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Real Time Single Hoist Scheduling for
Multi-Item Chemical Processing Line

Jung—-Koo Lee

Department of Management of Technology, The Graduate School,

Pukyong National University

Abstract

This thesis deals with a single-hoist scheduling problems for a
multistage production line in which a computer—controlled hoist system
performs the transportation of parts between stages. The production line
consists of a series of tanks filled with a variety of chemical solutions for
surface processing of the metal parts, and the processing of parts is
compiled by soaking them into tanks for a certain time and in particular
order. Because the system produces various items, there are distinct
soaking sequences for the diverse items produced on the line.

Although some MILP (mixed integer linear programming) models for
the single—hoist and multiple-products scheduling problem were
developed earlier, the production line that motivated this study has a
special feature that was not considered in the earlier studies. The
company produces parts for assembling an aircraft and an order from
customer consists of a set of parts. In order that the set is transported by
the hoist and soaked in a tank all together, a tool for installing parts, that
is called a rack, is needed. In order to insert a new job into the tank line,

an empty rack is needed. When the process of a job is finished, the parts



that were installed on the rack are released, and the empty rack can be
used to install a new job. In this thesis a new MILP model that considers
this rack condition is proposed.

Applying the model to a commercial optimization software, the optimal
solutions for relatively small problems can be found in very short times.
For the case of realistic industry-size problems, however, the MILP model
cannot find an optimal solution in a reasonable computation time. To solve
such problems this thesis developed a branch—-and-bound based heuristic
algorithm, in which the number of branches from a node is variable with
the problem size. For a very big problem, for example, the number of
branches from a node is restricted to just one, while it can be two or more
for the small problems. To evaluate the performance of the heuristic
algorithm, the biggest problems that can be solved by the MILP model are
generated and used for comparing the results of the heuristic algorithms
to optimal solutions. The comparison showed that the heuristic has very
good performance and the computation time is sufficiently short to use the

algorithm in real situation.

Keyword : Hoist; Scheduling, Heuristic. Branch—and-bound
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(29 2-5]elA 30719 ®Wae ®WAart Ause sANE ddso] vk
o R Al BAe] A FAUE BaE EeA 2 W 2
= H So]2EY oy A sAWE ARt sk Hrh ®l Folx
EE o]Fs A8l ¥3& & F oy B §# Jo|2ES o5 HXIv &
= Aok 1] 2 Hrh

st AgEle] Ba 5 302 FAE Jou, e FACAA A
AYE = WA 75 8~107] FEolt). So|~E AAA| 2Bl A FiFo] Tk
st Q& 16719 ok st A Td S FPstal don, 747t sEAe &
e Tzt AMGE, AHEee &k 1Ea AREsle A wet thEA
T glrh 16719] stF AT A A EE A2 1AFA 264171
o7 BFiF 2543 AE gk 16719 T = 247he] BacA 439
sloF @ ®Ba Ay FAo don, 7t WA= Mol & stk At
ek Alzke] gle] skt Alzke]l At F ®Fel A o] Fo] skl s A
Zrol A7l A ®WAddA AUl o]Edteof sttt <3 2-1>0l= 879 ®

2 A4S SS9 AT A9 24 oS eyl
CE 2-1> AH 71999 SEALTY A 24 o
I ERGE] CECR R (f:;zf 17;;)
1 T1 VAPOR DEGREASER 3~5 &
2 T8 ALKALINE CLEAN 10 ~ 15 &
3 T9 IMM/SPRAY RINSE 3~5
4 T12 DEOXIDIZE 5~ 15 &
5) T13 IMM/SPRAY RINSE 3~5 3
6 T20 COLORLESS CONVERSION COATING 2~3
7 T21 IMM/SPRAY RINSE 3~5 &
8 T30 DRY 20 ~ 35 I
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gu At AGAS A FHRE FAS s g6 AN F de
Aol wrr AW AL A9 $2 Ho|2E AN AFAYL FHsta 9
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A Aol b4 Akl 7ol So]AE AAMA AL A A2
TAE sty Y8l Ve AT 2SS T ~E A
)&+ <= Phillips and Unger(1976)7F 1H]¢] ZolA~E7F A &
o] AlEFS AMsle H7] B RS 2A8HA AFE AT o]

T8 Solx~E oA 9 ke digh HAst eSS Nyl 9sl
ATEol YA
Manier and Bloch(2003)d] wWZH So]x~E AA FAl= HZ4 H
AdH A F /A HEE B & Ao st FAHd EAE
AgH 2 d8AE ] FHE7] "ol A" Wl Fr]H AT 7HA

THE A]lel daiM o= Thed dBAES €9 & U Atk

]
4

&oto] HA | AgE AAstolof strhar a3l
Phillips$} Unger(1976)7} @9 ZolAER 7] =g 9=
MIP(Mixed Integer Programming) =25 A7lgk o3z F7]4<2l
AZAL S Lot A 40d < 3 A Sol2E dAAY &
el B skA A=A tHManier and Bloch, 2003).

tithre] A+e Sol2EVE nAE olF A
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A7} NP-hard 945 Ho Fth 21 o2 I52 27 ool 2ol &
F71A Ae 2 5 e FEE F714 A dE SR dagEss
7Nkl

Chen et al.(1998)2 29A] XA <areg
AlE "o WEES gdsts ZlolH, F vA dAs Sol2E FAME
A stsls Zlom 2uAd o8 daelEs TR

WHH Lim(1997)2 AAl 2719 #AE sty 8 A dadEs
AekstAtt. Xu and Huang(2004)2 374 FAeF AAAAE w83t &
tisle] AG8F9 L, Kuntay et al.(2006)2 &3 wAE sldsty] 93 2
A HA s dagss el

o UFAE &EAdl disiAE= Hindi and - Fleszar(2004)7F 39
Fo|2E AN xRN ggF AF ARAL A dAsy] A

Ak sk Fe2EE At $E M-S At vk

aga Y5l Paul et al.(2007)2 {AFSE Al dial A8 A A
FElzags et 28y o] AFdAE AEE dA8S G T oo
st el =l I 9 Ads sk g aga gAY E
sl ol AJTAeM du® o] FiEel #Hol AlxHd] Ydo=
A5ty wite] EAEhE AYES wgste]l Fo|~E dAS Al Aok
ok ey o] dAFoHE FolAE UdAAY EAA FZH EAS
L shA] skt
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4. RDHS 23
4.1 RDHS 7l&

A A AAHD So]2E AAAIAEI dAA I ik A=
Phillips and Unger(1976)°ll 9|8l Al2t=| Q= 152 Ate]Solebal dh= L
AE ol s TAE WA oE Adstes &3 So|2~E AdAAE(CHS, Cyclic
Hoist Scheduling)S <13} t}.

AAZ FPE = To|2E AAA|AEI0] AAHA S CHSOA 7HAs= A
Hoh A ¢ HEietAl o] FolA Urk So|2E AABZALL AEE Ao
PY= A" A EH = S AT = dojof gt=Hl o] & ¢ Solx
E QA 2HL 540 A & 53 So|l~E YA E(DHS, Dynamic
Hoist Scheduling)ell 4] =8 = o]k gt} Yin and Yihn(1992) ¢} Yih(1994)=
AR 2elel] = #Zdell gk Sol~
o, o] d7elAE 71E Aol did 48 HAHA Forn= A 2ol of

l
1
>

-

2E AAo] MAHA YES AT

Aol Masttha sHelch. RDHSE FA9Z A el sk thod

T BE 4 Aelo] B AGAD] A 240l o TojAok shn, A7
oz Ag AsHS wAHI A AR A4S Axe] Juz A&HA A
E 94 9 Ae =z

ddsfor rtal skglvh. 2eal RDHSE A=& Aol sy A =4
7
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o] oA RDHS o F& £AAE B3} 2o el

(@) & Agol Bhe oe F¥ Y 1 oy AT A el
44 fr@e] 2w Aelalsirh. RDHSE ahife] A%k 2helol 4] the A
o e ALgSE ole #9942 Aok drk.

