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Schedul ing of non—identical parallel machines with setup times

Jun Seok Sohn

Department of Management of Technology, The Graduate School,
Pukyong National University

Abstract

This thesis studies three scheduling problems for non-identical
parallel machine systems that can be easily found in small and
medium sized manufacturing companies. Common features of the three
problems are as follows; 1) minimizing the makespan, 2) machine
dependent setup times, and 3) machine dependent processing times.
For all the problems, this thesis proposes mixed integer linear
programming models, and using the models, the optimal solutions for
relatively small example problems can be found by a commercial
optimization software. However, since all of the three problems are
NP-hard and the size of a real problem is large, some heuristic
algorithms including genetic algorithm to solve the practical big-size
problems in a reasonable computational time are proposed for each
problem. And then, to assess the performances of the algorithms, a
computational experiment is conducted in each chapter.

After an introduction to the non-identical parallel machine
scheduling problem and literature review for the problems in chapter 1
and a brief explanation for the setup operations in chapter 2, the first
problem out of the three problems is studied in chapter 3. A special
feature of this problem is that the setup times are sequence dependent.
For the problem, a mathematical model and four heuristic algorithms
are proposed. Through a computational experiment, it is found that the
heuristic algorithms show different performances as the problem
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characteristics are changed and some simple heuristics show better
performances than genetic algorithm based heuristics for the case
when the numbers of jobs and/or machines are large.

A special feature of the second problem in chapter 4 is that the
setup operations for all machines are performed by a single setup
operator. For the problem, a mathematical model and three genetic
algorithm based heuristics are proposed. From a computational
experiment, it is found that some heuristic algorithms show very good
performances.

Lastly, the third problem, in which the machine dependent setup
time of each job can be divided into internal and external setup times,
1s studied in chaper 5. The internal setup refers to those setup actions
that inevitably require that the machine be stopped, and the external
setup refers to actions that can be taken while the machine is
operating. To solve the problem, another mathematical model is
developed and a genetic algorithm based heuristic is proposed.
Through a computational experiment, the heuristic algorithm shows
very good performances.

Keywords : non-identical parallel machine, internal and external setup,
scheduling, single setup-operator, genetic algorithm
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fmax = 0E F79 ¢sAZ (makespan)

Y, = T 7F Z1A kol @EEE 1, 28A FoH 0

zp = 1A kOlA 7h3 AA A EE FEo oW 1,
a"A ¥ 0

Z = VA kA FE ol ole] FE 7 AeHw 1,
a™A Fed 0

<Z3¥>

Minimize f .«

subject to

QZ,L- > a,,L‘ for all Z

x; + M(1'= 2z3) > ~#, for all 4, k

m n

T; + 2 (sip2in + 2 SjikZjik + puya) = f; for all i
k=1

j=1
VERK

m

E=1

fi < fmax for all ¢

m

Eyik=1 for all %
k=1

_19_
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(3-8)
(3-9)
(3-10)

: 0/1 integer for all ¢, k

1

n
VENE

: 0/1 integer for all ¢, j, k

J

1
n

Ezzjk < y’Lk fOI‘ all i, k

j=1

n
VERK

Yz =1 for all k
Yik> Zik
Zijk

b}

el
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ol
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o
LS

Z1 Al A Al
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NP

NP
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o
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Py
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)

ZO

Hz== H
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237 210
354] 102
000] 011] 001] [110]
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121 102 000 100
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021] (021] (021] [021]
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Lingo Model - makespani ==

MODEL:
SETS:
Job: a, x, £
Mch: r;
JM (Job, Mch): p, =0, z0, ¥:
JJ (Job, Job):
JJM (Job, Job, Mch): s, =z;
ENDSETS

DATA:

[
=]

I
=
[
o
=
=]
"
N
o
-
LS ]
[
o
[
=]
=]
™
L8]
[
L]
o
o
[
[=]
%]

Coo oD oo
MORR N S S
N = = I}
L = e =
00D D oD oo
S T =y
[ N N =
[ e T T e B R
0D DD oD N
[ R R R B = S R S
MR M D D
(S i e A
I = = e
[ R e ) S = R
= N VR =
[ R T O = T
(R R R e
0o DooD o
N N
Lo R I = i B X
MDD Do N D
e N S
CDoDo oD oo
[ I % T 0 T % B % T P % B

