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Design Methods on Hybrid Assembly Line with Humans and Robots
Considering Automation Difficulty Level and Rate

Takashi Miyauchi

Abstract

The labor force in the manufacturing industry has declined with an aging society, and
automation using robots is expected for assembly lines from a labor-saving perspective.
In order to design and realize the assembly line, both workers and robots should be
simultaneously configured based on the contents of tasks, rather than automating all task
costly. However, there are many tasks on an assembly line; while some such tasks can
become easily automated using robots, others are hard to automate due to different
automation difficulty levels.

This study proposes design methods on hybrid assembly lines with humans and robots
considering automation difficulty level and rate.

Firstly, automation difficulty levels and a procedure of assembly line design are
developed with a case study of electronic equipment manufacturing. Next, a two-stage
design method for a hybrid assembly line with humans and robots is formulated. In the
first stage, all tasks are selected as either human or robot task based on the automation
difficulty level and rate using 0-1 integer programming. In the second stage, a line
balancing problem is solved by 0-1 integer programming to minimize the number of
stations. Finally, the proposed methods are adopted to an actual electrical product
manufacturing line, numerical experiments are conducted with a commercial solver, and
alternative design candidates are obtained. By using the obtained line design alternatives,
it enables production line engineers to improve the hybrid assembly line design with

humans and robots.
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1.2 OfRybEEEEE~NODHSHERE

PR PESEE (2020) @ 12020 FFflet, O-5< W AF (PDFhR) ) 12X 25 &, EN
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T HMEER A EOMSEGEICR LT, vy fEREEEEICL2E ALE
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8295,
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EANDELRIEET D L a2rd, 72, TAREE, BRSCRED N7 710
TIRERRIHERH L TREEZITO) ZETH D,
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7oo T LT, ek L~v & HEMbL O 2 BFERIC LT T 2 e T, 44
A RU—40 %ZFERTHZ ENTE 5 E L7 (Qin, Liuand Grosvenor, 2016), EIRE
BB T, HilEB I A6 3k © NC (Numerical Control) T {ERM 72 & D #%
E#II4E<> PLC (Programable Logic Controller)iZ & 5 v —77 > AHfHDERETH
MEBERETIZIN G % oT S Tl T 5, S HIZ, BB TIE, g Lr-r
THOLNTET —ZREREHNT, T2~ A= IRy T —ZfEfrie &
DI LY, FHERESCEEREZIT 5, BEMbOHEPFIZI T 2 HLIRIT,
N— R = 7 BEAOEGEEESCT ARy MAERL, #EEOBEIC L0 TR
S, 61T, LEMEE Y RGEZET 5 TR I D,

Bl 21X, FRE(b VLGRS T, B BEME OIS EA TH 2581,
9O 7TV —DERBIEWNATITV—1 O LD, 73V —1 673
—VIZHETIZIE, BEVMEOFEHZILRT 572018, #REAR & TR2RO H#)
fbEEED D L &I, MEELL % BT A7 DICHECEROME DI L
nbHEBELZLND,

UELDFERNS, A FA M) —40 BEETAY— 777 B —DEII
ey NOHELEREZ LT A2 e L, ENOLEMAEDETRIET 1
RTHEEOEENEEED D 2 SDOT T —FNRERZ ERbholz, Th
LORERESZIT, 14HITIX, HENERBIISZ D700 Ry MOREEE
DOIEFR %, vRy MORGEEE O BROME L EEE, Ry B L OELEEE
DA DB L THRFZED 5,

1.4 HEMEBINZASE-H0O0RYMOREEED
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128 CHBH Lza Ry b &REEEE~OSNETF~OX S FEE BT 5
7201, 13 #HiTiE, AU Z A MY —4.0 OFGECANT RGO RN L& i %
IHT LT, ZORER, vy MORIEEE DML, £ b 25 TR
ETA URTIHAEROHELEZEDD 2 SOT7 Fa—FNUERZ L Rbho
7oo 2T, AMFRICENT, fWiEEICB T 2Ry M L OMLEEE OFRE %,
2O L TEREED D,

MED 1 DX, ARy MRROELIEE O mBe b m AR T 72 B 72 54
BThDH, ED 2B, 1EF%, vy M LOBEEELZ HW-E0ET 1
YDVAT LA T T L —a BT AMETHS (K 1-3), AEiTIEIN
502 SOOI HONT, BIEDOWRR AT L, WiKZ2%E4 25,
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2Ry hRIEREE OB & m LI T AR AR E LT, r AR
RROBLEIEE A, R K LM CEERMERE~DOISE BE LI TND T
ENFET NG, BlziE, BECEEM Ry ME, BorEA TN TEMEZ AR/
LCW5b, ZorEAEHTRE X, AR T 4 —F Ry 7 A2 EEZHNT, aRy k
T REEEEBRIEZ B> CTHRL, ThEHETDHZ LTk THHIO
FZFEBT 25N TH D (AR T2,2018), L L, ZOHRHFASTAL,
#fe L CE CEEA M D IRTIBEIITAEITH L0, Ll &AEESCHE
2 ADEHCIZEE, BIERBHBICET SN A560, MHANHLL 25 (K
M+ J7,2019), =072, HERO XK 5 RERM Y K UIERITNZ, EFHERE
RAFENFITIS U CTHRIIHEB L, BEMICEET 228y FORIEERE D2
B TE T 5D,