(b) YOI ERE A 44 AZE Aol AT e =Hatd @

rU

et shglthk RDHSO F8 #AAS o714 &2 A9 =2 A7 719,
2] W So] BESAAS gatdoR AHeets Wy AAZ $8& TE
S A HA o EFAHE 2840 da e sk Wolata it
Zhao et al.(2013)2 M= 2AY EFAG LA dGAH Y HHst
2 Hg MsAS 1dd = RDHS WS Aeksdid. o] 4

AAE 2 Al 2L A e g JdAS g A 278t duEF F
Aol so|~E dAAES A7 3 EFFF-HE ==Y (MILP, Mixed

Integer Linear Programing) =92 ¥ 3513 tF RDHS W2 thaksl z
pZS

shelm, e wEEe] 84 A ATE Ba dZea
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4.2 A A4

F59 mgolu @Y 5o EW At FFAAFAANAN BRd 4L
Aelalr] el el Wam AR AN Gl ST £ A
49 Agste] e FA Wb AY BAR o] Fau SRR YAS
WER ) rpqon ghu vvel Sasw AY A fusiA fd 2
ga Aze Aol BHYS W AAFA 4L elste] Aol A =G
olof @t}. oldl RDHS ZAZ olslsl7] $1% §olo] 4ge vhgst gl
1) 2 Azl

el Azl WAL 7 Az wAd dF Ael A 9 AF A% e =
o] Aqlol W@ A2 4T ARS Azsel v GEF Gl 2ol o
@ atel A wEe 7v) gEs faEth (B =R A 7L 16719
Nz e seAedol Asth)

To|AE AbEeldd EAet= ®ACdA sAld Ay & U= FHo 2

o 48 ougth QA QAN 24 A WAL 54 44e Az
# 5 At §32 Rk g 9as gad shid A9e A @
F QAT AR AL BE AU AT F 9E §3S A Ak S

¢
il
N _hI
o,

oW WA= 1 A AP Aol 28 EAY ARl miwste] #]ie] )7t
Bo] o] Fox= T dad wet BAE 27 oo §¥om FAdste] o
g e S sAlel A
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4.3 584 29

Tian et al. (2013)3} Feng et al. (2015)2 Zhao et al.(2013)¢] RDHS =9

g okt 44ad Hed Aok Ao 42 2 5 AT B ATFAE 7}
4 And Foe wPe 2feed, AeEE vEE A2 A7s g

Qe ofelel ol Al A ofHllA NEEL FAE E7] Aol o
H ol AEA Qe eEE e EAS ZTUA @S ool s WE 5§

T§OoE ol Ayt Fiuk

<{Parameters>
L Ade Hede AR G =1, 2, ., n)

st ®3E Y= AX rs=1,2, ..., m)
q; - A0 oA Al o A (q;=1, 2, ..., m)
e; - MZE 0 9 g oM A i o A AR
h: AIZE 0 oA &o]2E 92 (h=1,2, .., m
o P WA o &%
pr - WA r o] A skdk ARt
CRA o A A
oy ¢ B r o] Fel A i 7F o] Faof s ®A
s - WA r ol ®A s 7HA] Wl o] ARE o]F ARt
s - WA r oA WA s 7HA] BE H o] AEL o]F AJRE
) Q- = ok

gt M- 2 (GhA] el 0ol oFF 77t

rob
>
N
N

Z o &

U
e
ki
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<Decision variables>

T: Al="e] &5 AT

te, - A9 1 E WA r o WHFES AT

tsir - A9 1 E WA r oA B9 E= AR

Wirjs - 2O12EZF B r oA A9 1 & So&™ §F B3 s oA A4
5 5olegd 1, 18X &gow 0

ujr - ARG RA r = Wyl del A i 7F /A r oo =& 1,
a4 god 0

vy s A G 7 B r ol ZFF Fol &9 i 7F B r o] 2§ 1,
a%8A4 god 0

xijr - AR 37 BT r o HEHJAS W AP 1 7F B r o] =&

1, 234 o ge &

9 R7IHE o] 8&3te] RDHS R ES AEsh MILP 232 v #t
Minimize T (1)
subject to

tegm < T for all [ (2)

tejq, = 0 for all i (3)

teiq, = tSir + Orq, forall , r with o;, # 0 (4)

tSiq; = Onq, for all i (5)

tSir 2 tej g, + gy — M1 —Wipjs)

for all £, r, j, s with oy, #0, o # 0 and (i,r) # (j,s) (6)
Wirjs + Wisir =1
for all £, r, j, s with oy, # 0, oy # 0 and (i,r) # (j,s) (7)

—Mul-,j,r + &< tsj,r —Usir < M(l — ui,j,r)
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for all 7, j, rwith o;, # 0, o;, # 0, and i#j (8)
_Mvi,j,r + &< tei,r - tS]',r < M(l - vi,j,r)
for all 17, j, rwith o;, #0, o;, # 0, and i#j (9)

Upjr tVijr =1 =X 57

for all i, j, rwith oy, #0, o, #0 and i # (10)

le_jr <c,—1 forall , r with a;, # 0 and i<r<m (11)
J#La . #0

Pq; < tSiq, — teiq + e <P, forall iwith q; >1 (12)

pr Stsiy —teg, <p, forall i, r with 7#¢ and o;, # 0 (13)

Wirjs - 2o 1r g, sol sl 0/1 A=
Wijr, Vijr 2T 1§, r o di8) 0/1 B
o] REolA A (1) o] &Ale FAo] &hu At HA3F o= Aoldhe
4 BojFa dn 4 2 BEE A9 g8 A dA #he g5 AIRE
Atole] AL HAFET A (A= B te,, o #s 27138 ded. A
(4= shte] S AARE AlREes, )3 2 Ale gEsks ARt te,,, )32
HAE BoEn. 4 G T 5.0 27 235 AAdA=H. 4 63 4
(M= 2 (D w2 shube] A9d5 vkl AR (te;,, )0l Foldls 45 L
FE AdS AEE s AR )= AlRskal Aok A (8)ellM (10) =
xijr Whe AT S Asolth o] AEel o8t wy;,. ¢ vy, 7 BT
1o]ofoF x;;, gkol 1ol H=dl, L ovl= A% j 7F B r o HEY US
o2 i 7 BA r ool =AY Aol xg ;. atol 1ok Aolth ©] x5,
s ol&3l A (IDelA 2z ®Bael izt &2 Alefaditt. 4 (12)¢F 4
(13)2 7} Aol 2} ’aolA wi= Algte] et Aok HojE

1

¢
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olA o] RFPE AL TAE sZAsty] s8] st dqAE ARSI E
it} o] d A= Zhao et al.(2013)9 oAAE 7= st Ay AF Z
O|AE o]%F A7t So FHEL B Ao Ald 7o AES Wkl Ehe]

<
AAH o 54T otk ALHE Heldi e g,

m=8n=5 h= =(7,6,4,3, 1), e=(33,3,1,4,12),
6=(0,1,1,1,2 1,1, @), p= (0,3, 15, 1, 40, 5, 30, 0),
p.= (0, 10, 25, 5, 60, 15, 50, 0),

0000008 0

oM 0=0f i 3 o

@,=[0 0056780

00456780

23458000
[0 03 06 09 12 15 18 21 [0 23 26 29 32 35 38 41
03 0 03 06 09 12 15 18 23 0 23 26 29 32 35 38
06 03 0 03 06 09 12 15 26 23 0 23 26 29 32 35
s _|09 0603 0 030609 12/ 129 26 23 0 23 26 29 32
7112 09 06 03 0 03 06 09| " |32 29 26 23 0 23 26 29
15 12 09 06 03 0 03 06 35 32 29 26 23 0 23 26
18 15 12 09 06 03 0 03 38 35 32 29 26 23 0 23
21 18 15 12 09 06 03 0 (41 38 35 32 29 26 23 0|

o] oAle] dHolHE AEIEW oY A" wHE X33 879
Baz Hoed 59 Wy A9 g5 Wy 1] 283 6719 shEA g
BAaR olFold gla, A AF @A 5719 Aol Alz=Ee] EAG
Fol2Ex= A 1 BAFSY HH) fdd fAlstar vk B3 &% F
WA (1A 80 ®WA)e] AS Feeta, 58 ®WARY HAE Aefstd
AAZE 49 W)= 270, YA 5709 ®BaE E5 10t ZF A9
A fAE B 1, 2, 3, 4 W AP FAol FAdE 7,6, 4, 3 H