ENDDATR
MIN = fmax;

BFOR (Job (i) : x (i) > a(i)):
@FOR(JM(3, k): x{3}) + BM * (1 — z0(j, k)) > r(k});:

@FOR (Job (i) : x(i) + @SUM(Mch(k): =0(i, k) * z0(i, k)
+ @5UM(Job (i) ] J #ne¥ ii =(3, i, k) *=z(3, i, k)) + pdi, K} * ¥(i, k)}) = £(1))};
@EOR(JJ(i, 3) | i #me$j: =(j) + BM * (1 - @SUM(Mch(k): =z (i, 4% X)) > £(i}):

@FOR (Job (i) : f(i) < fmax):

@FOR (Job (i) : @5UM(Mch(k): vi(i, k)) = 1):

@FCR (Mch (k) : @5UM(Jok(3): z0(3j, k)) = 1);

@FOR(JM (i, k): @SUM(Job(j) | j #ned i: =z (i, 3, ¥)) < ¥v(i, X)):

@FCR (JM(i, k): z0(i, k) + @5UM(Job(3) | 3 #ne# i: =z(j, i, k)} = v(i, k)):

@FCR (JM (i, k): @BIN(v(i, k))):

@FCR(JM (i, k): @BIN(z0(i, k))):
GFOR(JIM (i, j, k): @BIN(=z(i, j, k))):

END|

[23 3-1] old 2 LINGO ZE2 3

JEuv & 4 vk o] A= NP-hard o] £3tE=2 &£4)

L

A717F A- B AL AL <ol HAHME FEle AL EVHs

_23_




= Z1A

g

,AO

7F 9 o]

A (F 5

= X
T

Az 9 AdARG

o T}
2

7t 4 ©]

7% 5

]

Q

Els

i=s

S

AFE A 147E <hol
A oA

_04

T—

Oo]:

]_

A
ATl A

o]
NI
)

o
ﬁo

)4l
ez}

,AO

T

B

w}2}A]

AT

1
boll Aol 7}k

(o]
1l

o

3. @< FaI=H YHE

<P

[e)

&G~

ol A A A

ok
3

tgon o +9%

o

BH (Base Heuristic) 23l =™

7} o

o]
j=1

o

T—

BH (Base Heuristic) Algorithin

by

o I, M = AA 71A JF

ilg
N

,AO

Step 0.N = A &0

e

1A k o ®RX

I Fy (=

S

Z1 Al o

H EE

[s12
=

i

1.1) Moj

o

)

Fk:Tk. = '%-:'

- 24 -

21) Z1A k ol =)



I
R

iy

g

)
—

N

4

=1

FES 2

=13
|

%

, Z1A kool miAd R mhA

ol
—~
o

4
,_a

o

A NollA AA

A o™ Step 1 = It}

X

XO

o Al AL T

4 o)t}

T—
p 8

3t

g

=
=

71 A

bt

S

ZREH

‘FRIAIZE

o A7IAM =

§-l_

AANA Al 22e MY

2
3 H 2] Azte) ol

g

A&

il

ANA =

)

3}

o Ad3E FolA AA

SR

o)
=

A= ol

A Fo|EE OABFEH FEA

7 T A Al ol

ol
w

ol
—
o

Nlo

o

B

‘o)
o

)

o

ANEHE=E A=

= °ll

B o

o)
=

S oll Al

IBH (Imoroved BH) & WHW3ldom I o]

o
.

i

BHoll ©]3f

7

= oe

2t

A

?l_

(pairwise interchange) A °|t. A}A|

_25_



IBH (Improved Base Heuristic) Algorithm

AA Z1A ZE

Step 0. 27|38+ BH ¢1gl&9 Adoltt. M
Step 1. & MellA 714 stUE d = Adste] g FEo
Step 2. 714 k o A&Eo=2 wiAA F= is joll i3l J,; (makespan

o

O

Zdad)E =H 2ol AL
Case 1. & i 7} 71A ko A F&Eoltd,
Oi = Sir T Si—S85r =S
Case 2. & j 7F 717 ke] mpA= FFo|2HH,
Oij = Sijk — Sjik
Case 3. & O olHW FF us i8] A¥, vE jo FE5FE°lg & v
0;;= uzk+szjk+5 vk Suik Sjik Sk
Step 3.3k 70 °]&e] §;;7F FFEtE,
31) A9 §,E Ze F F2 AeAE uwaIdH
3.2) Step 2& It}
Step 4. &= 0;; #=°] 0 °lstehH,
41) A MollA 1A kS AADH.
42) M = @ ol F833 28X ¥owm Step 1 2 o)
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DECODE_2 Algorithm

