Journal of the Korean Institute of Industrial Engineers

Vol. 49, No. 6, pp. 514-520, December 2023.
ISSN 1225-0988 | EISSN 2234-6457

glo] =

"m Check for updates

https://doi.org/10.7232/JKIIE.2023.49.6.514

© 2023 KIIE

Zke} H3to| 755 Alu] A ool

771 214 3] 23}

Minimizing Total Tardiness for Identical Parallel Machine
Scheduling Problem with Splitting Jobs and Machine
Eligibility Constraint

Sungtae Lee - Woosik Yoo

Industrial and Management Engineering, Incheon National University

Machine scheduling problems are one of the important issues in manufacturing systems. In particular, in
complex conditions such as job split and machine eligibility constraint, it becomes challenging to obtain
appropriate solutions and it has been proven as a NP-hard problem. Previously, heuristic and metaheuristic
techniques were mainly used to solve machine scheduling problems. Recently, applying reinforcement learning
to scheduling problems to overcome the limitations of the two techniques has been receiving attention. In this
study, we propose a methodology to minimize total tardiness by using pointer network-based reinforcement
learning. Job sequences are determined through reinforcement learning. Machine selection and job split is
determined with heuristic methods to reduce the solution space while effectively minimizing total tardiness. The
methodology of this study showed higher performance than COVERT, ATCS, GA, and it is expected to be more
versatile than existing reinforcement learning methods because it does not require re-learning according to the

changes in task lengths.

Keywords: Scheduling, Reinforcement Learning, Job Split, Machine Eligibility Constraint, Minimizing Total

Tardiness, Machine Learning

1.A &

A 1A Fujgo] Frksta Ao £ F717} gob ol
T2H(Kim et al., 2020) Al 2A| 28l o] B F AL, B e &
Fote Aol U8 FasA L el v A A Y
T8 olggol AA L ATHDemirkv et al., 2010). B E&2

A e T T 97 AdS Jagaes AL 7199 44

© 8.40|Th(Lee, 2000).
A F 27| HF FA FolA FolE 5 9

A oA A E&o] 7hsskar A ko] EA)
& H7IAE S Hadlete AAAY HEE HREE T

T
o 7 Al A5 U2 B Bare] Mulo| A S
2}
hal

T L

A IAA L YRS FaNA AZA 28 AA ol oG A 9oy oy o] FAHS 1H3A derh A=
& 7120 w2 QRAYS) A0S T3 F71H BAe] g A Aoke] glof 4L TFHE FFE 4 Ui A
£31 ¢lo] B W8-S ARAD ek R EAHA Y o) Aol BT 71 2] BP9t A5t A2 8T
B d7E JdAdutn 2029 % AA AT Aol ot AFHIUE

AR - Fo4 W 22012 A AT opFEu R 119 AAN T A AT, Tel : 032-835-8488, Fax: 032-835-0777,

E-mail: wsyoo@inu.ac.kr

20239 8¢ 29 A 2023 9€ 10¥ AR H4 20239 10€ 4 AA A,


https://crossmark.crossref.org/dialog/?doi=10.7232/JKIIE.2023.49.6.514&domain=https://jkiie.org/&uri_scheme=http:&cm_version=v1.5

AsEE 248 39 B2l Abesta s

S 499 77 AT Aol WASE A9 ¢4 o
259 Aol ZAT. H90] §71Y o 5o HejHD
717 o] BT,

@A A s HAse7] 9 H’HL ”H] Al g z2ke] 1'&:@%
A-A ot Aol Fa3IT dE
B ds HAa3sl7] el L4 oi x_}gj_% E&atd Al
A 357t kst o] & ddd AP A @A Ftet
AL MR EAY SIFE £0]7] Ao Ad £TE 844 &

S A Aol A TEE Aulo A ZAL T A H
AYE G A Aol o3l g dulo] FGE F e
AE9 H71A o] F7h3t

A AlZEe] &Y Aol o EAolH H7AA H 43 A
o] BT} of¢ AXHKim and Bobrowski, 1994), £k, 2}
Ao £&o] 7hestH F YAAA T BobA A9 ERE
= 4 A

o] o} Zo] JAAA Q] Aol7t 4
A& Foted 10 Ao &8
T3 o QA o & 5H7é3} K
34 Fel2g s &

o|hAM F A E 4*5}5‘}

Ao Al A e ZAH Y ES A 7|9
JE B3 443t Edl AT 2y 2o
TZ5 o] &3t 7t =&l thd query, key, value S
A H o & 2 9 query 9k e A 9 key 1H ‘ﬁ"’\k\—
H a8 FALETE M & A S tha o Eete BE A
Ae «ME 2RI AYE AT Mdulg A4 #
Heuristic rule-s &3l 24 e £ AFo A N 2d & F
28] 299l COVERT(cost over time), ATCS(apparent tardiness
cost with setup) 3}, GA(Genetic Algorithm) 2] 72 2} 9} H] 2.5} 91 T}

