEn S28 FYshs
Measur 7=
ement | - A 9I%| oIAl 5 DM 29| g
WY Il
. HE B XeZE mok 933
Planning J?l = i —/'\_%“ =
- XM gX|, X2 #HA, =2 5H,
blAb FX|, FA S WS Eet
- =& HE, 7t £ Hof
RESNEY 74; I AE EHCof|
Control e HE, KA, =eEE S
0,_|?_|‘°| j'—l' S15 04 ol- ﬁ,\_Go

A-g58) AAE HHAAA W] {3 7« A
W Age og 9 7R 8okd 4 9tk A @
AdAe =2 9 2§ 74 AA 7|& 153} A4
REVA A §& & 4 93, dgdAdAE

FAE 71V A wEEE whe g4 Su,

=
(ﬂ

A 52

F glom, AeldANAE FeLAAREA2E 7]
% B4 AR 42 58 E 5 JHIRE
il 2017)

5300 ol
ﬂ% E 2R U8 B AT TEH T 4
gtk lA-we-Aole] VAR olojAe A5
Ag7)s BRA Hetste] RS RS B
Fagom, odT A48/l $RE EijE R
Neg AAROE WANA Wi, 43 1 7]
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3. din}o| 7]¥H(Delphi Method)

B ATl A8 Wsto] FPe dSuA 3
& Bl Bslel LSS ANE ST A
s dde] A 2 4 ok dsolDelphiehe
Wye ol D Aseld rlelE FHstn A
& Heks okER Alde] gt o =gA9) B
o e Aot (o154, 201 w5, 2006 WAE
2008; 738, 2008).

sfo] 71He 1950t) o] AlztE T Al
F%e] Al TR G dZat) s v
SEANDETL RS, AL AL
A b, AE NE 5L S8 99 2
Ei 85 tE olF, 1960 FE 1970 el
dsfo] 7)ol 3 LA HAwm, AR, du
7149, A2 Gl WA thke BolollA] meelSz
Aol HEHD T HAAST AR
U5 Bgd MR ABH EAH SHe
2& WAL dow ARvle AP HEE Bl
MR} oZo] Basy] wEoltkel i)
13 E 3], 2016),
| e AEvtel AU AES
z3l7) WRe] AE UIAE HHshew
ok ﬁw. AE g A7 sk B o
Bop ARslE P ASA gHe s
the B Geold ARA A4 5T 2F

nEsloF IS, 2015 B, 2000
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e
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N[ ool NN
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i

gsjol sl B e AFH Al Aeish 1
72 oAagel UeE BEUtE A =98 2
ol wge AdHes a9 98

b ARROA] 3~43] HEESle] A A|
kAl s, 2 §491 “EXPE‘ ol 3¢ “%EA}

AHES] ARl o7 o] ﬂTr(Feedback)E‘ —’F 3l
AR g ARETFE §
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o
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fol
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R
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o At AR HIZsH HER vee] ARt
T AFS dom A mo] =4S A ¥u
T FE f=lE F v 2AF ot
%3, 2012. AR} AE Avdes ULEkd=
(Content Validity), EFg=(Validity), ¢F4=(Stability)
S A B HES XA Hrh

B AFeA Dato] 7PHE AHEE ol AeH
o= o] AYd EExHY e HErt 15 #
S AAHoE At HErFEe] olotjolE
HEgsta, Ao ARAEE gl fgtelth

3.1. LHEEHFE(Content Validity) 243

WeEd=E Lawshe(1975)7F AAIZE W)-gEb
H]8{Content Validity Ratio : CVR)S wigtoz &
gt CVRE A& FoA2H D) ol what H5ak
AASIL loH, FHEg olde] HAUS W &3
g HE&EE =} Zog waHn 4 (D2
CVRE& Alitete o), oAzt mE Ha
72 Table 29} ZTHZH-&, 2008).