Step 0. DECODE_1< &% 3|& zta ok M = BE 7|AE9] AF
Step 1. MO ZRE 7|A 5 Jo=2 sty
=

Step 2. 7141 k o dAHo=2 WA

Step 3.3k 70 °]&e] §;;7F FFEtE,
31) A9 §,E Ze F F2 AeAE uwaIdH
3.2) Step 2& %ttt
Step 4. & 0;; #=°] 0 °lsttH,
41) JE MolA 71A k & AAZT
42) M = @ ol F833 28X ¥owm Step 1 2 o)

Holl A AAIGE GAA-s] g Ax}p o]L]o AL dFbdl FH
dagFeo] Het 2o AV A4S TAol 2R AgE (L
: Fitness Value) ol#le} Zo] mdd YolA EAXTgF gi(F F+ ¢

AR F AW (Zy)? AT BAAL] BARE W2 HolF
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(3-11)

22 A A (Reproduction) A E o] Mule] z dAAE 1
AT #hel wet g AMUE BAs= dajolth. B AT AE 7t
Fdixs 2 PRl EEUE Y S ARRsT S, AdEE #
H# g 27198 &g o2 ol Alde dNAE HdEste oo Al

o) JAAE AASE Aot AHE JAAES ooz )

>

-~

(Crossover) % EdWo](Mutation)®} 22 HFA  A4HGenetic

Operation) & #-g3ted thg Athel AAAE WEof Wk o #4
Mol Ade Adsted 4zl §AAE A

A &3tAth ol Hl g A AANA= A4 A HeF ENAVE &

Az dol7kA ¢+ 497 24T & der=w &2

Aol H FAA F ME A FHANESE F
= MUE vlE2 BASh= g F(elitist policy) S AH8-3FA

AS A std of#le] EVOLVE €xgl&3 Zr,

a
R

™
%)

EVOLVE Algorithm

Step 1. H ¢ EAA F V= ts AldelA Id=E A&
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<¥E 3-2> Results of Numerical Experiments
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<® 3-3> Computation Time for GA-based Heuristics (seconds)

n=20 n=30 n=40 n=50

GAl 0.02 0.04 0.10 0.14

m=2 GA2 0.02 0.06 0.11 0.15
J&K 0.02 0.04 0.06 0.08

GAl 0.02 0.06 0.09 0.15

m=3 GA2 0.03 0.07 0.11 0.18
J&K 0.01 0.01 0.05 0.05

GAl 0.04 0.04 0.09 0.10

m=4 GA2 0.03 0.06 0.10 0.14
J&K 0.01 0.04 0.03 0.09

GAl 0.03 0.04 0.09 0.11

m=5 GA2 0.01 0.06 0.08 0.10
J&K 0.02 0.02 0.04 0.09
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B oAe

il
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Crax A7} &8 NP-hard¥ & 2ol3 P2S1|s;=1| Cpay #AI
& oAk (pseudo) THEF L &S NI AT AFIFEA Ak
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ot mEkA GA 19 FFAREE I FE0] FETA CA
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Minimize f . (4-1)
subject to
xqy; 2 a; for all 7 (4-2)
xy; + M(1—2zy) > 7). for all i, k (4-3)
m
L1, + ESkaLk = Ty; for all ¢ (4—4)
k=1
m
To; + Ekay’Lk = f; for all ¢ (4-5)
k=1
m
fis @+ MQ1=72,) forall iz j (4-6)
k=1
3721' < a:lj + M(l_uw) fOI' all 7:# ] (4—7)
i s T for S 7 (4-8)
m
Y ys =1 for all i (4-9)
k=1
n
Yz, =1 for all k (4-10)
i=1
n
D zp s Yip for all 4, k (4-11)
j=1
VERK
n
2ot D zip = Yap, for all i, k (4-12)
j=1
VENE
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(4-13)

n

Dug< 1 forall i

j=1
VERK

(4-14)

n

(4-15)