LLED L5 e AARMICEET 2 R » MORGEEE ~OFRITK LT, LT
X, B —IHHIC X DR, BEFHEO AR, BIEFEITOIA 7T Al
(Artificial Intelligence ; A\ LAEIBE) 2 #54k L 72 FnaBk e R > F ORI TH
NTWD (B« J7,2019; Liu, 2019; BN 5,2019), ALIZIE, AR OHHE % x5
ET DM T, MRE B CEIBLT 5 LRI &, AMOMBED A 1 =X
LERFHNCHERT 505035 5 (H AR R, 2018), AWFETIE, R DL
FHNIETAL E W) BRERERHT 2L 295, &5IC, vRy MORIEEE
% CPS (Cyber Physical Systems) DA & L CTHEHEOBKERCT AT A BT 5
ZET, IR S IATF 2 —r DLV TOEEES R T A LB 27
I TW5D (Chenet.al, 2017; filii, 2017), ZZC, CPSIE, BvH¥—L %y b
U — 7 %l U CRZEM O 2 7o @A A N — 22U - /L, T - T
WKV EMHRA~AT =R Ry I FTHVRT O ETHD (HAT, 2017),

142 BWESAVDYRT LTI L—ar #EORILICET 558
oz

141 ST L7-X91c, BiES 4 L DBERITISZ A0l a R v ol
PEE 2 B LT D EANBE R N T TV D, 61T, Fb % CPS DR L L
TIEHAT 2 8RBT 1Tt T\ 5, —FH T, &7 A V2 HBET 5720121,
TE2EE, oRy PRI ORLEEE R POMREZELZRT L, BUBICEAT A 1EE
DB L7202 (R - J7,2019), 8iET A 233 2 EREH O, Rk
HEEOEN, REFIAH O E TO—HEOIFENL, $ET A > OV AT LA VT
JL—varEMEh, TOERIEENRBO LN TND (FA- 2Ry R AT LA
YT T L— 2 s, 2019),
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AYVDVAT AT T =2 aluBTHT 0 V=T0F, [ROORE] 28 52%,
IR ISR B 39% LV IRERTH D, ZOFEE, BET A O TR =
EBLLTTO VAT LA T 7 Lb— 2 —{3 144 I T 2RER R TH D
M, BV AT LA T T L= a Y EITI AMPRRLTND Z LR
Nbo VAT LA T b=y a T ) \MPARR LT LEE & LT, AM
DA &L BROEKHINE > T W ERRTF 55,

IO, BRFEHXEE - “ZFUF JUVY—F &I YT 17 (2019b) 128D
b, BETA VOB DPMET LB E LT, XTI UHiliEoR ) %
79.4%, TN E 7 ' 2] & 25.0%DEENHEIT TND, 2D OFEERE)
5, WETS A VDI RAT AL T T L—3 g9 U ERIT OB DHERICRE L
TEY, XTI UORBPVERBANREG THLZ ENEZOND,

INLOMEIIH LT HETA L DUVAT AL T T Lb—F —EOFER
BEom BB IO om B 8 & BHIIZ, 2018 212, FA-a ARy h A7 LA
TR PBENIND R EOMRPED LN TND FA- 2Ry v
AT hA T T L— 24, 2018),

143 #HEMERBICHIETH-ODOARYMOREEEZALER
DEIHE

UL EDGHTRERIZE VSN T, 2R B I3 T 27200 a R v oM
EEEE A AW R A L. (K] 1-3), 28 cd 2 mmbits, mt
FEMOE & ZREMBEB A~ OIGEE A & LT, BEEoR S A 0O
NHEA TS (RRIFFEEA,2020), S 5IZ, mbtts Ly Eiko b, &
BEAEED D ORI Z RO HIVD (FMNEAE,2020), £, ZEZMESIC X 2R
~NOSERIBERIFMET 0 v ALK E LT L TWHEBEX NS (HK,
2017), =L T, WEEOmHT AN ORADOXKE L TEMERRD B, EHBE
VEXEM S ORI 1T L, s mE 2OZEoxE L LTiErRy b0
RLELEE O L SN LT L b (RRIFHEES, 2020; FHrmr/LX— - pEE
Hlrie & BR3AEAE, 2010; H R BP £, 2020), A% TlE, Qin, Liu and Grosvenor
QROIOWZ L DA VU H A N —4.0 OEMEIZIANTTZ 2 2OT7 7 —F&25E(1L, 1
Ry MOBLEIEE I L 28 MeB LOHRGE T 0 ' 2D ZR XS Z1T O 72D
A RKEL 2205 TE X,