3}

o 2 o 1x

(RSN
A

=1
A&

M — %
CVR=— o)
2
M : T3t e 4
N AE FoAed)

Table 2. Content validity ratio minimum

Number of respondents Minimum CVR Value
10 0.62
11 0.59
12 0.56
13 0.54
14 0.51
15 0.49
20 0.42
25 0.37
30 0.33
35 0.31
40 0.29

BgEE ARl 94 £ gl x| 24
2 B3 AT 5 Uk FHEE o] F M
BE SRS 0 02] e 7pAn, 7o) Bl
2 4% 12 gl AT Pelw 189 gt 329
fol Aol o gelPe o) 19 ke
SJAe) WAL F A FH7 BaR & FYE
£ 09 eSS BYOl BgSL, YOEE 1o
VAEFE BEFe dels, 4 @, G FY=

FAE = QB;Ql )
gom=1-2_ 9 @

Qs 38 & Qi 189 g Mdn : FU%

3.3. OFY E(Stability) =

HHEE = AR A4 EES] A SEY A
o7} Aobal FHY YA o]
FrREATG B = Qo
3 EEAAE zhe J]
32 AEE A S8l W xFUAE
o 3+ WolAl4{Coefficient Variation, CV)E A}
£33t HoAlFe EFHAE AsHdoE Y
o, I FAIF AerE ] 9
2ok 7HA ExEO oAl & 4 ok gubdo
2 JHoAF7E 0.5 okl g, F7HAR] Aol
2 93, 05089 A%, wxd Aot #
sHAl =, 0.8 o3l A%, F7HQ AEEAPE
S35, 2006, 7855, 2008).

4. A7 534 2R}
B ATE 37 257 A U719 A&
Ve AR BRoH Aol FHolT). & AT
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917 (Perception)

NZTE SHEN, AL+ 215 018 22 5 IE)ls
Ok 22, 3, 0 510 2010 B0 OIS 29801 71% TIE) 4% O

m 2. EEH(Planning)
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0101 F201 HIOIE + 4
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Fig 2. Classification criteria of autonomous function

A&7)s FEES B/t7] $1sl Military Avionics
Systems(lan Moir-Allan Seabridge, 2006), &-&~] T.O.
T B AHE T8 F7] A 2Fd Ud d
ATzt 7% st ZFAHEY dERF

i ™
tio

o AAZ 12 21 M By 5
2 ksl YERGTR)-FERRUD)-LERE
g2 AFH T2E ST Fig 3% Az A
)% 35 Aol
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Fig 3. Hierarchy chart (draft)
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Fig 4. Hierarchy chart (The first Delphi Survey)
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Table 4.

Conformity Verification Results (The Second Delphi
Survey Middle category)

e sE5 ¥8 Ba| B sug wee H2
L1 XX 2 2lx| 452 | 0.84 | 050 [ 080 [ 0.14
12. OS24 &l 464 | 1.00 | 050 | 080 [ 0.I1
o 13 Hlgz 8 2| x| 456 | 092 | 050 [ 080 [ 0.3
= 14 22 R M Fu 420 | 068 | 050 [ 075 [ 0.17
15, flgiatg elx| 452 | 084 | 050 | 080 | 0.14
L6. 37| e ol 47F elX 452 [ 092 | 050 | 080 | 0.3
2.1. OIS & 2j2udd X|g@X|S met 452 | 076 | 050 | 080 | 0.16
22. OIS EA Mg o 3lx @t 472 1.00 | 050 | 080 | 0.10
23 8l#d=2 met 460 | 092 | 050 | 080 | 0.3
ek | 24 AR™E EEh 452 | 092 | 050 [ 080 [ 0.3
25 Slgag met 472 | 1.00 | 050 [ 080 [ 0.10
2.6. FE/HEEE| Atg Bt 452 | 092 | 050 | 080 | 0.13
2.7. B37| Mef ol HA| 2 FEch 440 | 084 | 050 | 075 | 015
3.1 08 & B|d Hof 476 | 092 | 000 | 1.00 | 0.11
32. PEYEEFH| ARR(QZHSH) 436 0.84 0.50 0.75 0.15
Mol | 33 AH87|5 Mol we Hof 456 | 1.00 | 050 | 080 [ 0.I1
34. ofzoll et ZINS 440 | 084 | 050 [ 080 [ 0.7
35 HEEE 37 428 | 084 | 050 [ 075 [ 0.17
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BP0V 3 FADLS Hio] 39602 483
of & uH1, W B EE 03602 H$ael 0.37
S 9A XoH, FHxs FoE =g oE &
of w3 AF=r} ot} Table 5 ~ 72 QIA|, F
o, Alo] AEF el tigh A8 1S Aol