N
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Aol ztz Ag Folal, 5 Hge ok Tl FAHA Fa 19
B Fd mHCAA w7l Folth Zh Afdo]l dAe WAl =

=, 1, 4%, 1280] Al 2F g el A AR

prot p.oll oA Utk ol E 5o 59 WA A sk Az S AlRbol

2} = W R A F dom 60%e]

W] dol= "W #gol guHofok s & 5 Utk o, LS Bd

=] ¥as
A He TAHES & F Utk dE B0 39 AL A AXT 49
B9 Zje] #u 5, 6, 7 W BHAE A vixtor 48 HH 8¥
Baz olEsiAl "ot mHeR 5., % 6., FEES HY Wl To|rEQ]
olF AH RE B ALY Fol2E olF AME & F Utk Fo|2E

olF ARk Wl oled A HiE o ®AR olEshH 18%(0.3%)7)
-
[}

Ae3, 25 9 5o~E o5e] Aot A% B 2ol AL 98 28]
F7 e elof gt F, dl2 9 ®WAR Wl So|XE o]y A 18%7}F
o83 ZE g o)F9 A4S AR, ol% # R 2a¥E AL 2%

18%7} k= 3ol

o] A 3= o, BHAA 0 ©] oFd FE Zt= 17 o] 8 xFe U
A2 MR FAD 5 AT 24AES Ay 1A ZFo] 1, 2d FYg
278, 3 AL 471, 49 AFS 57, 5 FHAL 57 EFE
w2} 7}s(feasible) ¥ E7}s(infeasible) s& E&ato] o FFE o
17709 2 WME (1, 2,2,3,3,3,3,4,4,4,4,4,5,/5,5 5 55 9449=
AS-= el 491 17!/ 1! 2! 41 5! 5! |7 A &, EAQ dolmE «,
gl 0 o] opd 847t H Ji7F A et A= Aot

HAg 2T EQ o] LINGOE A3l MILP 23& o dAo] 283}
(2" 2-6]3 [Z29 2-7]¢k #o] HH &= FalmUutt. 4GB RAMH
2.60GHz G620 CPU7} =€l PColA HA @& Fot=d 4288 A7H

0.01% vrtem o] dAe] A5 vig- wE A7t s 72 5 Ao
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I A3 HHe 2 A o= (23 2-8]13F o] (3,1,2,4,4,5,2,3,5,
3,5,5,4,3, 4,5 Holitt. 1 weo] g= AFF 120.3 ]St

Lingo 13.0 - [Lingo Model - Zi || L= — e

= — =
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8 o 0T
(Dt Bt NGO Window Help

Dlglag] :[=(e) 2| Yol BFEEE el o

MIN =T,

@FOR(Job(3): T » TE(m, 3));
@FOR(Job(3): TE(naw(i), 3) = 0);

@FOR(TJ(1i, )| next(i, j) #ne# 0: TE(mext(i, j), j) = T5(i, ) + ldd(i, next(i, i)));
@FOR(Jab(3): TS(now(j), i) » emp(HI, now{j}));

@FOR(TJTJ(i, 3, ip, jp)| (mext(i, j) #ne} 0) #andd (mext{ip,-jp) #nef 0) fand (i #nef ip #ort j 4net jp):

T5(1, ) » TE(next(ip, Jp), Jp) + swp(next(ip, jp), i) - BM * (1 -w(i, §, ip, Jp))):

@FOR(TJTJ(i, 3, ip, jp)| (next(i, j) $net 0) #andd (next(ip, jp) #ne# 0) #andé. (i #nef ip #ord j #net ip):

Wi, 3, ip, o)+ wlip dp, 4 3) =10

@FOR(TI(i, 7)1 (i #ot# 1) #andd (i #1t? m)$andt (next(i, §) #ned 0):
@STM(Job{ip)| (mext(i, jp) #nef 0) #andf (7 #nek ip): =®(1, 3, jp)) + 1 < cap(i));

BFOR(TIT(L, 3, dp)| (mext(i, 3) #me# 0) #endf (next(i, ip) #nef 0) #andf (3 #nef jph

-BM * u(i, 3, jp) + 0.0001 < TE(i, jp) - T5(i, 3); TE(3, jp) - T5(i, j) < BM * (1 - u(i, 3, 3p))):
@FOR(TJJ(i, 3, jp)| (mext[i, j) 4ne$ 0) #and} (mext(i, jp) #nef 0) #and (] #net ip):

-BY ¥ v(i, 3, jp) +0.0001 < TE(R, J) - TE{i, jp)# TE(3, 3) - TE(i, jp) < BM * (1 - v{i, 3, Jp)}):
@FOR(TJJ(i, 3, p)). (mext{i, j) #ne} 0) #and} (mext(i, jp) #neg 0) #and (j #net jp):

u(i, 3, jp) + vii, 3, el - x(i, 3, 3p) = 1);

GFOR (Job(3): plnow(j), 3) = T3(now(3), 3} = TE(now(3); 3] + isi))
QFOR(TI(1, 3)| (nextli, ) tnef O)-dandb(idmet now(3)): p(i, 3} =18li; ) - TE{L, 3));
GFOR(TU(L, 3)1 [nest(i, J) dned 0) fandh (1 #ott 1)+ GBND(t1o(i], p(i, J), tup(i))):

@FOR(TJ(i, )| next(i, 3) #ne# 0: nl(i, j) = @SUM(TJ(ip, jp)| nmexc(ip, ip) #med O wii, i, ip, p)))s
@EOR(TTTI(L, 3, ip, jp): @BIN(W(L, §, ip, JB))):

@FOR(T3J(1, j, jp): @BIN(u(i, 3, jp)): EBIN(v(i, j, jp)): @BIN(x(i, 3, ip))):
END

i
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[ 2-7] oA¢ LINGO =219 By F&

_33_




3 6.1 423 85.1 112.5 120.3

- Lo / : i) 40‘/‘ _. 13 . gﬁ/‘ : 14 /‘
2y 13 / i 1/ / 18

5 T 6 B T / B 35.7'&}' /

! Lo f Lo s )8 100

50 100 time

[29 2-8] oA =A1e] HA 4F

RDHS 23] A4 Aol o= AL A& 7lsIAE XA 8 B8a
o] 7} 1290 AS-(F 79 wzet 10719 83 AHE§ @3l vt A=
=0 LINGOE AR&-38l Alikete] w3t

O A3 Aol F7k 7S A= 8% vl AFsE + £ U, &
Al 7t 87N Aol 38 9%, 9/l AS- 1AIZF 55% 1727 A8
At aglm JYY F7F 10709 ASol= A28 AA2 FaEs7]71R 9]

5AZE B9 AE FekA R,

uebA] RDHS W 2o ® 22 A7]e] A el & 3t & dAon
Wae] 7k AZId S 2ol & A7 EAldl el e A ekl
A 30709 ®WAaR AR A 719 Sol2E A" E AE
g 71 Qlol, alo] Fdo] o= Ak AstHuete AAAHR AZE gl E
S T AT To|2E A" JAAE HES sl e =3
=3

_34_



o

oCE]

el
T
=

=

=
$ 7

i

S

o

s

)