12HIF, rAy PROREEBEORKHRETHY, 2 2BIL, 1FEE, niy
MBI OMEEEORARETH D, 1R v MORELE O FARGRE & LT,
a7y hRORGELEE O MEEL & EEANET S O TN TN D
(5UH « 75, 2019; Liu, 2019; =N 5, 2019; Chen et. al., 2017; fil)&, 2017), — 5 T,
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EEF, vy PR LUEEEOREGHREIZONWTIE, HET A DT AT A
AT 7 —a UEREOMEFREE 70D (R - 7, 2019; FA - vy Y
AT DA T T —Z 543, 2019; RREEPESER < FUE - S — Y VA WIIERT, 2017,
REPEEE - ZEUF JUY—F &V T 47, 2019b), 8k A DA
YT — 3 UEREOBRLIZH T AR & LT, FHEREOM EE AMEK
BLOA T 7 b—2a VEBOFIANL & BRI RD D, BT, 2018 4
12, FA-8 Ry VAT LA T 7 L —FMENELIND R EDORRPED 5
TS FA- TRy hVAT LA T 7 L—2H2,2018), & DA T 7L
—a VEBOFIL L RRIGICEBNT 5, BiET A RGO FIEL & BREHE
DIREVBARIEDT —~Th D,

15 ANFHAHANIORYEDEESZATEIRICEHT SR
E

14T LI LI, #E8MEBICHET 700 a Ry FoREEE %
Wik 2 FB T 5 7-0120%, &7 4 VRGO FIEL & IR R B3RO 5
5o WiET A AR DB, BRHRIROEELZ I T 2 I8 L 5,
RGOSR E, SFEOSEECIEEICBIT A 1EEEDANR EEB 2T
BE, TRTOEEL2ZBELT 20 TIERL, EEODHNRICL - T, 1E¥E, o
Ny b D WTHEEEOREL R T 20ENH D (R,2002), Fio, ik
B, EEMAe Ry b, FHERE, SOOI EO TRICHWV SN D BRI L
MHY, TNOHLEZEUNGRINT A Z bR bND, D7D, 1.5HITIE,
ET7 A VERFHCBWTERESE, ndhy MBI OMLEEEORIICEET 5 3 20
FH TN, AFEHDLIWIrR Yy NOFEES A 7T EPUCET 2 E L HBHS 5,

151 AFHHNIARYEDEERL2ATREIRICEAT HEHI

IET A ORI DT> T, MEESLM LR EZFZR T 570 DEES, R
v b L OMRIEIEE /e E O SR 28I 2 E DR & 5, AEITIE, 1L,
ARy b3 K OMIELEE OBRIUTEE T2 3 >OFFIN LREZ T 25,

(1) EH1: BAEHES £ECRTLBMAOEMO—FTy T

H AR S S AEPEY AT AEF O T e — K~ v 7" WG (2016) TiE, £EET
AT LOMERERBETHEFZ L LT, THEOA] & PAKOEEK 25—
WRIA=Z L LTHET T, ZZTHIBIIZEOMRELZ R bk~ AR T
HIEBETHY, HFHMITHE O R OEE L RS,
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STW5, L2, BRI GE T A 7 A 7 Vv ERHEa A NOBENG, BE)
b AT L EFEEN A FFHBIZBWNWTHREE 72D LI T U ARELR
TWHEHERL TS, &9 120 NHKOSH A 1%, #ikoZEk s S
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B REMEOEHMEIC OWTIEH AR 5, — T, mOmEEZEY B 5
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ARG LU CIRIEERI 2R L, AR EAR BN A 7 L2 A A

ZExET 5D (mH - 1, 2012), &k :,ﬁW%%%k%47w&4A#%b%ﬁ
BNDAT = a UEERI L, FEEZRIVMT L, P47 V20080, A&
PETA VNCEMERANT HEMEROZ L THY, BHITEN L2
SN LREHMEIFRICE LV, NERFTREELZMIC T AEEELRIRT D IIL2DI
X, 2OV A 7NV LOEBNEECTHS (K- #)ll, 2009), = Z T,
IZ & 2T, 212fi T L7z X 5 I oM AT NEF O N 6 5 Z & h
5, 23HiCHHTHETIA R T TR EOTEEANT, YA 7 VF A L
AT T NEFF O HIF 25 72 U 72 23 B AR DD 72 WHNE T A v 3% EHT 5
(521, 1984),

NFEEIZBW T, FEET, HFfx RIGESM AR Z VT, #1FE
BRI D, Bl2E, BRI HES a2 T EHWD Z 8T, AT L Dk
TE¥A2EL ZENTE D (R#il%ES 2T AWFFE 7 1—7,1990), & 512, T
Ui OFZEICIR VT, 7 U BEMHEHE-SOmE) BT A N—, 5540 BAmIZ)
EmE EMICHEHT 5T 0 ARV =R EEHWT, AFEEEXIETLI L
T, EEFRMORERN L WEOMREX D Z N TED (A A4 X, 2019; & F=
V= 7)/&2wnjﬁ_;n%@&%“u~%% hg EOEANIZER L Tl
TEZENRHRMZIT 2 5 L 912, IE (Industrial Engineering; IE) O#LETL A 77 k
FEM TS (FH - 211, 2012), 1EIE, 19114EDF. W. Taylor DO Bl 2/ & H ik
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MHRE - nwbh, BUEHEE AL E LA ERE 0SS, o, APEN
b L& BETEEEETHD (B A%, 20053),