Table 5. Conformity Verification Results (The Second Delphi
Survey Small category Perception)
e 2257 % B3| | cem wes 5%
1.1.1. O[&E 2@ AlM Qx| 4.28 | 0.68 | 0.50 | 0.75| 0.17
M 1.1.2. 6P 2 AME AX| 4.40 | 0.84 | 0.50 | 0.75| 0.15
1.1.3. Xk 324 582 x| 4.36| 0.76 | 0.50 | 0.80| 0.19
1.2.1. Lidarg o|238t 24 x| 4.36| 0.84 | 050 | 0.75| 0.15
12 1.2.2. Radar® 5% vl &5 EX 4.56 | 1.00 | 0.50 | 0.80 | 0.11
1.2.3. IRSTE S8 v|d 24 x| 4.20| 0.76 | 0.50 | 0.75| 0.15
1.31. v#8Zd2 XH HE oI 4.60 | 0.92 | 0.50 | 0.80 | 0.13
1.3 | 1.3.2. XAl 9% 2z elx| 4.60 | 0.92 | 0.50 | 0.80 | 0.13
1.3.3. 55 SmEx | 5okl E| ok 4.24| 0.68 | 0.50 | 0.75 | 0.20
1.4.1. 7|AFEE S (7] AR 2 A) 3.96 | 0.36 | 1.00 | 0.50 | 0.20
1.4.2. 0|55 HE F4I(ZHE) 4481 0.92 | 0.50 | 0.80| 0.13
T 1.4.3. 42HE $A(MCRC, #2171 S) | 4.60 | 1.00 | 0.50 | 0.80 | 0.11
1.4.4, SREE SUVORC, 1EV| E) | 4.40 | 0.92 | 0.50 [ 0.75 | 0.13
1.5, & RIMA T Ag oIx| 456 | 0.84 | 0.50 | 0.80 | 0.14
1.5 | 1.5.2. & allo|ch Bx| of olx| 4.64 | 0.84 | 050 | 0.80 | 0.14
1.5.3. MR 22 olx| 4.36| 0.84 | 050 | 0.75| 0.15
1.6.1. AEAE olatFT QIx| 4.64 | 1.00 | 0.50| 0.80 | 0.11
1.6.2. SAHE ol&RS olx 4.56 | 0.92 | 0.50 | 0.80 | 0.13
1.6.3. SHHE olaRS olx 4.68 | 1.00 | 0.50 | 0.80 | 0.10
1.6.4. BEEZHSE O|ARE Qx| 4.72/| 1.00 | 0.50 | 0.80 | 0.10
1.6.5. &37| 2SHE o|&4fS X | 4.32| 0.76 | 0.50 | 0.75 | 0.16
1.6 1.6.6. SEAE O|4RL Ix| 4.56 | 0.92 | 0.50 | 0.80 | 0.13
1.6.7. 92 U FUAE O|MFE elx| 4.68 | 1.00 | 0.50 | 0.80 | 0.10
1.6.8. H7|AE ol4R2 2IX| 4.56 | 0.92 | 0.50 | 0.80 | 0.13
1.6.9. XIMoIS U MSHS OlARR S| | 4.28 | 0.68 | 0.50 | 0.75| 0.17
1.6.10. O|HFHE 0|AIRR 2IX| 452 0.92 | 0.50 | 0.80 | 0.13
1.6.11. 887| oia U KM OJAMRR 2Ix| | 4.56 | 0.92 | 0.50 [ 0.80 | 0.13