[e) A~
dE A&
-

A
S,

9

(¢}

stelth. RDHS

S

A= A3t 8
ZA

st¥l RDHS WHES /I

AYA

ofe] 7HA

1

s

B

et 2

o
T

DL

2 9
]
A

3t Zhao et al.(2013)9] AA]
Ho
+

Ao Aot &

iy

A=

T

9
pl

oA A<

]

o
1l

o] oA A+
Hol o

&

q4s 1y
A

5. Q°F
A ake}

LN

T HWEFT T X FE A
xR c~m g g ZERX
Yoy TR W NN R
&ﬂwwrgﬁalumﬂ =y

=P m° X % M
G < T {
ﬂﬂﬁrﬂ@ﬂ% o o
- LU S |y o
X = X ;o.#

& = 3
T od LT T T W
dl‘u)_AluAu_lOtﬂ_HﬂH JvN__in

]HT__O;OOOg EVLLLOH
T L _ -
mww]ﬂ%l WMWQE
= Aoﬂﬂa_]ﬂ,ol _NrooLet
e N R N I
SNEEI®T Y
™

T T 2% TR
= X Bz o =
S R N
g N = gy )
N ol o 9T B T i
e T S S SR S
T B g oz X
O~ L
o ~ X T o T I o=w
?ﬂﬂiﬂﬂouﬁTﬂEun%
B Jxm = W L O < Mo
ok 5 — =
TR R g R e W

. ~ Wo = Poe Wﬁo MW oF — " Me ] AMO

XA R N I S B
T X ! < _ '

3T o] o= o = W

I SN S T,

o TN O o oW oW w N 7

_35_



II. BAEA 7vke] Fa=¥ dRZAE
1. 7la

B Zo| M= Zhao et al.(2013), Tian et al.(2013), Feng et al.(2015) 5 °]
MILP HH|Z A|Ag RDHS 28-S & o A4 AIZE Qb si24E 5 2l
= Ty dag S5 Ackstdnh. oA Al 273e] Zujox XA g A H

PN
MILP 28& 49l ol FAld el AdAAZE W s 2x &

EAetaL shFol 15~207) Fi=e] #Ade Agss dEHA R ZAE
uH g o FEHA ARl HA e AT € 7 e £XTA 7

Wl Felsd QAAH WEe As R B Agtshs Pl @449

HEo Aol kX g Aol digaa dnh ad o
w Al 3= 2 Al A AlQkelalAk sh= FE s el dis) &)
gt Felay Eds EA4 AA s Aldsks U, aea dae
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(D) Ao 2ol Fh)e= w38t EHA Ao o T
ghelell FEol T4l A FTolar ymA= F wHddM A 7]
< olth.

(2) B3 Fm)e waseh. A HA BFa= F9) ¥yola, m WA ®Bas

(3) 7+ A& A= A% 34 A% HaES AAA gleH, 7+ 2
59 T4 oM Hgste #Hae A= 9= 5 3l

(4) 7+ #go] 7 BadA A EE Ak ’Bas) Dl wa gEkx s X
A AZE A el glejok sttt =, 2 Ao ok WA A Al 3
& A7k ek A7 Alolel lejok .

(5) ZF BA(ZL2 W) Ale]9] Exlolse el Adwk A & gl @
o] @ so|A~Ed o Sy H )

(6) TolA~Ex= 3 Wl shtel Zdrts A, A shue] H4AE &
gl o]l sS AlZStH FAkel WA K

(7) EAe] 54 Al2=d s
Eot717h A o] AA kg AlZHe FH A4Sk slo)t

(8) shihel ®WAANA Ak shife] AF 2pQfo] Al
Aol T8 4 gith
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Fol A BAldl e kel wAS Baf sbsyel AL AE AHIA

ojw] ¢knE APE A ool ALt T 4R 6, 3, D] Y
1 A2 oln] g HHRE ojFste] 44 Art TRHNenE 24
Bl A Al stefoF Fhrt

T4 A §¥S neste] ofF BUF AY2 APt B2 44 6,
3, D9 A el & A= 29 ®WAoln v ®As 3wt
T 3 A9 %S 1o]al A 4 #Qlo] Al Fo|mE o]F ol

78l doh =gk 51 W9 3 AR VAR 63 ® Aol A
A el

2] Folm 2 olFo] Erlgeith wEhq 5T 3 AYS
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At To|~EQ 9x= 8H B 9o i, 2 ZH-S 6 B
= 2 "g3d A AT A7FE 11.1 Foln, 4 gL 3 Bl Fof A

12.1 & &< Aol Jagd Feolry. 2¥ AL 69 ®ANA A Al
Zkol (5, 15) F-7tel Slojof st Tol~E7L & fiX|olA 6W ®AR
ol 53l 0.6% F di7] §lo] niE olF Fd& Al 4 gtk kA 4
H A2 39 WAl A A Alzre] (15, 25) ¢lHl Rl So]XE o]F Al
7ol 1.5 Folmg T o|~ES] 3% ®A = AlHo] 13.6 o] =i o}
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A 14%(= 15 - 13.6) 5 ti7lstolof Aok ol&A 7 ¥ Fu =)

< @A Fi dA AR vl AP B ol RES] tir]Agte] o

i}

1:1‘__}/13»3}-‘5 ]i‘é— J‘/\]—o]—oﬂ EH7]7]' T (ﬁ% H25 T'}i‘x] EH}E}Q-E B

g 71aL, th717F EAskE A-ols triARke] B g2 A} 27ivte

A]

A

gaow @,

4) #AL) 277 AAW BA F2 22 dFselw FudFE FPATbe]
AojAA gk w3 2gle] Frh gow ti7]|Azke] gl AYEY FE
Lolub £x]9] 47} v Lolu Wtk mek gaeElE zubel: vy

HsHe Doy slstel WZlATtel St AYES WE #x

]
AlZ1aL 21 gAY 27) ol Agdl= 7] AIzke] &S 2 277t

=3 4

A BARFOR @ 5, FueZ Tk AME BAY 45 Fz2d 1)
2 Fol7|= ot 1 WHL2 Hg] A% BRATIOM] &) #& &arg
=z 53 A SegE Algsks Zeld, ¢S So] BRATIO el 1/3

AT 919 alol A BE A< Aoy

1/3 olstd A

42 43
o] ZojA|® 0 o 77He BRATIO o Bxe] 45 12 ko] A4t A
e Zolm, BAIY /b HobH dmelE A Akl oF Pl
Qe A9l 1ol 77ke BRATIO foe Bxe] 42 2] odow
shel dlo] EAL ¥ 5 g HE ol

w2 AAo] e BA7} ool W 1 the 4G TEAA] h b

s olng HAsm B AN FAselok Gk
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3.2 33 (Lower bound) Ak

B2 AAe] wel B4z} o] Fol AW )£ B2 AAe] shte] Agle]

b REdgEe] g4 1 kel FRT WA 1 FEAgE )
53 ol R(Feasibility)& elsh= solth o Hde 1 28 Qo] Ay
R A% 7t Aol AA AP FQ WA Aol Ael A7 FBe Zrehis

Hoigks dete solth. & 44 (5,3, DO 4%, »HAT #4149 24
o] o]Fo] & AlHeo] 8.1i(=23 + 0.6 + 2.3+ 0.6 + 2.3)°|E& o] 8.1
woll o= 370 @& T Aot "I

(D) ¢a=A e 2 Agdd dis] Alz=gl o] 2 29dnt EAgth= 7Hg
stol A ¢km AIZEE Absta 7 2 e e B E 94 (5, 3, Do)
AaE Ao e mgks #gdo] 29, 3, 4, 5 47fo|t} o] & 5/
241 o] &m AbS AL E AL 5 A dA 2H '] i A
A ZHe 5.8%olt), A FTol~ES X7} 8 B gJorE Hl Fo]
2~E7F 28 ®WAE 7bd 1.8 Fo] Aol My A A 7.6%(=
5.8 + 1.8)o] =t} 5% #je] 2¥ ¥ Az 3ek Azke 3R] =R u}
= 3¢ ®HARE olsd F il 1 o]F AFh 2.3%o|th 3W wWIdA
Ha A AZH1GE) T FAYe § 4 ®gAR o] F(2.3W)3haL, 49