2 AFE 5 Zo] FAET AAdAE 7€ TFH
Bau ZAE 7] A8 AL I ES S AET A3

oA ARt 7MY 25 AW A4 A= o &7
oA AR FHESY H5s FAAT A RO R A 5%l A
cEAF e AR AT AeFE AN

o o
e
o

o
Mo
;2
N
oy
o2 i ot

A
jil
o
o
10k
ol ont

& o
wiN o ok my B

ad

re

-4

2
My > M
¥ o
il

o u
TS
>
2
Iz =

2
= (m

Ao
o)
o
o ol
Er{oﬁmtm_&rﬁj&

e

e
© ox
ox
ol
£

of

o

2.71E 97

Badu oA Hr]AAE H A6
A8l Frel2g I 4 $aEE(Genetic Algorithm) 2 2
% ”ﬂE} Fel2g S F2 AT ST o] 3 Y
& Az 2H 4 5‘]'04 FEAQA HAGE 3t7] el of
i/‘]'ﬂo] EAG Fel 2y 7IH e 2HE WE AT Yo
T UAT F2 A E 1:1._7,5}*3} A Z3ok vE el 2g 7y
< -r'rﬂ}“t’] 71l Ha) & E AE F YA FA AT
o] ot A wWE AAA o] FoAHE A
2371 A HHRyu et al., 2000).

71E ?i?jolW‘f %
H,

Al Al A 28

9u] A oo] ZA 3 3

FEWE A 2R F 3] A HAE8 515

olg g o ZALES /A Y3 BEds 4BASY
o] A 8ste ATE0] AYPHAT IFAA & 3}t
& Q77 Sl ol FA L AT Paeng et al(2021)
An oﬂ/q x}ﬁ 2 Ay oﬂ [Hs]. }\]-Eﬁg ole:] oz H]-o].

“ﬂﬂZ@ﬂlﬁgA*ﬂ&meﬂﬂﬂ%
298 A AT Liu er al.(2023)2 2 o] FAHO =
[ehe WEAdu oA B4 A A3 Fel2g 7HE
Jo whet A9 Fgehe Asets 7S Aetg
TATEFAY 294 Fg2g RdRG O Y2 ARE
E@E} oPZlUP %:r 4 A7]7} A7 DQNE ZE AHgho] o
& 5 AT THNEES 39T Qo] 4E H
Ao of g o] %—ZH?&E}. T3 4 2] 2717F 1A H o
of stnZ 8ol fol S Y3 FASIE st HEHE AY
sk, o] HA oA FRIF SAHET

ol g & FE] Adl H2 2F HAS EAAA

5y
n:2

O

=R

_Eml:l PH%&NHOPO_
\'E‘l‘;

s

thoF3k A| 27} o] F A 3 9T} Kool ef al.(2018)& 2] Y &4
oA HE HRE YYo g Wol I E ¢£AE SYsi= W
HES Aok TAH YEYIE A &3] RS HE
o EHE ZYFOEN EA AN FEA g2 ZE A
S 1A F UL EEHY HREE YYoE W] viol A
R7} EARA gt AP A3 HEE A - o] 1007 oWl

S|
A Ao W ZHE FHe AT ]

(=1
Q
~

Irelan

al.(2022) RS HE2 AW ZA A AFAFTS A
&3 skt 2R ZE o2 e sk IR ZE £Fsta 7
Zrel kg A= E Fel2g 7o g AYste HHES A
A3 Vienna Hlo]H o} Zo] =29 57} v $- B2 &7
ol A Eﬂrﬂ o2 3 FE Fol7] 93 Heol & Fel2g
71HE At H A Bk JH e FEEts U EYIE B9
ARt 242 gAS AYsigla, AY A HAs) 9 71t
L &AL =5