AEF - FA
Table 6. Conformity Verification Results (The Second Delphi
Survey Small category Planning)
w5 LEF US 2| M2 sae god H2
211, "ab olEg MY meh 4.68 | 012 | 0.92| 0.50( 0.80
2.1 2.1.2. A X|€X|2 FE YK| WLt 4.64 | 012 | 0.92| 0.50( 0.80
2.1.3. A& 3 FES x| off met 4.32 | 0.21 0.76 | 0.50 [ 0.80
2.2.1.Lidar EXISH A 4.36| 0.16 | 0.76 | 0.50 [ 0.75
2.2.2. Radar EHXIEx| Al 4.56 | 0.11 1.00 | 0.50 | 0.80
&2 2.2.3. IR X2 Ag/He| B 420 | 0.14| 0.84 | 0.50| 0.75
2.2.4. MEEXet 5 UX| meh 4.48 | 0.15| 0.84 | 0.50 | 0.80
2.3.1. Heb vz 2 /x| get 4.56 | 0.13 | 0.92| 0.50| 0.80
2.3 | 2.3.2. 7ol we 37| x| met 4.48 | 0.11 1.00 | 0.50| 0.75
2.3.3. S8 SHEE, 2P| §)ofo| 72| met 4.82| 0.15| 0.84| 0.50| 0.75
2.4.1. 7|abakgol e v/ M| of Eeh 4281 0.16 | 0.76 | 0.50 | 0.75
242 O|=F T EHEE 8 o mt 4.36| 0.13 | 0.92| 0.50| 0.75
24 2.4.3. AREE Wt 4.36 | 017 | 0.84| 0.50 | 0.75
2.4.4. SHEE mt 4.32 1 017 | 0.84| 0.50( 0.75
2.5.1. & R7|AHA 2o w2 4.64 | 012 | 0.92| 0.50 | 0.80
2.5 | 252 X ao[ct Etx|of| wtE g BT 4.56 | 0.13 | 0.92| 0.50| 0.80
2.5.3. ™A 3ol wlg thS et 4.44 | 0.11 1.00 | 0.50| 0.75
2.6.1. 8201 2z SF ®eh 45621 013 | 0.92| 0.50| 0.80
2o 2.6.2. FEFH|(MAR, 7|2t §) Ak B 420 | 017 | 0.84| 0.50| 0.75
2.7.1. F2AR ¥ 4.16 | 017 | 0.84| 0.50 | 0.75
2.7.2. AR ¥ 4.20 | 017 | 0.84| 0.50( 0.75
27 2.7.3. &% 27| 4.36| 0.17 | 0.84| 0.50| 0.75
2.7.4. XAgH0] 7| A4 Eet 4.48 | 0.11 1.00 | 0.50| 0.75
Table 7. Conformity Verification Results (The Second Delphi
Survey Small category Control)
=5 2857 g2 w7 JZ can wey HE
3.1.1. 37| x&ols HMof 4.20| 0.17| 0.68| 0.50( 0.75
3.1.2. 37| o|&F HMo{(F, =FH §) 4.56| 0.13| 0.92| 0.50( 0.80
3.1.3. Fat Z=u|de 23 /&5 Hof 4.60| 0.14| 0.84| 0.50( 0.80
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Table 8. Autonomous function adjustment item (The second
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Fig 6. Hierarchy chart(The Third Delphi Survey)
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1. Introduction

Scheduling deals with the allocation of limited
tasks

decision-making  process

resources  to over time. It is a
with  the

optimizing one or more objectives. Given tasks

goal of
and resources, the scheduling problem is to
determine the detailed timing of the tasks within
the capability of the resources (Baker & Trietsch,
2019).