(2

(3) Wob 9 7

BAaoE Ha A ARH1E) ¢ 2A
gt 5™ "W HA AE AZH40E) A
(2.9 D)sky 5 Ajle] A7t ¢uHal, T &28ARE 67.61(= 1.8

daie 22 Yoz o5 A7 Aitete] 7 2 s 2 1 F
I}E Mx, olgtar kAL,
WS AQst 7} e s 1 BaE deE e AUYEY T AHY
AZES ARG SH A= HAE AT 6719 ®WA@CH~TH)
of daf 2 a9 s 4wy 93 Ha ARRe Alitstd o
A4 (5, 3, 1) AFA 58 HAE o= Axtsind, 13 2 2
A2 oWl WAast #ArE glemw FAgt 3¥ 22 A 69
B3 o 2 A7 A Alte] 2.9%(= 0.6 + 2.3)°|BE A A7t
3FgH40)7hA 37.14 0] Bastth Ed A & o ®WAR o]F7HA
2.3%°] dgstna bW B9} #Hste 3W AHYS Aty s =
23 A 7He 394801 thE oz 48 Al AYES Y 4 B
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A(2.3%) 3Fst Al7E B A0S skl tha A1l 8 BARE <
S(2.9%)sk=d 45.2% 0] Fasttt webA FE dA (5, 3, 1) Aol A
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kgl oA g W B2 AA (5, 3, 1) S B, o] BE AAL o,
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o] F:FL AA LINGO AN=8g s AFRENA C++ dolz 78

=4 3%

3hal 22 dAE AL Btth o] FAl= A7]7F ZrolA BRATIO #E 1

1=
2 QT &, dojol #AYle] BE FRAGAN 249 58 27 ol go
= s

I An dugd F3 AIZRe 9 LINGO o4 Aitel HHs) 9 vhkrt
A2 001 wwelo st okt ERTh 49l Ael £AE (31,2, 4,4,
2,5,3,5 3,5 5 4, 3,4, 5 % g, 1 oo gz A7he 1237202
AR QTE, okA] 27Fo] HAF e A7 120.3%0] HF 2.8% AR BEd
A3E Bol FAT

Al 7143 o] B3 3070 2 20709 EAlolA HEF S Ao A&
B ool e AZF Ul A iy HAsE Fo]AE A~

dAAg s FHE 7 US Ae2 AAZH
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4. FX A9

B Ao & o HollA A EX A 7kl Felay Wi TS 3
7Febr]l f18l ®Aart 1290 & g @Al Av)e] EAlE AREs| FH A}
Hlals) ®azp ok ShA Al 2%el A Al AAF neo] 109 A
LINGOE 3= H4 sis +& 71 glloen=

of thafjA HAsHel vlustitt Hlulste WEE W39 A7]E 128 1
gk el A nel 7, 8, 9 3719 #& 7Hd W LINGOE &3l HA sls 3t
O Ayt FEaege] AxE vluskgith, Fel ~ES BRATIO #HS 0,
25, 0.5, 0.75, 1.0 5 5719 #o = WA 7|HA AP3sa, A2 =&
2 HA g=m A A3dE EE37] Y8 AeE AN AbE 47

|t 2 AFE <FE 3-1> A sk

i

O

st

jud

<E 3-1> Fe29 d9 HA9) #o] A% Wi (m=12)

n 7 8 9
LINGO (Optimal) Makespan 100 100 100
LINGO (Optimal) Com. Time 8 189 6,917
Makespan 100.67 - -
BRATIO= 0.0 -
Com. Time <1 - -
Makespan 100.67 102.45 105.17
BRATIO = 0.25
Com. Time <1 <1 <1
Makespan 100.59 100.52 100.00
Heuristic BRATIO = 0.5 -
Com. Time <1 2 22
Makespan 100.59 100.52 100.00
BRATIO=0.75
Com. Time <1 90 730
Makespan 100.59 100.52 100.00
BRATIO=1.0
Com. Time <1 126 915
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Eol ANE FAE olsi3ty] U3l nol 79 Aol U EE BYL 4
At 94 HAe) 9w Aol 100012 EAHC] v A
118924 Mg 95 7% %S 10002 4AF Rolth Felzgdl o
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% S 28A%eE Aol7k ek Aol BAHOE 44" F ek &
A Abe o] selA Bae] 4 304 olnl AaA A3 BA A
9% A4 £8 5 JE= Lobd oigAQ BRATIO g1 A HlAES
Fo & gdomz Ad Algel 2 BAt 91e Ao wag,

A <E 3-1>e ARSI Mad S Qe b 2 Aolxe BAE o

aLogleh oA A AAY 2 AT E77F © AR 7199 A5 3070
HAE AMgsta ded, ol R A= LINGOZ HA dls 78 F
glonz FElxge 4% HATE TAZE AT 7 fidh

T A FEag s Abd 7ol H&akr] Sl Al Amet ofF
AFeE dolEE AFE R olAlE AE Rokth ®aE 30700la A 2
o] & 10/M& stk A= o] 7] ABF FAl Aglsts 299 F=
S 570wkl oAl A o] RBT TR F FE ALEE Aotk &
AAeF o] Zh Aol AFek ¥ ®WIe & 8~107 HEZ 3F3ith
BRATIO #t5 OFE 0.14 S7HA71H &atg]5s H2Esgled 0.57H &
S A EEPa 0.6 o)Al E HE & & JJgTh AE FF AS =
o 2% Alo]itt. B &) #ES EW, BRATIO
ol 0.6 %9 &8 Azt gL 100 ozt e = 0.7¢ wE 97.1, 0.8
o o= 954, 283l 0.99F 1.09 = 95.1 o] 3lth.

A7IA g 7HA] S A A7)7F B4 Fek Eskal ' 3070<]
A AgtAIgre] kA dAlETE EX FThE Holth oA daeE
PAE BHH & 5 e, A% oA A9 we ge EAE50] BrbEd
2 AR E el AdEATE As & 5 AATE B E A
He e A ®30] A Albe] AeAFE 2= A9-2dd], o] dA
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<{Parameters>

it AdE velE AX-Gi=1,2, .., n)

r,s, g BAE Y= A% (r,s,2g=1,2,..., m)

q; A0 A Z i o A AA (¢ = 1,2, ..., m)
e - AMZE O o AA fAACNA 2 i o Bk Azt

hi AZE O oA Zo]2ES A4 $# (h=1,2, .., m
¢ P WA o &%
R:Alzdle] & 9 5
Gy B r ol F A i 7k ol Fahor s B
Pt B r ol 2 i o Ael Aztel &
P WA r olM A 0o Ael Albe] At



0., - 83 r oA B3 s 7}A] 9] B2E ¥ FTO|AE o]F
Ss - B r oA WA s 74X Rl TO|RE o]F AL
M: FHo Fuj<

R PN
g Ha T

<Decision variables>
T: A" &8 A7

P AR 17 BA r & HoY
i A ol FHo] g A AT

Wirjs @ 202

il

Aestd 1, 284 gow 0.

EZ} ®BA r dA AP i AHE F 3 AN A

a%A gow 0.

vijr - ARGZE BB o] =& S EEGREe) 1 U e o

oA e 0.