X5, NFHLOMSET A 2k L, FEEENBB LI-0b Y, (EEHEN
Fohts LIZ < WEESCH MR 20 b D EEL, BRI 7 — Ky o %
1TV, BREHENLORBELEZT S E LB, 16EAL, BEMEAR EITL Y, 1EEM
Bom Ezgitd o815 (& - £, 2012),

222 BARyMZKBHEIEEDEHENME

AT OF O ATV RS T A i3, NeEaRy NEEETHHOT
bD, 2228ITIE, BEORR Y NOEREARNETOMEDITZHHT D,

G.G.Devol IZ XV, PEZEMBAR Y MIBET DR 1954 FICHBE S 4, 1959
IR CHID CEAMREEA R Y RBER LIz E D (EA)I, 1980),
AARIZIHBWTIE, 1967 28 HEREDKE AMF 0B L7 OB EEH =
Ry NOEAF 15 THD (EW,1980), D%, ENND A =D N RkA &S
AL, 2020 TR T 272 TEOEEHe ARy RBEL TWD
(International Federation of Robotics, 2021), & 512, #Hropr/Lx— « FEEHINTRA
BRSEHERE (2010) O FHITIX, 2035 Fi2iE, ®ESBHO R v Ffidid 2015 4
D27 fE YT 5 2.7 IKAICIERT 5 L PRI TEY, 5% bEMH#ED &
Exzohbd,

e L X— - FEEFITR A BRI (2014) 23T L7 NEDO 2Ry hH
F204I2LDE, vRy FEWO HFEEOHMITIAS, BRI —EEE S o T2E
FLWVIBDIFFIELR, By MEBERIFZES (2006) 1, vy h& [
THHEE SNDHEEELZRIET HTDICEREINEMELT-bD] E W HHAT,
[ H—, HfE - HIER, BEIRO 3 SOEHEREMEZET 5, FhRelk L 7-
VAT Al EEFEL TN,

AE XN TIE, vRy FESRAFES (2006) DEZ FEHAWHZ L L, R
v NEMN. T A OBk E B E Lo AT A ELTE B 2D, BRI,
AR EOEFE Y —&, EEHoRy NRHEHEN Y 7/ Faxz—F—7ED
BRI R LY, £ 20000y ROMLAEHal-o Koo =7 X —
EHALT, ANHOEE22REBETELVATLERTIELT D,

223 ANFEHAHNIORYEDEESATER

PR PEERE FERM Ry NEATA NI A 2 (RFERE TEREFERER -
Al B ITIERY: EFEEH 4 —,2017) T, RERESRAR v hOFAIZ
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BRL CEEEEMEEDOEMESICE ST IATFRL, TeRy b & TEHE OFR
BITHZEHMBELTCWD, £72, HEIN—TOFEHITIE, NTTrRIRERIEE
X, TSR OWAMEIC LY, AFTITo0aRy M EIicX 2 BE8MEZ1T 5 o
HWNLE L TS (B - % - JFUEF, 2018a),

IHIZ, FMUEEEANTTIToGmAE L aRy N TITo A OEERRIX
BIRDZ DD D, ZhUE, NIEHERFEZ BRI L > THEHRFMICITS 2 &2
AIRETCTH L —H T, Bl y MIBEMAREELERY KU EHI—E OIFERRH T
1ITH>ZTEMRGTHY, FENERL2D7-DTHD (JiH, 2018),

INHORUNS, NeraRy Ol EEGET DT A OFFHIBWT
X, BEECBIT LA ED LML L NE Ry FOIFERFRZERE L
T, NFEHLINErR Yy FOMEES A TBIRZAT O LEDRH D,

B 2-51%, DX D RUEENS, FEOHBEMLEESE L N mR Yy FOIFEE
RFfH 2B 50 L 72 SEATIERL X ol TH D (BN - L - £, 2021a) GEMIX4.280),
Bl 21X, 1FERZ20FEED, FEOBEMLEES EDNA, NFOEERMIT3 [sec]
TRy MEDEERRIX2 [sec] TH D, Z 2T, 1EEOBCEESE LT,
rRy FEHWTAFEEL BT 20, EINMNREL S & 2T ADH
HIBOREEINOHRESNDLEETHY, 326 THELFHMT 5,

2 3
(2] [2] O |
A0 A0 N\
)
5
6 5
AQ) | i B(1) |

____________

— ANFTIT 21258 OVEZERFR] thyman; [SeC]
— RN TIT o725 6 OVEERERE] trobotj [Sec]