In order to survive in the highly competitive
marketplace,

manufacturing systems and

commercial environments are forced by customers’
(JIT)
Due to this

increasing requirement, scheduling problems with

growing demand for a just-in-time

deliverance of wvarious products.

the earliness and tardiness penalties have attracted
significant attention. With regard to the JIT
philosophy, the number of early and tardy jobs is
often used for the performance measure (Aydilek
et al., 2017)

In this paper, we consider two-machine flow
shop scheduling problem in which jobs have
different due dates. We assume that preemption is

prohibited. Define binary variables for job j as

follows:
gE = [1 if job j is early
7o otherwise
UJT = {l if job j is tardy
0 otherwise

Let Wf and W? be the weights in which job j

is early and tardy, respectively. The objective is
to minimize the weighted number of early and
tardy jobs.

A scheduling problem is described by a triplet

Mo
i)
ot

a/fly. The o, P and y fields describe the machine

environment,  processing  characteristics  and
constraints, and the objective to be minimized,
respectively (Pinedo, 2016). Using this notation,

our problem can be denoted as

F, H Z(wf‘U]E-F w’;rUJT)

The remaining sections are organized as
follows. In Section 2, related researches are
reviewed. In Section 3, a mixed integer

programming formulation and two valid cuts are
presented. In Section 4, an O(n’) heuristic
algorithm is proposed to solve the problem and a
numerical example for the problem is provided.
In Section 5, extensive experiments are performed
to show the effectiveness of the cuts. Finally, a
summary of main results and conclusions are

presented in Section 6.

2. Literature Review

The scheduling problem of maximizing the
weighted number of JIT jobs and equivalently
minimizing the weighted number of early and
tardy jobs has been studied in various machine
environments such as single machine, parallel
machines and flow shop in the literature
(Gilenson & Shabtay, 2019).

Li et al. (1995) considered the single machine
scheduling problem to minimize the weighted
number of early and tardy agreeable jobs, in
which the start times

sequence as the due-dates. They showed that the

increased in the same

problem was NP-complete in the strong sense.
Lann and Mosheiov (1996) studied single machine

scheduling problems to minimize the number of
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early and tardy jobs. Four cost structures were
considered as job-independent, job-dependent and
symmetric, and job-dependent and asymmetric.
They showed that the first two problems were
polynomially solvable, whereas the last two were
NP-hard.

Sevaux and Dauzere-Peres (2003) tested some
variations to design the best genetic algorithm for
the single machine scheduling problem when the
objective was to minimize the weighted number of
late jobs. They derived a new and efficient mixed
integer programming formulation. By relaxing some
constraints, a Lagrangean relaxation algorithm was
designed to give lower and upper bounds.
(2021) studied the

machine scheduling problem where the objective

Hermelin et al. single
is to minimize the weighted number of tardy
jobs. They focused on the case where one or
more parameters of the number of different due
dates, processing times, and weights was constant.
They  showed that  the

polynomial-time solvable when either one of the

problem  was

latter two parameters were constant.

Liu et al. (2016) investigated a single machine
scheduling problem with periodic maintenance,
which was motivated by various industrial
applications. The objective was to minimize the
number of tardy jobs. They devised a new
branch-and-bound algorithm based on an efficient
lower bounding procedure and several new
dominance properties.

Lenstra et al. (1977) showed that minimizing
the number of tardy jobs in a two-machine flow
shop with a common due date (F, |[d=d}U)) was
NP-hard in the strong sense. Bulfin and M’Hallah
(2003)

described an exact algorithm for

F)|>wU; based on branch-and-bound using a

surrogate  relaxation and a  multiple-choice
knapsack bound.

Hassanzadeh et al. (2016) studied an integrated
multi-objective  production-distribution  flow-shop
scheduling problem with respect to two objective
functions in which the first objective function was
to minimize total weighted tardiness and
make-span and the second objective function was
to minimize the summation of total weighted
earliness, total weighted number of tardy jobs,
inventory costs and total delivery costs. They
proposed a multi-objective  particle  swarm
optimization combined with a heuristic mutation
operator, Gaussian membership function and a
chaotic sequence and the second algorithm.