1

VERK

J

: 0/1 integer for all ¢

u;

: 0/1 integer for all ¢, j

: 0/1 integer for all ¢, k

: 0/1 integer for all i, j, k

Zijk

el

2 A7
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A) Al o
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[231]
213
122
232
134
212

132 3]

96 8]
695
579
869
597
695
157 9]

= = 1} © hya 1=}
o] HolEE A& [1¥H 4-2]9 £& LINGO ZTZ 1o gXRE
= & 'Hg. :rLQ— 2= o]q.
"’] h = AA .
W
DAETHA:
I
m = 3F
BM = SmogEs
Job = 1..n:
Mch = 1..m:;
a 0O 0 0 2 &9 8 . :
z i e
h =] 9 & &8 & 2 &5 ST A 8 & 9 L.~ T e 9 5 L= - T
:- R L e e Z2 1 = i 22 2 3 2 o e R 2 1 2 3 253 4
ENDDATR
MIN = fmax:’
@FCR (Job (i) = =1 (i) > a(i)) =z
@BFOR (JM (i, ¥k): =1 (i) + BM = (I ==z0(i, k})) 5> r(k))ys
BFOR (Job (i) : =1 (i) + @SUM (Mch (k) : s(i, k) * wii, k)) = mZ(i)) >
BFOR (Job (i) : =2 (i) + @SUM(Mchik): p(i, k) w o owii, X)) = £(i)) s
BFOR(JJ (i, ) 1 i #¥ne#ij: =1 (3) + BM =~ (1 - E@sUM(Mchik): =(i, o kK))) > F£(i)) -
BFOR (JJ (i, J3) | i #ne#j: =1 (j) + BM * (I - ufi, J}) > =2(ir):
BFOR (Job (1) : £(i) < fmax) >
BFOR (Job (i) : @SUM(Mch(k): w(i, k)) = 1):
BFOR (Mch (k) : @5UM(Job(3): =z0(3, k}) = 1):
BFOR(JM(i, k) : @5UM(Job (i) I 3 #¥ne#® i: ={i, 3, k}) < wii, k)) =
BFCOR(IJM(i, k): =0(i, k) + @SUM(Job (3) I 3 #ne# i: =z(3, i, k)) = wti, k}):
@B5UM(Job (i) : ud(i)) = 1:
BFOR (Job (i) : ESUM(Job (1) I 7 #¥ne# i: u(i, J)) < 1):
BFCOR (Job (i) : ud(i) + @5UM(Job (i) I J #ne# i (i, 4ir) = 1)y:
@FOCR (Job (1) : EBBIN (uO (i) )) s
BFOR (JM (i, k): EBIN(y(i, k))):
BFOR (JJ (i, J): @BIN(u(i, 3))):
BFOR(IM™M(i, k) : E@BIN (=0 (i, kK)))y:
BFOR (JIM (i, J, k): BBIN(=(i, J, kK}}):
END
=2 - ] | |o| v =l (x od |. o )
(38 4-2] A< LINGO Z2aH (=LA 12l
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Hu & 4 vix g o] 4= NP-hard o &322 ZA2] =7
7t A-R A BAAA AIRE kel HASE Fote AL BV T ¢

ojth. AAE o oA AN dA(FEFIE 7012 Z1AFTE 3)9
H A= LINGOE AH83] 4GB RAM 2.60GHz G620 CPU7F 2
H PColA 12% 25&%te] 78 4 Aoy FE9 57} 8olal 7]