LEC) i (RO HEMLEES Ead; 0y NI L LT

4 2-5 {EEOBEMLEESE L N & vR Yy b OVEERH 21850 L 72 et TIANZ X D4

(EWN - I - &2 (20218) & B & I1ERR)
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23 TAVNTUDUTIZKBHITA DERET
231 SAUNSUIUY

FGA NG T, BETA DEEERT — g ZE T HE
(BT 2 HETH D (KY « #)11,2009), FH (1984) X, 71137
YTk, TN A ORBEOR RN RN D L5118, YA 7 VE A LD
Hil, (EEZERMOEATER, £ OMOMMIZREIFI Z T2 LN s, 3XTo
VE¥BERLEEAT — a VTR ST AR08 LEsR L,

X 2-61, ZA N T U T OGHEEARIETHRE L TWDHANEBR Y b
EEUES D T A VKR ONLE ST & 777, Chutima (2020) O L B = —i@3ic L 5
&, TA NG v T OAREIEDLOE, SALB (Simple Assembly Line Balancing)
& GALB (General Assembly Line Balancing) T& 5, SALBIL, 74> DL AT 7
FREMRTHY, H—REPHANLTOND Z &, TRTOEEILIEDIEERT
—Ya UV CHLIITRAIETH DL Z &, TRTOEXERAT—Ta VN EDIEELE
TAMRECTH D Z &, TRTOANNRTA—=ENEHELND Z &2 T T4 N
TV TREERRT, — T, Dk Ete T A UM, EEELE ORISR
AT — 3 Y ORLARERVEREICHIN N H D855 70 £, SALBTHHE L T e
WEZHW=HD%E, GALBE T 5L &b,

51T, SALBIX, BHIBEEIZH EDOWT, XA 1 XA TNENI2OD T )L
— T EEND, XATNL, YA I NEA LEHELTHRAT—va U Bx
BMETHHEDOTHY, A4 TINE, AT —va v BEBEELTYHA 7 VEA
LE /MB35 6 D To D (Hazira, Delorrneh and Dolgui, 2015), Z Z T, $A 7
NEALZEELTRAT — a Y i/MET HSALBASALB- T L IFETR, #&
AT —va YBREEELTHA 7 VE A LEfi/MET %6 OZSALB-1I & FES,
Rubinovitz, Bukchin and Lenz (1993) 1%, SALBZHLEL C, {E¥EAT—T 3 (T
Ry NEBRETDHTA T 7%, RALB (Robotic Assembly Line
Balancing) & FFCF, SALB & [AIBRIC HRIREEUICZ LV, RALB-1 &RALB-IIIZ5%H
L7z, ESHICRALBZFRIE I T, )0 B2 B O ML R—F 14 T4
FETHEZMMAEELZ R E LT FELREINTWD (Cil, Mete and Agpak,
2017), 7283, X 2-61Ti%, AR TR E LTWDHANErAR Yy hOWE &Z/ET
HIA NG T EBRL LT,

KR TIE, 48D ATV v RS T A o OBk PR EF & 52 2Bk [ 3
EOBEFHEARIET A L~ EFHHICRBNT, BAT—v 3 Y ERIMe %
HEJE L7ZRALB-TIZBITFAANEa Ry NOMGERET 74 N\ T v
T ERY EFTn5s,
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{ ALB o
\ SAINGTSY S
\\ \\
o AN
~ "
\\ \\
\ \
GALB 1 SALB \
—MBSAINTDY } SYINFAINTIEY y
7/
/I ///
/ s
// //
yd SALB- I e SALB-T
y 27— BEME | ERPUZEIN-=UNIA
7
I / \
AEFDICEE || AeOmy bEBECE i RALB- I AzHb(CERE AeOmy MEEEiE RALB- I
\ 1| OfyhefeE Oty MR E
\\\\ ///
(AIAFRDITR)

X 2-6 T A NT LTI O E KRBT OR S
(Chutima (2020), Hazira, Delorrneh and Dolgui (2015), Rubinovitz, Bukchin and Lenz
(1993), Miyauchi and Yamada (2020), =N « (L « £ (2021a) %&b & (Z/ERK)

232 0-1 BEEELEIZKBTAVINTUIUT DEE

TA NG IREL, BERETEIZ LV R RO D kL e a—) 2T
o4 I AEIC X D HENSH D (Nof, Wilhelm and Warnecke, 1997), cHR (2
K VRERD D FETIE, KlEfif CHDH 2 ENMEESN DA, KEMRME T,
HERFMNELS 2D Z ENHELE 72D (Nof, Wilhelm and Warnecke, 1997), — 5
T, b2—URT ¢ v 7 AMETIE, HEfFE L ILR O ROV R B4 72 %,
W TS5 Z &N TE D (Nof, Wilhelm and Warnecke, 1997), 2.3.28i Tl3%k
BREHE & L CO-1EEE G ML, 233HiClde =2 — VU RT 1 v 7 ARIEIZL D
JacksonDFI|Z 1k, Kilbridge & Westerd 51k & AL ERIEAFFITIEIZ DWW TR 5,