Mosheiov and Shabtay (2013) studied the
problem of maximizing the weighted number of
just-in-time  jobs on a single machine with
position-dependent processing times. They assumed
that each job

non-increasing function of its position in the

processing time was a

sequence. They proved that the problem was
strongly NP-hard even if all the weights were
identical.

Cepek and Sung (2005) addressed a scheduling
problem on identical parallel machines to
maximize the number of just-in-time jobs. They
presented a new quadratic time algorithm. Jolai et
al. (2011) proposed a hybrid memetic algorithm
for the scheduling problem on unrelated parallel
machines with the objective of maximizing the
weighted number of just-in-time jobs.

Choi and Yoon (2007) showed that the
problem of maximizing the weighted number of

just-in-time jobs in a two-machine flow shop
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scheduling system was NP- complete. Shabtay and
Bensoussan (2012) provided a pseudo-polynomial
time algorithm (FPTAS) to solve this problem,
proving that it was NP-hard in the ordinary sense.
They also proved that the problem was strongly
NP-hard for both a two-machine job shop and a
two-machine open shop. Elaluf et al. (2013)
proposed the pseudo-polynomial algorithm which
improved Shabtay and Bensoussan’s complexity

result.

Theorem 1 The problem
F Z(wf(/‘?—w]y.‘U]Y.‘) is NP-hard in the
strong sense.

Proof

Lenstra et al. (1977) show that F,|d;= d’ZUj

is NP-hard in the strong sense. This problem is a

special case of our problem, when d=d,

wf: 0,w ]7.‘: 1. Therefore

A waufmj%?) is NP-hard is the

strong sense. O

3. Mixed Integer Programming

The following notations are used throughout

this paper.
n number of jobs,
Dij processing time of job j on
machine i,
d; due date of job j,
Cy completion time of job ;j on

machine i,

ERES
e max{d-Cy, 0},
4 max{Cy-dj, 0},
n; max{a;-5, 0},
a earliness weight of job j,
G tardiness weight of job j.

Define binary variables as follows:

s o {I if job j is early

= 0] otherwise

_— {l if job j is tardy

k. 0 otherwise

fos o { 1 if job sequenceis k < j
L 0 otherwise

The problem can be formulated as follows:
minimize 2]?4: L@yt B
subject to

et+Cy=d;, j=1,2,.n
Cy-ti=d;, j=1,2,".n
My-e;=0, j=1,2,',n
Mx-;=0, j=12,,n
Cytert=d;, j=1,2,",n
xty=1, j=12,n

Ci=py, j=1,2,.n
Cy-Cyj=py, j=1,2,",n
Cy-Cu-M(by-1) = pyj,

i=1,2; j=1,",n; k=1,"-,n; j =k
bytbi;=0,

i=1,2; j=1,n; k=1,"",n; j=k
=0, j=1,2,>",n

=0, j=1,2,.n

x<1{0,1}, j=12,-n
y€{0,1}, j=1,2,".n
by<=10,13,

jzl’...’n; kzl,’n’]¢k

)
2
(€))
“)
&)
(6)
(N
®)

)

(10)
)
(12)
(13)
(14

(15)
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The objective sums the weights of all early
and tardy jobs. Constraints (1) and (2) state the
earliness and the tardiness of job j. Constraint (3)
guarantees that when job j is early, y; will be 1.
Otherwise, y; will be 0. Similarly, constraint (4)
guarantees that when job j is tardy, x; will be 1.
Otherwise, x; will be 0. Constraint (5) states the
completion time of job ;j on machine 2.
Constraint (6) insures that job j cannot be ecarly
Constraint  (7)
establishes that jobs are available on time O.
Constraint (8) states that a job has to be

processed on exactly one machine. Constraint (9)

and tardy at the same time.

determines the precedence of the job by the
binary variable by and constraint (10) states that
only one job can be processed on each machine.
Constraints (11) and (12) are the bounds of the
variables. The constraints (13) through (15) state

that the variables are binary.