=3 1,

xie © A5 b B r o] WMEAQS W 2 i 7 BA - o] 22w

1, 284 e o,

i 0 A7 T2 FelA sAlET] Ao Bo] Ay i o dFH AFL 1

y ARGl e el wwd & o] ¢l i o

zi; A 7 e ¥9E AR o o] #S
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9 BIIMES ol g 2% 4.3 AHE MILP 23
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Minimize T (1)

subject to
Pig, S tig, + e < Pig, forall i with q; > 1 (2)
tig, = Ongq, for all iwith q; <m (3)
P, <t tis— Osr < Py, forall j, r, s with a;s =1 (4)
m =P;m —e; for all i with q; =m (5)
<T foralli/ (6)
ts —tir 2 O F Opys =ML = Wiy jis)

for all i, r, j, s with a;, # 0, ;s # 0 and (i,r) # (j, ) (7)
Wirjs t Wisir =1
for all 1, r, j, s with a;, #0, o5 # 0 and (i,r) # (j,s) (8)
—Mu; j, +e<tjs+ 0 — &, S M1 — ;)
for all i, r, j, s with &, #0, o;5 #0 and i+ j (9)

_Mvi,j,q]- tes—tis— gsq <M - 17i,j,qj)

for all 4, j, s with a;s =q; and i#j (10)
_Mvi,j,r +e< tj,g + gg,r — Osr = M(l vi,j,r) for all i, r, J; S, 8
with q; #7, o #0, oj =7, ayo =7 and i £ (11)

2Xijr SUpjr + Vi S T4,

for all £, j, rwith oy, #0, o, #0 and i #j (12)
j#;#')f’ =6~ for all i, rwith a;, #0 and i<r<m (13)
b; =0 for all / with ;1 =0 (14)
b; =t;; for all i with ¢;; >0 (15)
—MAjj+e<b—tj,m <MA—-24;;) forall i#j (16)
—My; ;+e<bj—b <M1 —p ;) forall i+ (17)
ZZL',]' Sli,j+ﬂi,jS1+Zi,j forall i#j (18)
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ZZL/‘ <R-1 for all 7 (19)

J#
. o ) R
Wiy s @ 2 L] B sl dE 0/1 g
. . _ R
Upjrs Vijrr Xijr + 2o 10,0 o HIRE 0/1 9] A

Aijo Hy o ozt B ik jol Wik 0/1 A

o] mElo]A] 2] (1) ~ (13)& Zhao et al.(2013), Tian et al.(2013)¢} 7]
FAE g etk A (D2 o] BAY HHe] g7 ARME HAs dhe
Aelghs A BeFa gk

A (29A, = A WA gAML 29 io] A AREel A, g5 A4
BAE wd wof AgrelnR ¢, +e = BWANA AP F A AHE
ougtt. 2 (3) A9 b @A WA ¢ 5 W= ARl dA AN
BAZA Hl Zo|AE o]F ARG wE F gIES HoF

A WM s+ 6= WA rolAe JY o] =F ARto]7] Wi v,
tir — tis = O B A A G S A 2] AlZho|H.

Zglo]l Al 0 (q=m)oNA &5 w3l HFE2s A9, 99 a=

AZRe A Gl sl A B F Atk A )& BE Ao g Ak
AR 45 A Aol BAF HAFH A (M3 4 @) F 9 2= H
FO|2E o]F Afolo|A] Fo|~ES AR ofF AE mFselo} dh

2 @elA (12 7 B rel #mE s W = A9 7 93 rol
e w) Wg oy, 7 @ 18 ZEvha st S
2 AIZH=t s+ 0,) < WA roll A9 2] 19 B3 AH=g+ 6s,) < WA
rol Aol #qd jo] & ARM=t,) otk A (13)2 ZF ®Wao] digh &%
Al eke e
A oAlekS FdsH7] fa A (1A (195 M=zol Aol EAR
2 (1HRHFE o] A4 ol did AR Agdo] AZE 0 oA A2l Feold
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MODEL:
S5ETS:
Job: g,
Tank: c;
JT (Job, Tank): t,
JJ (Job, Job): lam,
TT (Tank, Tank): the, del;
JJIL (Job, Job, Tank): =, u,
JIT (Job, Tank, Tank) :
JIJT (Job, Tank, Job, Tank): w;
JTJIT (Job, Tank, Job, Tank, Tank) :
ENDSETS

e, b;

alp, plo, nl;

ma, Z:

Dup,

Vi

DRTHA:

n =
m =
RR =
BM =
epsi =
Job = 1..n;
Tank = 1..m;
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MIN = Tmax;

BFCR(Tob(i) | qli) #gt# 1: plefi, q(i)) - eld) < t(i, qli)); t(i, qli)) < pup(i, qld)) - efi});
BFOR(Tob (1) | qii) #1t m: oli, q(i)) » del(h, qli)));
@FOR(JTT (i, 1, 8)| alp(i, =) #eqd r: plofi, 1) < t(i, r) - t(i, 8) - the(s, 1);

I tii, 1) - tii, 3} - the(s, 1) < pupli, 1));

@FOR(Job(i) | alp(i, 1) fegd 0: b(i) = 0);
@FOR(Job (1) | alp(i, 1) #gtd 0: b(i) = t{i, 1)):

@FOR (Job (1) | q(i) #eqd m: t(i, m) = plo(i, m) - e(i));
8FOR(Job (i) : Tmax » t{i, m)):

@FOR(JTJT (i, r, 3, 3)| alp{i, r) #nek O #andf-alp(j, s) #ned O #end} (i #ned-i ford r net 3):
t(j, 8) - t(i, r) > the(r, alp{i;yT)) + del(alp(i, T}, 8) - BM * (1 - w(i, r, J7=8))}):
@FOR(JTJT (1, z, i, 8)| alp(i, r)-¥ne} O fand} alp(j, s) #nef O #and} (i #ne} j ford r #nedog):

w(i, ©, 1, 3) +w{l, 31,0 = 1%

@FOR(JTJT (i, r, 1, 2)|alp{l, £} #nek O f#endf alpli; =) deod r $andf i #nef 3:
-BM * uli, j, TW + epsl% (i, 3) + theddWr) el Tl
Eli, 8) + ghegs, z) - El]; T] < BMEEEENLi, 3, T)));
@FOR(JTT (1, 3, 8)| ‘alpli, =) #eqf q(j) $andf i #nef j:
-BY * v{i, j, alj}) +epsi < 0 - ¢fi, =) - thefs, afj}):
0 - t(i, ) - thefs, q(i}) ¢BM* (1 - vii, 3, ald)))}:
FOR(JTITT(i, , J, &, g}l i) #net r #and# alp(j, r) #net O fand? alp(j, g) #egf r %andf alp(i, ) #eqd r fandf i dmef 3@
-BM* v{i, j, &) #eepsi <\G{], g) MEHE(g, B) =Bl 3) THGHENEINEl
t(i, o) + the(g, ) - ©(i, s) - thefs, z) < BM * (1 - v(i, 3, 1))};
@FOR(JJT (1, 3, r)| alpli, T) #nef O $andf alp(j, r) #nef O #andf 1 fnef i:
ufi; 3, o) vl % T L1420, 3, o) ui; g ) TvEk 1, T F2orexliy §, 2k
@FOR(JT (1, r)| r #gté 1 #and} r 41t m #andd alp(i, ) #nef O
ESM(Job(3) | alp(j, r) #ned 0 Famdd idned §: x(i, 3, 7)) < c(r) - 1);

@FOR(JJ(1, j)| i $ne# j: -BM * lam(i, )4 epsi <'B(i} - t(3, m);

b(i) - t{i, m} <BM * (1= lam(i, j)]);
QFOR(JT(1, §)1 1 $mef 3: -BM * mu(i, 3) + epai < b(3j) - b(i):

b(j) - b{i) < BY * (1 - m(i, 3)}):
@FOR(JJ(1, )| i #net j: lam(i, j) +mu(i, j) € 1 + 2(i, j); lam{i, j) + mu(i, ) > 2 * z(i, })):
@FCR(Job(i): BSTM(Job(i)| i #ned i: z(i, 3)) < BR - 1);

i

@FOR(JT (i, r)| alp(i, r) #nek 0: ni(i, r) = @5MM(JT(J, 2)| alp(i, a) #nek 0: w(i, 1, 3, 2))):

BFOR(ITIT(L, z, 3, a): GBIN(W(L, 1, 3, 9))):

GFOR(IT(1, 3, z): GBIN(u(i, 3, 1)); EBIN(v(L, 1, x)); GBIN(x(1, 3, ))):
@FOR(J0(1, 1): EBIN(lam(i, 3)); €BIN(m(i, j)); EBIN(z(i, 3))); 4
END

For Help, press F1 | [ um[ Mop[  [inszcol9 [230pm 4
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tank

J1 15 ]2 63 13 150 J5 205
i n / 13114 4 [ ETEEIY
T fi i A £ J4_1s9 2 [ 176
ol Aot i woft 833 J4$: 13 s v/
st {34 ,/ J5/ 167
4 19 i i o /‘ SHHRD / 141
3 i i 125
]2 L Vi | 5 104

| 5 63 . . .