(1) -1 EEHETE A

R fbRIEEIE, 52 6N TfSRTEO T T, BB Z K/ D W IR
IZT DfEEL1ORODLMETH D, —H T, #ERTEMNEL, HHREEI T
HR SR PRI E N AFXN TR SN D RE(LFETH 5 (MR, 2014),
2 < OBEOMETIE, WEEABILEBRIZITBELE CRITITERZ I 20
ZENbHDEIND, BIZIE, N, BB, EHijL, AR E & BEETHID
BVTHMERDDLZENZW, ZO XD 7, TXTOEEDHEBE 7285l D 7~
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ZEH AT EIR Y, B E R & D,

EHI, BEEEESNERELREE0DH D WVIFLCRET 2HA121E, 0-15%
BEHEE & FFEN % (Hillier and Lieberman, 2004; =18 « #85E, 2006), FEESDOHE
HEDERBEDOZ <X, Yes/hHNoD0H 5 WNILO2EEBOMBIC AT 5 Z &
INTEDH, ZO®, — A7 G M RE 2 0- VA Gl I A LTl D
ZET, MENEZICRAZ N D, £ LT, ZO0-IEEGEHRBEEEZ M O
2%, 0-1##5EHHYE (0-1 Integer Programming; 0-11P) T® 5., 2-712, 0-11PD 4]
% 79" (Hillier and Lieberman, 2004), Z OFIX, #r LG L FraE 2 &R T 57200
VR ARSCEBRE TR T 28R H % T, BUEIERMIED & FHE % Kb
THEOICTHERELERT HH T2 RINTIMETHD, THBIUAHE
EENENOERTIIHNLT 50 E 5 MEYES (1) 25 EINo (0) DERICT 5
ZET, 0-UPE LTEREEZBZI 2> T,

% < ORIERHE Y NN —1F, — ARG &, 0- VR i [E O [
FafRl2oDT7 N2 ZAREHINTND, UL, HEEEIT 75
BEREID RN T WD, 0-VEEGHEELZ < 7o T 3 U AL,
— R 7RG IE AR oD T AT Y ALV Y, —AREIC KX e[
AR ZEMTEDHEEND, 0-1IPITIE, 20Xk I RFERH LD, HE
YN, PLAGER, EPE - fE Ry U — 3R 8, £ < OREERCEH S
TW5 (F 2-1) (Hillier and Lieberman, 2004)

2318 T/RLZSALB-1 &, AT —3 a HoR/MEZBROE L, 2.1.28i0
FATNARL ZHR S & L720-1IPE L CERILT 5 Z &3 T& % (Nof, Wilhelm
and Warnecke, 1997),
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L
FIHBAEQAY VEILRD Y757 2aDELLD, HD WIS
ICIEER T B L EIC, TROBEREHFNTRERETEZ AT LW,
B ERRAMENPVOETHERZRAKILT BT &,
GlE
@ A FARIEER R EAILL,0007 R & ¥ B,
@ ‘JmATIODOEBEZHKT 5,
@ BEIIHMIHBHINEEINDIEHICOKIERTE 2,
T—X
RE Yes/NoZ fH REEH NPV R7EE BHEER
&S il
oY vEILR(ZT
L | smcsand X $9M $6M
VA S
2 | msrmTETh? %2 55M $3M
o4 >EILRI(C
S | amarcEss xs $6M $5M
VA =
Yol aErrcET e Z $4M $2um
KMIEERZETY,
ERAb
BHBEE  Maximize Z= 9x1 + 5x, + 6x3 +4x, — B
SR H  6xy +3x, + 5x3+2x, <10 - HlFO
X3+ x4 <1 oo iiES[O)
—xl + x3 S 0 “\L ,
—Xy + X4 < 0 _r 77777 ﬁ%”;fi"j@
x; is binary, for /=1,2,3,4. ----- YesNodDil#9

2-7  0-1 BEELEH i RE D4
(Hillier and Lieberman (2004) % # & (C FHERR)
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F 2-1 0-1IP O H
(Hillier and Lieberman (2004) J v 1E5%)

Sak AL PR SRR

BT | Turkish Petroleum Refineries | BlATOfE A EE B =X D=0 DT I KL
Corp. (1990) DBAHEE T
South African National THEEFI AR L2 o, EFED h—X L
Defense Force (1997) hR 2w e KA T 5 72 9D DFEE DREREZRIR
U.S. Air Force Space FH AR EBIZ BV TRIIEE O ik
Command (2003)
Grantham, Mayo, Van 80f& N/LVLL B rE &0 G pERE B
Otterloo and Company (1999)

LRI | AT&T (1990) $ 104D EE O A s E S b

AEpE - ¥ | Ault Foods Limited (1994) e 2 — Ok X — DR

SRS

J— 7 : . o

= Digital Equipment Corp. T =NV T T A F = — RO AL
(1995)