B At = dAAE A5l 2 FFE A= Y
A e LA U ESY A 7wk Fstehs RdS Fa 243}
3, 399 57} gho} S5 o HA T 2L PR o] ZA)3}
T A4Y B Fe2g O AAste AAY THES A
Slacia=s

3. Al 714
3.1 907 o] &

() ZAH U ES 2

FOE Y| E Y I Vinyals er al.(2015)0] 23] AlQte 722
ot MAYES &35t HESTE o] = 4 299 A}
o] 22 e FA|, 2AEH I o] 23 A3l H A3l 4
71 oltt 7] & o 'l Wi AU Fo] AHEH B ¢ Ye
do] & M Yste] 2837 91l A7l Tol A& 7wk 2 3}
55 A7) W gol A 22 dof7t F7hE A O A E45& 78



516

sfof et 5, 2¢ o] Apdo] Aol o) ofof 3t o] = & A
of met 2¥o] A FetA = 2=F H A8 ZA ol A&}
FA e LAE Y EY L= A HojE o] Y 22 o] F]

IC

e 2 YAl 2ol st el o
M;}L A7 o] o] 1:}

&NE 2

. 1=
()3 2ol AtE w9 thg =Hof et 20 5FE= 4
(2)8k Zo] Astete] 7HAZ Q) 8 & @< 4 3 THBahdanau
etal.,2015).

uJZ VTtanh(I/T/lej+ Wyd,) (1)
j<€(1,2,.n)

p(C; | C’l,CQ,...,CgfLP) = softmax (u') (2)

(2) POMO &g &

UHH2 © 2 REINFORCE ¢
5 H4 W wake] vl 7 Shgol Eotsith E4ke| A7l
Ao GFE A ER o] & £ol& A2 Wff TR (Van
etal, 2016, Fujimoto et al., 2018).

REINFORCE €1e|EollM e 7 BAFol A Aefol tigh 7}
A Q1 baselines WA E4H& EQIT) BaselineS 2 22 &
A el H o @& AR FHE AL o] B4, A
o HAs ol WA 7] ks AV EAST POMO €aE]
F2 sl £84E ddetA 28T + A 2FH A
Ao ERE o] &3t F ZAE AT ) &
et al A2 A 4 0 2 Fofefof ok TSP A ol *1
Aol et YT EFAE GFA 28T F 9
HE A A o] 471 73’?‘; (ay, ay, ag, ay, ay), (ay, ay, ay, a;,
a2) (ag, ay, ay, ay, ay) S BF TL9EF EFA otk POMO &
2 Ao 2ol g 249 AA2E A7) 93 shute
TXHOH 3 A Y& S <START> EZE WA &4 A2
= 99 oA 3oz AA ko] Ytk olwf, 7 AR of o}
gt £29 AP E BAOE AR, AT BS base-
line &2 A-g-3to] 744 %‘?3 AE o] EdtL}, o] & B3] 2
£ 43t

Z(Sutton ef al., 1999)& 8

Sorle et Ao

i MATxﬂEX—}HTn ohE wHEs)
iy ’i??é% fﬂ%gi AL v T F GrAA
% baseline & 2 AFR31e] 8H5S AP}

o g
o

3.2 24 A9

2 ATE AY9 FRUE A0 9 Aol o] 23
o) bl A g mAAel B5 WHA o B B

Sungtae Lee -

Woosik Yoo

£ <Table I>3 20}, &
=PSRN

AZ B BARo o] BaF W
e E AR F 149U Yo

o 72 498 24 499l 7] @ I-1
o8t 499 A Ae 2719t 5 1@1@5L
T2 QAT

2
nsi'
S

Fl

ol
o

|

H

Table 1. Indices and Parameters of Problem

Element Description
JE{L2,..,n} Indices for jobs
QJE{L 2,...,10} Size of job j
e, {4, B C} Type of job j

MeE{L2,...,m} Indices for machine

5,501,206} Setup time parts of type b just after those

of type a
T Tardiness of job j
d, Due date of job j
Ty, Split job j processed by machine k

Processing time of job jk

T, Tardiness of job jk
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Table 2. Allocatable Machines by Job Type

m Job Type Allocatable Machines
A 1, 2,3
5 B 2,3, 4
C 3, 4,5
A 1,2,3 4,5
10 B 4,5,6,7, 8
C 6,7, 8,9, 10
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Input embedding dim 128 !

encoder layer num(N) 6 . ) )
head num 8 F2 28 g E kim er al.(2020)0] A ¢HEF WS A&}
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Figure 1. Framework of Pointer Network Reinforcement Learning