F7F 3% FAE 1AL kel di7F FEiARA Fot ZrORMS TEE

2 FolAs dAZ Z719 EAE Adst] s EF #
18] F (Hybrid Genetic Algorithm)< A|QFgtch. iAo 842 3A

o] NFEL VA TP 2)VFE FEESY wAE AYHE T
z

(S, AAAN el Td FExE iy EFS F &t s dst
55 ok oA Bl "dAAHR] Ak dubAQ] A1 g sH o
F 4o gte] A A -8 2 (Decodmg) Aol gk FEl=geol A
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i At =5 sl Aolth oE o F&o] 571ela 71A7F 3uiel A
¢ AAAE (0567, 0132, 0.982, 0.248, 0.724)9} o 57]9] Af=2
742 F A, A HA FAA g 0567 & A WA FEe
ZIAE Gl o] FoAA =T, 11 Fol (1/3, 2/3)°l &eEE A WA F
T2 71A 20 w8 EH. mpUbA] WA ow F OHA FES 0132 €
(0/3, 1/3)cl2=2 Z1A 1], Al HA FE2 0982 € (2/3, 3/3)°l =
2 71A 30 dddEg. e WHoE FE 49 58 71A 1% 39 &
7y dgE. o)A e FAA e tiE FE-71A o] o] Fo
AW 1 vs AREE 39Ee FElz=gel o5 2 JAld dd F&
E9 HeeArk A= B AFoMEs A JHA Ha S AL
=3

A WA B ZAYAZe] 1 FEE& FAFHS=E AHIYste
LPT(Longest Processing Time) 7%= AF8-3T}. Pinedo(2002)° <3}

@ 1BHe WA ARANA LPT 72 4ds F

Case BoundE 7hA= & Fgxgolth maty B Aqdi= &
FEo] 7| A0 FREo] Yt AL AdeME BASE A HA B
Mo w LPT F2& AL3ATh. QaA d7l Foixe o o] a4
AE = A3 (Decoding)dts AT Thewt 2o},

DECODE_LPT Algorithm
k—1

Step 1. 941A vlwe] i WA f2A ol 2 (L, Lyl s
W R i 2 A kool MRS, AA kol WAE FEE
o AL J, =, @ A olde] FEol BTW AASY W

o
<
[o
ft
oiff
rr
v
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Step 2. 2 JA7F 7HEH A= AHE avail =, 71A k 7F 7 A=
ANdE ms, 2 Tt 18¥ availl=0, ms,=r, for
ke M o]th.

Step 3. M= @ ©1® ms;, (k=1,2, .., m) 5 ANGAE fou = F

Y EFS TR

(¢}

Step 4. M ol 3 k ZA ms, 7t A2t He k2 k 2 2.
wek Jo=g oW M olA k& AASI <Step 3>02 T}

Step 5. J ol &% RE F& i o thal max{avail, a; ms;} + s,
+ py B AMST T ol Aovk He FR 0 E AL 9
o He FRo® Atk FE i B AT J. oA AAwC

Step 6. avail = max{avail, ay, ms;} + s, & 2ol avail = AA
A3k},

Step 7.ms,» = avail + p,- ¢ Z°) ms,. & AARFSIIL <Step 4>

2 2.

Ui 2-ANA EFAE A= AFES FALGAVE e AFEY
< rmX= &olgta JHAEAT. § g FoA AHEE WS
avatl °o] ¥vIE o] AHE oujdty. AMALE Z+ quail A-NA T

< 7t wy] JhEsiAl= ZIAlE AL (Step 4), 1 Z1AIC wiAE = L
A



o 7HeAAH(a), 29 gAY HEAH(ms, ) T AWEH
AA (s, B AHAZL(p, NS ez AT = Ao

o] ¢ F9] [Step 5]NAE AFFTEAZC] VM & FES A
ggto 24 LPT 3& A&ttt o] wa#e] vus s £ <o
TollAe EAAY FokidlA Wol] ALHE = e 3
SPT(Shortest Processing Time) 73 %= A &3t7|= Jht}. o] W22
?1°] DECODE_LPT <iig]&olAl [Step 519 ‘HAW'E "H&'E HHH
F715F st Hoh o] W2le] o]F 2 DECODE_SPT ¥ig|E2 & 3t
o 2 ZE Y £S DECODE_LPT 41853 I3z =z A
Hol A = 7] 2 gk

£ AgelA Atz Al WA Decoding 84S F ©A T4
AN 2EH ] F GEAZTE HASstE EACA HAZHME ot
Johnson T1&& &3+ Zolth. kAl AHI A

J
Fe A= MMEHeE F 2A A9 7AR FEC] At £
3
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Step 2. A F A7 7HEA A= A S availl 2, 714 k 7F 7HEA =
AdE ms, & o 12819 avail=0, ms, =r, for
ke M o]t}