Hi7e7 Sears, Roebuck and Company | B/ —7 4 >V V& AV a— VTV AT A

IFeES (1999) (424,200 5 RLLL_ &K

FIAJEE) | China (1995) TRVX—FEE A 729720 D2,4000% KV DHr

SEsa el

G EETEAH] Homart Development BREFRHIOE R E
Company (1987) (4,00075 RV DFIZE)

fiize¥% | Delta Air Lines (1994) BRI 2R KL 272007 U — NEID 2 TR

&

American Airlines
(1989,1991)

FHEEORF YV a—1 o JH#E
(4£:f12,000 5 RLLL Eo = 2 IR
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(2) 2 EMRELRIEE € Hl#9%
EEOMETIIEROERN S 5720, ewfbEE L ek 325 &, BWY
BB EEE T 52 Bl LRI & L RIS N DT — AR 5, £ H
WAL EDOfRE & U C, BIEIMERESCeRIENH 208, A TiE, /<
U— Mygidff 1525 Z LN T& ez Hv5 (54, 2007), 22T, b
— MR E X, EEROBNBEED YD, 51 o0 BREEKOWED - DITIE,
oo BB OEN B S5 280K ) R0 Z L Th 5, efilfokidEk
? BB D 5 b D1o0 BB Z RO Tl 2 fIRBE RS LTERY Yy, Fh
5 OHIFKIBEED LIRS D W T TFIREe: 75 HETH D (E4,2007), LT, ¢
DREZSEZFREL LN, BB R/MEDH 2 WITRK(IEEIT, L —
N R 2 KD TV, HIIBEED AL LO2B M OHEIT, ehlfiEIc L A%
FHISRIFICE DT HGE0ERILIT [H—~fk/ME, f1<e, MOHKISRME Ok
INTREND (FF, 2007),

(3) #RAZETEIYV IL/N—

0-1IPE LTESMELL7=T A4 v NT v FMEEIE, NPIRERREE LCH¥E
4% (Chutima, 2020), NPKEEZ2HEEH & 1%, a2 a2 —% —OFRENZENAEE
MANICINE S WRETH D (AR, 1991), FDi=s, MBEORENKRE L5
ERIMICHREENERT D L InD (R, 2014), Z D X 5 ZaNPIREE e fHE %
fift < T2 DI, ZhEHY T L T Y X LB S 4L, SRR Y VN —7p TRk S
LTS (B - 72, 2006),

B R L x—121%, ILOG® CPLEX® (IBM, 2017a) <°Gurobi Optimizer (4
7 h—=/X—=2 B A,2021) 72 EDOREHD O L, GLPK (Makhorin, 2010), SCIP (ZIB,
2021) 72 EOIEFEHO L DI HD (BF1R,2012), —#RMIIL, BEH Y v
— DX D BEETEDN, BHY A AS—OHIZEN ) OFERMOZENRH H & &
o (R, 2014),

AHFFECIBNT, AT O/NRBEEF T, FEEADOGLPKE AV, 5%=DE T
FaRilE 7 4 o OFFI T, CPLEXE H\W e, ErigasflE 7 4 » o F6E, /b
AR LR TR O DM EEE O LR TRIAME & K& <, FIH L7 #EsE
BRERIEIZIB W T, GLPKTITMNHE LW T —ARNH 51272 Th 5,

233 Ea—YRTAVIREREIZKBTA NG

23281 TIE, 0-1IPICE D T4 R_T U v TORERD D FIEIZHOW T~
Tmo REITHE, Ba—URT 1 v 7 AREICLDHFEEZHAT S,
ta—U AT 4 v 7 AMFEET, TE A0 REBICITV, Wbl U m g
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ERBEICED T T a—FD1oTH Y, NHOBERREEZEE LTzl
v, MERIBRORITHRZMO T2 enTExb L snd (AR, 1991),

I LTzt a—U AT 4 v 7 AMRETIE, BERORIEIZRND, HEY \H#F'a'ﬂ
THHRMEZRD D Z LN TE S (Nof, Wilhelm and Warnecke, 1997), & =—1U
AT 4 v 7 AREORFA 2 L LT, JacksondFIZE%, Kilbridge & Westerd 5
5, MLEMERMIFIEDISEZRIT D (K - #E)I1, 2009),

(1) JacksonD FlI1 &%

JacksonDFIZEIETIE, X UDITHEIEERT— 3 ITED éTTﬁEfOE{’E%@
TRTOMAEDEEFHL, KIS, 4 2W%XT~VH/ FD 4 TAREA A
%@#Nf®m#ébﬁ%ﬂéféo;M%W%XT*VH/;&uﬁ@@T
TETH D, BOIEEAT — 3 U TlE, 1EEDOMAE DN AT KT
L7280, BEETHEEEZHIBRT DR EOXIGNMELE D (K - B, 2009),

(2) Kilbridge ~WesterM 75 ;%

Kilbridge & Wester® 575 i, 1% U DIZHATIAENL ’%b\f?ﬁ?‘%ﬂ’lﬁ% i
FIDK 53 %4T 5 o BT DS E:'W&’E%bw‘o BAEHERT — a BT &
ﬁof,@%ﬁ%®m#%%4&w&4A_Eoié;&%ﬁ&éoit,HL
FINIZIET DEEOF O TIEFFIZABRICANEZ S Z ENTE, JATIANES
Rob ETEEIZL - TE, BROVNA~BET L ENTED (K - B,
2009),