Table 4. State Definition

Element Description Type Num of features
QE{L,2,...,n} Size of job j Integer 1
e, €44, B C} Type of job j One-hot 3
-S’k,s/ke{AvaC} Setup time parts of type e, just after those of all types Matrix 3
d; Due date of job j Integer 1
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Table 5. Data Parameters
Equipment Job Size «
5 20 0.3(Loose)
5 20 0.6(Tight)
5 50 0.3(Loose)
5 50 0.6(Tight)
5 100 0.3(Loose)
5 100 0.6(Tight)
10 20 0.3(Loose)
10 20 0.6(Tight)
10 50 0.3(Loose)
10 50 0.6(Tight)
10 100 0.3(Loose)
10 100 0.6(Tight)
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Figure 2. Due Date Generation Rule

Table 6. Parameters of Due Date Generation Rule

Element Description
Q Average of all jobs size
C;X Estimated completion time
a={0.3,0.6 } due date distribution of problem set
d Average of due date
R=0.5 Due date range factor
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F7F5070Q) ol B 21 St dk A= shhef 244& A 9)et
<Table 7> <Table 8>2 2t WHES] T 97 Ad3 gl w2 IHEEG O 22 4% 233, o8 53] 2d9
A7t Bae YEbd ETH PNRLY 9iEs oo &9ddy] Unsl A5k 55 At At Felog 2
A 2 2 o $={20, 50, 10030l el TAd R} 2 ojn] AAR Ao 241222 FE AL AT Ul AEA o
F7h 50709 HolB 2 st 2l e Wustgn.  shesith ouk o2 B ER 2 4 Aol EAd .
Felzg Zd2 A Azto] 7Hd MEAT & Y E o B Aol A AFE-EE test seto} 2ol A9 7t AL 7 5o
H F d71A Aol v 2k GA BR& ¥ F71A%0] F8] & heuristico] U meta-heuristic®] T S 2 @3kA 9 A - ¢ A7k
Table 7. Total Tardiness for COVERT, ATCS, GA, PNRL
) ) Job Heuristic Meta Heuristic PNRL
Equipment Size ) @ - -
Size COVERT ATCS GA Trained by 50 | Trained by S
20 0.3(Loose) 45.9 36.9 23 6.4 0.8
0.6(Tight) 149 141.5 90.9 85.2 81.5
5 50 0.3(Loose) 209.5 97.3 19.6 10.1 10.1
0.6(Tight) 868.2 751.3 539.5 496.2 496.2
100 0.3(Loose) 844.1 236.3 39.4 10.1 6.7
0.6(Tight) 2,857.5 2312.1 1627.2 1555 1482
20 0.3(Loose) 1.1 0.3 0.3 0.3 0.3
0.6(Tight) 62.8 47.6 39.8 30.9 28.7
10 50 0.3(Loose) 95.7 8.6 5.7 0.9 0.9
0.6(Tight) 410.6 328 295.5 207.8 207.8
100 0.3(Loose) 370.6 34.9 20.3 11.8 6.5
0.6(Tight) 1,442.8 1,129.1 1,032.5 901.7 900.5
Table 8. Processing Time for COVERT, ATCS, GA, PNRL(sec)
) ) Job Heuristic Meta Heuristic PNRL
Equipment Size . a - - — -
Size COVERT ATCS GA Trained by 50 |Trained by S| Training time
0.3(Loose) 0.002 0.001 109.442 0.71 0.075
20 - 7.18h
0.6(Tight) 0.004 0.001 503.063 0.069 0.070
0.3(Loose) 0.008 0.005 1295.613 0.481 0.481
5 50 - 42.36h
0.6(Tight) 0.010 0.006 3219.559 0.512 0.499
0.3(Loose) 0.029 0.019 3600 1.921 1.977
100 - 166.17h
0.6(Tight) 0.029 0.021 3600 2412 2.356
0.3(Loose) 0.001 0.001 9.763 0.165 0.160
20 - 7.72h
0.6(Tight) 0.001 0.001 200.898 0.167 0.168
0.3(Loose) 0.002 0.003 395.291 0.496 0.488
10 50 - 46.56h
0.6(Tight) 0.003 0.003 466.169 0.517 0.522
0.3(Loose) 0.007 0.008 3600 1.899 1.956
100 - 179.22h
0.6(Tight) 0.007 0.008 3600 2.172 2.056
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