Step 3. M=@ ©|H ms, (k =1,2, .., m) T HANHFES fonx = =

NN ms 7t Ai7t He kB kK = =:0

D
[}

e

I
<
-3
1
e
&
of

ulof Jk* =g o™ M oA k;*% A ASFIL <Step 3>C. = Xty

Step 5. J ol &3 F& ¢ TN max{avail, a; ms;} - avail +
Sur <pyr = UEFeeE FEES HA¥e U 2, 284 &2
TEEY] A V E =0

Step 6. U» @ ©°l¥ U ° &3 ¢ ToANA max{avail, a; ms,:} -
avail + s,- 7k A&7 He 1 &1 2 ¥, U=0g °ld
Vool &3 ¢ S p 7F A7 H= @ &1 2 Fedh
20 B A kK 9 o8 AY FROE I FE § E
At J- oA A AR

Step 7. avail = max{avail, as, ms;} + s, % Zo] avail & AA

S~
ro

o},

Step 8.ms,» = avail + p,- 2 Z°| ms,;» & AAASI <Step 4>

3
r:]_‘
iy

of dagjFoAAE AMALE A avail AMFANA FF THE we

7Fea A= ZIAE e BAH(Step 4)S A EUWE DECODE_LPT
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G FH FLstth. I Z1AYA e A5E FEE AARAE o
Johnson 73S AL&3tT}h. ¥WEA © 2 Johnson 73S & &3st= WH
= 1) A37IA Y AgArZte] L5714 AYAERG &S FEo] U

OE 1 FEE FA HAA AeAzte] Hadl FEL WA A

i o AY7NA AHALEOE max{avail, a;, ms;} - avail + s, <
A&, o] e A AFS JIEeE O FEY AYE TRY
f7kA o] G AR QA RS oHgt. 28 S5V AY AN REE
AA AYAEA p- E AHESE "

oA AAGE A3 B (Decoding) AAF o] e #HA -
HE2Rl 731 daElFe] Aue 2o i AEAVE HAS EAlele

: Fitness Value)2 o}&je} Zo] X WA =23}

4

AP H(F

F HE F GBAY) B ANE (D) AT FAA BHGE

F;, = Zmax o ZL (4-16)

52 A A (Reproduction) #FAF o= o] Atiel z2+ GAAE 1
A= gl w2t vs Ad=E FAsts dxfolty. & AFlAE= 7t
2l B EEE WH S AFES AT =, Ad s ghel
H e gk A7 &R ol Ay dAAE AeEste] o3 Al
o] dAAE AAsteE Aot Adg®E JAAE Ude=E w)
(Crossover) % EZdWo](Mutation)®} 22 /A  A4HGenetic

Operation) & 2§39 g Aol GAAS wrEo] Wtk o &
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are]
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=

EVOLVE Algorithm

Aeoll A o2 AE-Rh T
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=]

= o
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=
T

SRR

wah A =
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o Ao go)A

GAA L] Frh BRHG o
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4. X 43

dA AT EF FRLLYFES] Hs5e HUbsH] fs 2 A
NMEe Aoz AT qAlES Ar&sl dagFe 2345 Hl2IH.
o] AL o Z2 F DAE Uro] PSR gk A HA
G A Y A= LINGO Al2="&

Une)ZEF LINGO A2=8e Agsl 22 ool masts 89S
FRPPTh I hgoE F oA GAGAE AHNE T ol
M@ 2 FEe BAE Y4se] A FnYFEY 45 A=
E A% )7t AR SHEE

soA stUH= sta JAIeE 2
% IR 3 F 4 (n, m) 2F s AFE FI¥Y. F
A SANAE FES FF 20, 30, 40, 50 T 470 @& FlA s
2 33 JIAY = 2,3, 4,5 5 4 FAA YR 3t F 167
m) 23] EAE sty d¥de AP
228} (n, m) =gl tisiA= 5709 2AlE del= APAT 2AE A
st SIME ay, Ty Pk Sk Sigp (85 =1, 2 ., n, k=1,2, ., m)
FES AAstol sl 1 e oS ok A a; ES AR
el Ao d F22] Wk A on] HaE ol itkal ZHsklal (5,
a; = 0), WA We a; = U0, 10] 22 7Hg3tdet. ©714 Ula, bl a

—_

o} pAteloll M elg BAE e oujeltt 1, #= U0, 10] & 7143

=

ok s e 2 A ARKpy) T EAsy, R os)e 25 U, 15]=
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7SS

<¥ 4-1> Results of small problems(Z & X} 1¢l)

n=5 n=6

makespan makespan

LINGO LINGO
comp. comp.