Q) FIBEMEMAFITiE

NEREATETIE, SEEOIEERM L, ZHUCEBT 2T X TOEED
BREE 2 B BEALT O E R D, TORESICL > TEEAT— 3 IZEY
5%, ZZ2TROONDEAL, FTATNENIZET HIEEDNEE R THE L
S TWDTZONEEA LT TN D, u%E’@A@k%b\f’E%ﬁ% 5‘547!!@
NETTZ Lo A I NS A DEBIIRNE DI, VEEAT— a3 IZE )
FZ2IT> TN HIETHD (K% - H%%Jll,2009)o

RETIE, T A v OBELE T A L RT U U TIZHOW TR LTz, D
3ETIHAL Ry FEEE LIz A 7V RN T A > OREFFIEEFA L,
AELSETIL, FA4 N\ T v a0 Tanga 7y RS T A v O%EE
IZDOWTIk 5,
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3. AN&EARYrDNAT)YRILTA R
STDFIEE

ARETIE, vRy e EOREEAN 2 A N DOIERDFFNS DTV
BT, MEEO RS EAZE L TAL Ry NERETHI AL T v
RHISE T A > OB BREAERT 5 TlEE, FHlZ2EBE L TRET DS (BN -
(L, 2018b; =P « 1L, 2020b), 1L Uiz, EE0BEEMEEESE & ) fEiE
ZEHFZRLCERAT IR FIEZRE L, RIC, EFHERED T 1 U &EHIC
W L7 FE 2T 5, KB, (EEOBRELEESEZEE LA n R
v hDOANA TV RS T A VR OFIE(LE £ L DD,

31 EEOBEFEHIEZEZELI-ALORYID
INATYYREILSA DERETFIE

AHEITIE, AFEEEZROICHER SN T A o2 b &2, AR
v FOWGEBE LTeNA T v FHSET A 2 & LTERGENT 2 FIHZ G
R

311 SAVERETFIEDOBME

KETRETDHOANERR Y bONA TV v RT7A4 OG- TINEE, X 3-1
T, ZOT7A4 VERFORIE, vl y MM EOREEA T A N OF#HN
HBHITWZRWEERE T, (E30 BEMLEES E ORVWMEX D BEMb 2 B8 LT
TA VR REERL, WOIEETH O HEFFEICHBEREFREIRMET 5 2
LT B, KRBT, EE0RELEES 2B ET 2B D101,
BRAXIIROENELE T A V2T D720 TH D, 2, 1EE0RENHE
HOEDOEVMEXZ Ry MBIV Y THE, ANFTHEET L LY LGS
A2 INEL RDZERDDHIEDTHD,

REFIAL, 427 v 7 TR SN D, A7 v 71T, FE0BELEES
EDOBRESCNFEEDO T A RE 1TV, BEF T4 O NFEENR Z A
L, OO0 E TS, A7 v 72T, EEOEEMTEZITY, £
DFEREHNTAT v 73T, 1EZED BEMLEES E 2 i 2 I /EENEF D22
WREZMER L, BRFICL D EREOZYMEZ L E2—F 5%, 22 To, B
138 L%, AEFESINE & BRIFHANE 7210 T <, RGBS OEEE O EH
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MBI EIELS LT A L OHALEHICBIRT B AL SA—Th b, AT v 7
4TI, FRIERFOERRICL L SEALT ) v MALT A 2BE L, &
BFZE TR L7 3t FIEO A S 4 7T 5.

AT v T TIT O MEEORMIT, 326 & 33M CHIEOE T MRS T 1
v DFIE AN THITT 5.
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312 RTYT1: FERBOHREE

BEMLIZ T 72 REHEEL, BURO AN FHLOE T 1 v O EELZ A
L, D22 nbihE s, 2k, PEEEZHEMLT 2 BRI 72
Sy BB R A R T 5 T2 DI, TEENAOERINEN LI /27D Th
Do

ZITHE, EARERS, MAHRED LV TOFMRERBLETH D,
29 LIz A Bl CHEO HDIEEIL, BEADPOHERIND 71 VikE
AUNR=NGHLTIT) ZENRZNEBZZLND, L L, b LRBRED R
DA UN=PEFE TG, HERRITO2EDAELLARER® D,
ZDT, M SNOIEOIEEIC S & SO THAE L 2D 50N H 5,
DX D R MEMIIHIET D720, R CTIIIEED B BMLEES % FRiE
ftL, ZHUCh EDSWTAFEERLZRE - o T 2 HIEEZRET D,
ZOAT 1T, (FEOBIMLE G EDORE L, BFET7 A 0T
e w952 LT, (EENBEOSITZED D12 DOPEZIT O,

(1) EXDOBEMLEZEDERTE

Z 2T, BEMRICHIT CAFREEETEL, o+ 270D L LT,
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