50 100 150 200 time
— loaded hoist move -~ » cmptv hoist move
[ 5-4] oA =AY H4 dA

tank
g LIL 15 2 9 F J3_158 35 178
7 12 62/ E 122‘/": J4f 4 185
6 L2 ‘2‘;-._3 : '-._J3 88‘/‘ L J 7149
s P73 53 J4i 10575 i s
PR RE / J4 / : JSv/ 140

Y {5 114
z Lol s / 98

194 YL
! Fj/ J5 34 , . .

50 100 150 200  time

— loaded hoist move

..... » empty hoist move

[ 5-5] & Alofo] g HH| AY
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[28 5-4]ollA ®A 1~7 o FAE A= To|AE 2o A2 ARt
=ty otk Wb ®= 89 Ak= el @m AlRtelnh 971A
=N

Tol~EE =YHoR olEs zyolth ade Ea Aadel 9

90 BAol MRt 490 £t F4 REDY gun AU 2ee @
& o
G Aok 21 T YA A 4 Aol g el ST

wAlel ds) AES AAls] madth A= [29 5-5]e dERY e

[72 5-510ll A1 AIZF 4ol 2] 47} &3 1914 B 22 o] HAS
T Atk o] ARE o]F A 1o] AlAHS wWd wj7hx] ABAF 1o ¥ F=
AlZe] 157441 47} @k o] F FAE HlusE] HW o A xzx9
FF o] AT7E Has o5 HA ol F Urh.

oA A A= AA 2FeA AW AXHE o, dH AT 09
ofd Q4o FHEE EAY HE UE F S HAFEh F, 9
dANAME 2 20 dis] F Aol 0] obd 847k 9l Z} 3= 47,
29 4ell= 671, A4 SollE 59 847t vk wEkA] A9 Erbse &9t
7best e xsdele e F e 17 A] W2, 2,3,3,3,3,4, 4, 4,
4,4, 4,5,5,5 5 5E A& A= WEe S 17!/ 2! 41 6! 5! J|7H

o] oAe} o] ARl FEAE= LINGOS #e HH3 zrao=r 47
HAHHE S 5 AR oY Lei and Wang(1989)ol| 4] Hox]zo] T &&

3] FA %A% NP-hard o &36l= EAol2=2 A4
A717F AAE F2 A HAYHE 7+ 7 gLl
38l H7] fE B ATl 'Ae S 127091

o,
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A5 wEolA LINGO® FHAE Fairdrt. 2 A3 7709 AHgol el
8% Wl A9 sl= HolWlow, g/ <ol thEidE 189% e,
a2]ar 970e] el Wisl 6,917% ol HA <] & Ftol W & Udirh
2] 71 10 A2 Eolubd AAEle 3A1ZF ojujel] H <] & FohfX
Pk A AT Rl o ATl F71E Folg At 71 ®Aa 7= 30

e

El

Aolmz MILP R Atd 7ol A48 47} sldih
webA o] Aol = FE Al ARE ARl M AR Aol I
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of A Aerd Fas" wHe wesE BARA dugdzow
obefoll AHE A BAQ B BAaAE o] B o]t}

3.1 ¥x AA

Al 7199l EAlCl dig EAEA dagFels =t EAE 24
Age] =47 ARE sy FHFow Aow RE AAHS oudlty o
Eo], [1¥ 5-4]9] HA &oA FTo|AEES 33 RE 3 Fo HE Adyge
(2, 3, 2)7} Atk BA A LngFe wE EE FiE Ao dubgoem
n 7ie] &7k dastA wrh

g o] AFelA AR EAE dagsEs destely] f8 F7F oy
Abgtol| A Al 93tk AHARE Ak g 2T
(1) oln ¢k5 ¥ =ztet 2L FA FHAA ALt ol

dAA FE AFAE (@, 3, 29 ==Ed U= AY, FAY 1, 2
A A A9l Holok atm o] wmEeo] EA F= Y 3
ZolE7 Hrh.

, 4, b2 3o

@ F% B39 $3& vAY 9 0L P32 2 5 Ye A9 24
Dol A ALsch ol AN BE AH (3, 4) wsd A FS

A 39 v’ ®A 69 &3] 1oal A 27F WA 69 dob
A7) Wl A4 3L WA A ALy oF gt

(3) AHE 7hsd o] ¢hm WFo] glow TS WH Aol A o
THRA AlQHTE %] oAloA Rol 3 U Wl ¥ dA (2, 3, 2, 1)
mEo vk #}) 2, 3 47F on] 3 Ui #e AA|Ehal glomE
2H] 5= A ClA A9 Hofok

J
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%)

3 satele v AdS Eolegr] S8 2 vtk ek e
A, A FA FE gl A ALlstE 3lo] Frh o] dAd A=
s ] =o dtta ZpAEAdY. (28 5-5]1% BHar) 24
20 o8] HFEol A 30 v WA Z 4 v A& HojFEd
webA A Al FRE A 2,4 2 57F HA Ak

olAl ZolAE tj7] AZte] FolxEQ g #YL 98 7+ o]
Aesdota 7hgsfor doh (28 5-5]% & dA (4, 3)°] A7t 23
(= 17 + O)°lA FRHE A BT ot o 2ol dis 24
27} AEEA So|~EZF B 60E A 5 e S
& AR (4, 3) olF9 Zol2E A& "I bol7] WEdl ARt 24 (=
23 + D7} Atk B 6914 A} 29 B3 AIRF2 29 (= 5 +
atgk Alzko] 150122 gi7|AIZE §lo] FA Ay 28 B9 &9 & Atk
At Aas AHEste] FY 49 5o Higt To|AE fiy] AlHE FS
= Z}7ke] di7]jAlzke] 199 00] = Al Hrth

Sol~E ti7] Alzte] AMFHW ti7] Alte]l 0 1 RE el #AE
As) A=A Ak 7] Azke]l 0 ¢ & £ 28 AAY gow
2 ZAdel g ol mHHA etk v gyl Alzke] 0 ¢l FY ol
gAY skl #A A 7 e B4 7 odiy] del diE i
J7ke] 0 olm& 7] Ajzke] 7bg Zr)h. oAlelA FiE dA 4, 3)9
7] Alzke] 0 Q1 #A FH(F, 2] 29 5)9F th7] Algke] &4 4
TEEE, AY D7 F o dernE T oY mETF B 9A , 3, 2)
2 (4, 3, 5)E A Hrh.