John | LPT | spT | Hme | jopn | LpT | spr | tme

mean | 1.02 1.03 1.06 8.2 1.05 1.08 1.05 305.6

m=2 | min 1.00 1.02 | 1.02 3 1.00 1.02 | 1.02 180

max L05 1.05 1.08 15 1.09 1.18 1.09 389

mean | 1.01 1.02 | 1.04 15.0 1.01 1.03 1.05 933.8

m=3 | min 1.00 1.00 1.03 9 1.00 1.00 1.00 355

max 1.03 1.09 1.09 21 1.03 1.08 1.10 1336
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<¥ 4-2> Results of large problems(Z X} 1¢2l)

n=20 n=30 n=40 n=50

LPT | SPT LPT SPT LPT | SPT LPT | SPT

mean | 0.96 0.97 0.95 0.96 0.96 0.96 0.96 0.96

m=2 | min 0.93 0.95 0.94 0.95 0.94 0.95 0.94 0.94
max 0.99 0.98 0.96 0.96 0.97 0.98 0.97 0.97

mean | 1.01 1.02 1.01 1.02 1.01 1.02 1.00 1.01

m=3 | min 1.00 1.02 0.99 1.01 1.00 1.01 0.99 1.00
max 1.02 1.03 1.02 1.02 1.01 1.03 1.01 1.02

mean | 1.01 1.02 1.00 1.02 1.01 1.02 1.00 1.01

m= min 0.99 1.00 0.99 1.01 1.00 1.01 0.99 1.00
max 1.03 1.03 1.02 1.02 1.02 1.03 1.01 1.02

mean | 1.00 1.01 1.00 1.01 1.00 1.02 1.01 1.02

m=5 | min 0.98 0.99 1.00 1.01 0.99 1.01 1.00 1.01

max 1.03 1.02 1.01 1.02 1.01 1.03 1.02 1.03
<3} 42> 7 WA 9AY AFdAFHE BHAF Yo o] 4H &
FEo 48 20, 30, 40, 50 FolA FUR sk )AL FE 2 3 4,
5 % 3tU=E 3t F 1670 (n, m) 2FY Ao tigk Addelth olH
TR EA taiAdE LINGO A2®S 53 HAHNE dAAFHA
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Minimize f .
subject to
xy; 2 a; for all 1
Ty + M(1—2y) > 7). for all i, k
m
xqy; Eseikyik =1z, for all ¢
k=1
Ty; < Tg; for all ¢
m

T3; T Eszzkylk = x4, for all ¢
k=1

m

Ty T D Py = fi for all i
k=1

m

Tond M(1—I;12ijk) for all i# j

T
IA A

Fm o SR 2
3741' < $3J+ M(l_u2L72J) fOI' all 7:¢ ]

1_u2’i*1,2j) for all Z,]

&
N
IA

+ M(
+ M(

&
[\
IA

1_u21*1,2]*1) fOI‘ all Z¢ ]

m

Eyik:1 for all %
k=1

n
Yz, =1 for all k

1=1
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(5-8)

(5-9)
(5-10)
(5-11)
(5-12)

(5-13)

(5-14)

(5-15)



n
Dz s Yy for all i, k (5-16)

j=1
VERK
n
2T D25 = Yip for all 4, k (5-17)
j=1
VENE
n
Yu, =1 (5-18)
=1
u?’i,?’i*l =0 for all z (5—19)
2n
D) Uy, =1 forall i (5-20)
j=1
j# 21—1
2n
Dus < 1 for all i (5-21)
j=1
J# 24
2n
u; T\ Usgs—q =1 for @ (5-22)
j=1
je 2i—1
2n
D Uiy =1 for all i (5-23)
j=1
J# 24

u; :0/1 integer for all ¢

u;; : 0/1 integer for all 4, j

Yir % : 0/1 integer for all i, k

Ziji + 0/1 integer for all 1, 7, k
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I