In this paper, we consider the number of early
or tardy jobs rather than the amount of earliness
and tardiness. Thus, when a job is tardy (or
early), increasing the tardiness (or earliness) of
the job does not affect the objective function

value. Consider the following constraints:
5<by, k<j-1, j=2,n (16)
ni(x-y)=0, j=1,"",n (17)

Some wvalid cut constraints reduce the feasible

region and can be wused to improve the

convergence of the algorithm.

Theorem 2 Constraint (16) is a valid inequality of
the original problem
Proof

Case 1: If job j is tardy, x; is one and we can
shift the job j after the maximum due date (@)
without change in the objective function value.
Now we can consider two cases about the
position of job £.

Case 1-1: If job k is early or on time (x=0), it
is certain that b;=1 since job j is starting after
duee and job k is completing before or on d;.
Therefore Constraint (16) is valid.

Fig 1. Schedule of case 1-1

Case 1-2: If job k is tardy (x=1), the precedence
of the two job do not affect the objective
function value and the optimal solution. Therefore,

we can assume by=1.

time

} Ck: C
dy d d

i max

Fig 2. Schedule of case 1-2

Case 2: If job j is early or on time, it means
that x; is zero, the constraint (16) is a wvalid
inequality.

Thus, this completes the proof. o

Theorem 3 Constraint (17) is a valid inequality
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and reduce the feasible set.

Proof

We can consider only the case @>f;, which
means #>0. In this case if job j is not on time,
it is trivial that job j should be tardy for the
minimization problem. This means that x; is one
and y; is zero. So we can fix the variable if job
j cannot be on time and constraint (17) is valid.

This procedure reduces the feasible set. O

4. Heuristic Algorithm

In this section, we present a heuristic algorithm
to minimize the weighted number of early and

tardy jobs.

Algorithm
Step 1: Rearrange the jobs in EDD (Earliest Due
Date First) order such that d;<---<d,.

Step 2: Set X0, Vg, t<0. XUY will
contain those jobs that are not on-time. ¢
is a variable representing the current

time.

Step 3: For j<—1 to n do

(@) If pitpy=d;, then schedule job j to
start on machine 1 and to be on time on
machine

2. Set t<d; and j<j+1.

(b) If ttpy=<d; and C.ipy=d.;, then
schedule job j on machine 1 and on time
on machine 2. Set r<—dj and j<+1.

(¢) If a=</f then Y<—YU{j}. Otherwise;
XXU{j}.

Step 4: Sort jobs in Y in descending order of

Mo
i)
ot

ija/

2j

L. Let the sorted list be (15 7,
where =1 Y | .

Step 5: For i <1 to » do
Check if job ji can be put as an early
job without affecting the sequence of the
original schedule. If possible, assign j; as
an early job, otherwise X<—XU {j;}.

Step 6: The jobs in X can scheduled at the end
On

machine 2 schedule the jobs next to

of the sequence on machine 1.

dy=max{d;} xn.

Step 7. Change the job sequence of machine 1 as

the one on machine 2.

In Step 3 we consider the relationship between
early and tardy weights of job j. If the job
cannot be on time, then it is better to be early
(tardy) if the ratio of early weight to tardy
weight is less (greater) than one. This is the
main idea of the heuristic algorithm. In Step 4,
the jobs in Y are sorted in descending order of
Bi—a; . .
1’—21‘. Since [-@ is the amount of penalty

. . . B T2
saved by making tardy job j earlly, ———
2
measures the penalty save per unit time. The

computational time of the heuristic is O(r?).
Consider a 5-job, 2-machine flow shop problem

with the following data:
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Table 1. A numerical example

j 1 2 3 4 5

o 2 20 14 19 15
B 16 4 16 13 12
d 665 62 | 621 203 333
Py 63 73 64 3 73
Py %3 45 68 34 72

After Step 2 and 3 of the heuristic, the
schedule is as depicted in Fig. 3 with ¥ = {1}
and X = {2}

M/C 1 | f . fime

time

M/C 2 [+ [ s ‘SE
|

d: d. d,d. d,

Fig 3. Schedule after Step 3 of the heuristic

The result of Step 5 is shown in Fig. 4. Job 1
is an early job.