Aol AT A9 7k 22 AgrEo] YAR Ao AV F A
darE]Fe] AXE Aol w9 Aojxitt, et A 5 Fojof gl
Sol2E df7] Algte] 0 QI #A FHE F7p 2Hu oW, (0, D
RASBEE AAe] WFRA AHOEE BRATIO #h& AFE3she] #4 <]
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FE Aol F Atk oA W dA R A de AY 79
Sol2EVE FHgolr ste F AY o HES AXtajol #rh ¢k
oAl AAl FE dAFel (4, 3, 2)°]H HEL
Atk Ak & vE&o] BRATIO #hEth #od #4 = 272 AAHH,
22 g3 H]go] BRATIO #tRt} =W ¥4 & Uz g
& Eo] To|~E Ui7] Alzte] 0 ¢l Aol it L, Fo|AE Y]
Algke] el thE A]le] = AF 7]l Alztel 0 A g7
Azl 7hd &S Aol dial EA7F 7 o AREHA dAnk o] BlEo
BRATIO gt®th =¥ BRATIO @3 AU So]2E ti7] A|zte] 0 ¢l
A st A E Al
BRATIO #< A&t daelzel AXb AIZHE ofyt sidstel= 39
FAE A & & Aok @717 & EAY B¢ ddFHeE A2 BRATIO
s AbEEte AR AIEE 9E 5 A "o
W o] 2 BRATIO #e At om 7|7 2 Ao AFRE o] o R4
g o Ue dAS A "d. A o Fe Aol Ml
o

Rom HAES F3f AA
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9l S To|2~ELE ®A 602 dojrtok o)

W Fol2EVE ®Aaw Z F 9 7P wE A ®a 24 e A4
4°] k= AZko] 450, Y 49 ®WA 204 WA 471A9] =
SO|A~E o] A|Fko] 7ol A} 49 ®WA 4ox HIA o= HI

Axbsor b, 1 ghe LB1, LB2, LB37} Aol=x 7t F& Ao s

t}&-3F o] Aak®l MAX{LBI, LB2, LB3}o] A wt}.

(1) ofa 4==A ¥ ZF Zdo] dis] A4S 7HF wE g A7k tE
AAS b @i AXbEY. a2#a UA LBle] 1 F Hol gkl

== ok ek o™ oAelA, FiE dA 4, 3, 2)°] Wa TR

AIZEQD AIZE 30004 4 7] ¢hmHA e AY =, A9 2, 3, 4 ' 57
At
o714 2]l 39 Sk AIZRE vhgat o] At WA Wl So|xEs
WA 7oA ®A 52 o]t AIZE 32(= 30 + 2)of A 38 AE gt
ey, ¥ 5ol =] 39 HA g Ajgto]l 20 Eola, Az 239
B o] Aol =AFY] wjEel] STo]AEE: ARE 43914 AYPS AH
3 ¢ gloma 29 32 A7 490] ©A 69 =g & F UrH(= 43 +
6). 2 32 " 69 Ha A A5 &) F, B 79 olF AIZH6
), "3 79 HA AE A0 ) 2 w3 89 olF AZH6 ®)
7HA ] A7 86 (=49 + 15+ 6+ 10 + 6)o B 8o =28 5= i}
B 8ollA #g 3 oA 308 B9 siAEL wx o g

o

=
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B A" vUmA e A9 2, 3 2 4 oty BE A 4, 3,
2)7F FAHI HA A Azte] 10 A A4S

Tz gomz yYmA 2 2004 B 79 FHA A A7k 10 o)
29 28 ®WA TA T ®BAR o]Edte Bo|2E AIRS EFey
B3 794 2 28 @sst= 7PE WE AR 46 (= 30 + 10 + 6)
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29 33 48 Asted ELg AR 220tk &, ®A 74 2=
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o] =wolA Alte Felad dugFe AAE Hrley] 98 ol dA

g AMgstel 2 AdE FIdEdTh o] FAClA
HH S 233 8 F= 12, 15, 182 AP, I FE 6904 871X
ARSI 97 ool A EFskA @Ededl,  @ivkebd LINGO

HlaEih ol 2 918 LINGOS AR&3tel 2k ZAlo dak 4 ss WA
e o 5 7l9] BRATIO #, 5,0, 0.25, 0.5, 0.75 2 1.00] sl FelxH
T Ee Hgste] o BAo 2 Lk 7 Ao s LINGOS
7o} 5 71 FaElaE Axel diE gE Az D AAE AZFS v wskg )
AIE <F 5-1> <F 5-2> <FE 5-3>°] YE I

e
~|

I

<E 5-1> 28 d9 A4 d9) 4% ¥ (m=12)

n 6 7 8
number of nonzero elements in ¢, matrix 28 30 36
- Makespan 100 100 100
LINGO (Optimal) -
Com. Time 2 5 31
Makespan 103.3 104.5 110.2
BRATIO =0.0
Com. Time <1 <1 <1
Makespan 101.7 102.3 107.5
BRATIO =0.25 :
Com. Time <1 <1 <1
L Makespan 100.8 101.9 102.8
Heuristic BRATIO =0.5 -
Com. Time <1 <1 <1
Makespan 100.0 100.6 101.4
BRATIO =0.75 :
Com. Time <1 <1 <1
Makespan 100.0 100.2 100.8
BRATIO=1.0 :
Com. Time <1 <1 1
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GE 5-1>2 ®ae] 7F 12 o we] Axgholtk, EAle] B4 249
FHoHq 0o] obd 249 Fol AA 9FEEV] Wil T Al 2 9
AEE YER AL gl
RHE o & oldlsty] f1al n= 60 e o] ge A= u AL E© HAE
et A WAAR A HH & LINGOE o]&3te] syt Akt
U ollom 1 we] gkm AR 763 o]tk

5 71e] BRATIO %, =, 0, 0.25, 0.5, 0.75 % 1.0°] tj3l

28 dagFs Agsiglet. g5 A Z7F 788, 776, 669, 763 H

763 ottt FElxE daugFe] AXt ARE BRE A9 1 x wvk

ojAth. HA $m AR EAl] dis] 763 o]ARE HWE ZF5EH]
A8 Feol 1002 FAS

w5 7HA BRATIO #hel i3t @8 A)7+& 103.3(= 788 / 763),
101.7(= 776 / 763), 100.8(= 769 / 763), 100.0(= 763 / 763) % 100.0(= 763
/763) °lth.n =73 8l Hid A& FLdF HAAES A-E35te] AXbsAlh

<EF 5-2> 3 <GE 5-3>2 ’Ae F7F 77 15 # 18 4 W A%E
Yeplz ko o] FolA @do] 0¢] ofd 249 FUb <X 5-1>HTE

>
o)
rlo
\]

A5 ¢ doh o2 LINGOZL <& 5-1>3% A7t 25w H A9
e S A7) wZelth <E 5-2>¢F <F 5-3>9] @& dE A=

<E 5-1>3% A9 §-AF3He).
| =iollA A8 EAe TR g 5 dA EAe dole A4

g 7 e 2EdA #83 dQAlE vE7] fE HelEE AlFsHA

o

THE LINGOZ WA sjdste] A& 7hss a7k JeA oF-5 Felstoiof
gk webA oATE FHste] Be ARSI ARE AT U1
plenz 2 =iolA ARM FeElage] HuAl 54 AWshlel

2
A

#ol gtk Aza
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<E 5-2> Fel29 a9 A4 a9 A% ¥ (m=15)

n 6 7 8
number of nonzero elements in ¢; , matrix 26 28 35
Makespan 100 100 100
LINGO (Optimal) -
Com. Time 3 7 290
Makespan 104.2 108.4 114.7
BRATIO = 0.0
Com. Time <1 <1 <1
Makespan 103.0 106.3 112.3
BRATIO =0.25
Com. Time <1 <1 <1
Makespan 101.6 104.9 108.4
Heuristic BRATIO = 0.5
Com. Time <1 <1 1
Makespan 100.3 100.9 101.0
BRATIO = 0.75
Com. Time <1 <1 2
Makespan 100.0 100.6 100.4
BRATIO= 1.0
Com. Time <1 <1 4
<E 5-3> F28 d9 A4 s)e] A% vl (m=18)
n 6 7 8
number of nonzero elements in ¢, matrix 22 24 30
. Makespan 100 100 100
LINGO (Optimal) :
Com. Time 2 11 2,133
Makespan 103.0 105.3 114.2
BRATIO =10.0 ;
Com. Time <1 <1 <1
Makespan 101.4 103.0 110.2
BRATIO = 0.25 ;
Com. Time <1 <1 1
L Makespan 100.5 101.2 105.4
Heuristic BRATIO =0.5 -
Com. Time <1 <1 9
Makespan 100.0 100.2 103.0
BRATIO =0.75 ;
Com. Time <1 <1 12
Makespan 100.0 100.0 101.6
BRATIO=1.0 ;
Com. Time <1 <1 18
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