2O ol &) ME T3 AFH 29%9 ALMAE HAHE
o _
T AR T AIdE <F 51> Zo] AYT & AATh
B Lingo Model - opl_makespan_separate_5_2 [ =
MCDEL:
SETS:
Job: a, x1, x2, x3, x4, £, ud;
Job2Z;
Mch: !
JM (Job, Mch): p, =se, si, =z0, ¥y;
JJ (Job, Job):
J2J2 (Job2, Job2): u:
JIM (Job, Job, Mch): z:
ENDSETS
DATA
n =:5; nZ =310; m = 3> BM = Q089
Job = 1..n; Job2 = 1..n2s Mch = 1..m;
a==0410490 51310 ; pr=uh SN0 &
p = 35 35 40 30 26 33 SHEB2T 30 32-38 35 35 30 28 e
e R I igF2 3 3 6 T 68 4 2 .56 ;¢
=5 =23 24 a/5 4 L T T S e e e e S

ENDDLRTR
MIN = fmax;
@FOR (Job (i) =1 (i) > a{i))s

@FOR (JM (i, k): x3(i) + BM/* (1 — =z0(i, k)) > x(k)):
@FOR (Job (i) : =1 (i) + @SUM(Mch(k): se(i, k) * w(i, k)) = =2 (i)):;

@FOR (Job (i) : =2 (i) < x3(i)):

@FOR (Job (i) : x3 (i) + @SUM(Mch(k): si(i, k) * w(i, k})) = =x4(i));

@FOR (Job (i) : x4 (i) + @SUM(Mch(k): p(i, k) * w(i, k})} = £(i)):

@FOR (JJF (i, 3) | i #me# j: £(i) < x3(j) + BM * (1 — @SUM(Mch(k): =(i, j, k}))):
@FOR (JF(i, 3) | i #ne# j: x3(3) + BM * (1 — m(2%i, 2*3)) > x4(i)):

@FOR (JF (i, J): x3(3) + BM * (1 — u(2*i-1, 2*j)) > x2(i)):

@FOR(JJ (i, 3)%] i #ne¥ J: x1(j) +BM * (1 — wm(2%i, 2*3-1)) > x4 (i))/

@FOR (JF (i, 3) | i #ne# j: x1(3) + BM * (1 — u(2%i-1, 2*%3-1}) > =2 (4i)):
@FOR (Job (i) : £(1) < fmax):;

@FOR (Job (i) : @SUM (Mech (k) i ¥ (i, k)) = 1):

@FOR (Mch (k) : @SUM(Job (3): =z0(3, k)) = 1)

@FOR (JM (i, k): @SUM(Job(j).| 3 #nef i: =z (i, j, K}y < wvii, k)):

@FCR (JM (i, k): =z0(i, k) + @SUM{Job(j) | J #me# i: =(j, i, k}) = w(i, k}):
@SUM (Job (i) : ud(i)) = 1:

@FOR (Job (i) : wu(2%i, 2%*i-1) = 0);

@FOR (Job (i) : @SUM(JobZ (j) | Jj #nef 2*i-1: u(2+*i-1, j)) = 1):

@FOR (Job (i) : @SUM(JobZ (3) | J #ne# 2¥i: u(2¥i, j)) < 1);

@FCR (Job (i) : ud (i) + @5UM(Job2(j) | j #ne¥ 2%i-1: wu(j, 2%*i-1)) = 1):

@FOR (Job (1) : @SUM(JobZ (3} | 3 #ne¥ 2%i: u(3j, 2*i)) = 1);

@FOR (Job (i) : @BIN(uD(i))):

@FOR (JM (i, k): @BIN(w(i, KkK))):

@FOR (J2J2 (i, Jj): @BIN(u(i, 3j))):

@FOR (JM (i, k): @BIN(=0(i, k))):

@FOR (JIM (i, 3j, k): @BIN(=z(i, 1, K})})}:

ENT{

[ 5-1] oA 2l LINGO Z2 2™ (HAMNH ZE2l)
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time operator m/c 1 m/c 2 m/c 3
5 SE(1)
SI(1) SI(1)
5
SE(2)
10
SI(2) SI(2)
15
SE(3)
21
R(1)
24
SE(4) R(2)
31
SI(3) SI(3)
35
SE(5)
40
SI(4) SI(4)
43 R(3)
SI(5) SI(5)
46
R(4)
65 R(5)
75
76

[22 5-2] Result of the example problem (W 2[4l & &2 2l)
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