M/C 1 il = ! j‘ ‘ time

time

]
- (] [T

d, ds d.d, d

1

Fig 4. Schedule after Step 5 of the heuristic

In Step 6, job 2 is assigned after dj. Job 2 is
a tardy job. Left-shifting job 2 until the
completion time of job 3 does not change the
objective value as shown in Fig. 5.

time

M/C 2

time

Fig 5. Schedule after Step 6 of the heuristic

In Step 7, interchange job 3 and 1 on machine
1 as in Fig. 6. The total penalty of this schedule
is 6.

M/C 1

| |
| |
s [ Tspel

m/C2

time

Fig 6. Schedule after Step 7 of the heuristic

S. Numerical Experiments

The test problems were generated randomly as
follows. Number of jobs were 5, 10, 15 and 20.
Early and tardy weights were generated from a
uniform distribution [1,20]. Processing times were
drawn from the uniform distribution [1,100]. Due
dates were randomly generated from the uniform
distribution [1000, 2000]. Big-M was calculated as
100xn. All data were rounded to the nearest
integer. The heuristic algorithm and mixed integer
programming formulation were coded in Visual
C+t and ran on an Intel Core i7 CPU @34
GHz PC with the software IBM ILOG CPLEX.

Ten different test problems were created for each
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problem size.

The average run time of 10 experiments of
different job sizes were provided in Fig. 7. The
average run time of the formulation without cuts
increased exponentially as the number of jobs
increased. It was not possible to solve the
problems with more than 25 jobs without cuts in
reasonable time. With two valid inequalities, some

problems were solved.

Ayerage Runtiems(sec)
2000 - ‘
&000
000 / ‘
6000 /

Rurtim es(sec)
8
8
P |

=
1=}
=}
=

3000 /
2000 /
1000 ’J

8 o 15 20
n

Fig. 7 Average runtimes with and without cuts

To find the of each wvalid

inequalities, experiments have been done: first

effectiveness

added constraint (16) and (17) separately, and
then added them together. Fig. 8 showed the run
adding two cuts. The
performance  of  adding  constraint  (17)
outperformed that of adding constraints (16). The
performance of adding both constraints was best.

time  improvement

Mo
i
el

Runtime Improvement

N
N
N

’ ~

o

-

Runtime(sec)
0

Original Add (1) Add {2) Add (1)+(2)

Add Constraints

Fig. 8 Run time improvement with cuts

To evaluate the performance of the heuristic,
the performance ratios (R) was calculate as
follows:

_ avg(ZY)
avg(Z*)

7= solution value using Heuristic algorithm,

Z'= optimal solution.
Experiments showed that the ratio of the objective
value of the heuristic to that of the optimal
solution was 1.35 on the average as in Table 2.
Since the problem belongs to NP-hard in the
strong sense, the search space enlarges
significantly as the problem size grows. The
heuristic algorithm found the limited number of
good solutions fast regardless of the search space
and consequently the ratio tended to increase as

the problem size became bigger.

Table 2. Performance of the heuristic

No. jobs R
5 1.23
10 1.34
15 1.37
20 1.46
1.35
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6. Conclusion

In this paper, we considered the two-machine
flow shop scheduling problem to minimize the
weighted number of early and tardy jobs. We
presented a  mixed integer  programming
formulation and provided efficient cut constraints.
Computational experiments were conducted to
show the effectiveness of the cut constraints. We
developed an O(n’) heuristic algorithm to solve
the problem.

The heuristic algorithm does not guarantee to
find good solutions as the problem size grows.
Thus, developing some metaheuristics to obtain
near-optimal solutions or approximation algorithms
that guarantee good worst case performances for
large size problems can be the future research. In
some applications, the penalty depends on how
tardy a job is. Thus, a possible research area
would be to address the problem with total
tardiness performance measure. Another extension
would be models with time window rather than a
specific due date, in which no cost is incurred if

a job is completed within its time window.
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