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Abstract

To efficiently operate complicated production systems such as mixed-flow production, production system simulation is a
promising tool. However, constructing accurate simulation models requires significant effort. In this study, we proposed a data-
driven and multi-scale modeling approach that optimizes model configuration by combining multiple modeling methods. In
order to verify the usefulness of the proposed approach, we organized the possible model configurations from the perspective
of available data from target system and conducted computational experiments for flow shop production systems to compare
various model configurations. The experimental results show that the optimal model configuration strongly depends on the
complexity of target system and models to be identified, and it is important to divide the model so as to reduce the complexity.

Keywords : Production system simulation, Production system, System identification, Machine learning

1. #

AR, i) b7 SEMEIR AR PE S AT LA NRANGEN T 5720 DT & LT, Cyber-Physical
Production System (LA, CPPS) <° Digital Twin 2357EH 41T % (Monostori, 2014) . Z 415 OfEFHAIZISNT
X, VA NRN—ERICBIT B 7 « UANVEROREERET U 7 NEELE /2D, FFIC Digital Twin [Z8W TR, E
HPES AT LOYEROZET 2 YIS 5720 DAEEL AT LI 2 L—3 3 > (Production System Simulation, LA
T PSS) NEEL INTWS (Rosenetal., 2014). F7z, PSS % Reconfigurable Manufacturing System 72 & D Hi7-
e NOAFEV AT LAEEBRTHETHLAHTHD (Golaetal,2021). ZiLHOfEFAAIZIBWNTIE, PSS
WIEFEV AT DOZEE FREICTHT 5 Z ENROLNDLD, EFEERY I 2 b—a VBT VOREIZITZ K
RIHNEBELTWEDNERETHY, TADNELERTOI I 2 —3 g VIEHOBRED—DZ > TS, —F
WA, AEBGNOINE SN DT — X TR - FEL HICM ELTRY, #BEBHIN bR~ 220 CREZ %
s, ERzisls, FEOIE, MIHNROAEFEV AT D ERGIT, T —FOMMEE IR 2IEH LT
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PSS DETNE EHBEINNAERT 5T — X~ VF A r— 7 ) o 7 2E LT D KRS, 2023).
AKH{TIE, F—AEEMLF R — VBT T Dartv 7 MWL L BT, B 77— 3 v
THEVAT 2ERBE LT ) o VT FEO B ERICOWTHRET 5.

A SIAREZ GO TS ETHRSNS. HB2ETIE, PSSORIRET LV EETT U 7 T uk X, BHEH
%8, BEIET Y 7 OB E AIEONME ST 2R 5. 53 H T, BER Tk~ 7 —HBREhil~ L F 2 —
NET VT OB LR TR AT b a xR & LI2REF RO FEBFEZ OV TR L2, ANFEEEHCC
FEV AT DHEIET 2 FiEERETH. T LT, HA4TETHE, N7 a—va v T VAT AExtg b L5
B R A b, RETIEORRAMECET 2 EBRERRD. KIS, 85 BICBWT, RIEEA%OMEE RS,

2. EEJATLYIaAL—2avOBEBETYI VYICHEITEERLEAMROLESR T

21 —BNGEEVATLYIAL—2avETIVEETIVTFIOER

PSS IE, >V a—% RITHE LIAFES AT AET VBT, E ./ DSFTE OLBRRFR 2 8 TRkl 2 1 0 4=
WTWSERERBIT S Z L TUAT AOEEZTHTHHOTHSH (HEEF, 2013). PSSIEEIZT A 3%, #
B, ApERTEIZ: SITIEH S5, ABFE TG & T DI TR R DY AT KB WTE, AEFEY AT LHNOD
EITRR%Y, TOLIERTOUEEZEGESTHND Y a 7D Queue 248 L7=ET /L (LIF, Queue ET /L) TEHIT D
ZENEV. Queue ETFANTIE, RIUISRTEIRT V7T 4 BT 4 2EHTH. £, PSS Ok ET Y
Y77t RE, (DETIVEEES, Q)T —F%H, Q)TTNVEE, WTET/VRIENLRD. 1OT /7T 4E
TARET VT a AOFHMIIBERAE SR E T KR D, 2023). BUROET Y 77 mt AT, FRC
BT IVEEDERET MRGE (FBEFHE & 7T VO RE L) ([JRARZREWLE R THEZE L TBY, €7
INEEDESE L b E DT ET Y 7 Tt 20 BENE « EREELBETH 5.

Table 1 An example of activities in queue models of production system simulation.

Activity Behavior Required information
Dispatching Select jobs to be processed next from jobs in a queue. Dispatching rule
Resource assignment |Select resources (e.g., machine, worker) to be used for the next jobs. Assignment rule
Setu Occupy the resources for the setup time determined based on the Setup occurrence

P information about jobs (e.g., product type) and the resources. condition, setup time
Machining Qccupy _the resources for the machining time determined based on the Machining time

mformation about the jobs (e.g., product type) and the resources.

Routing Move jobs to the queue of next processes. Process routing rule

2-2 BFEAREEAHEROLESH

PSS D HBIET Y o VBT ABAFENIRIZIE, T —F BT ARV AT LT —X T 7 F ¥ DHEAERICELY, £
TNEELZBEMET 5 L ONZ (Balras, et al, 2016). il x1%, Kirchhof Hi%, £ rERAEZRTA T V=
FEHEANCERL, A7 V=227 FERER - A5 2L TETARET L HELRE L T 5 (Kirchhof et al.,
2016). ¥R = b—3a UREER RICB LTS, EEFERT — 4 0D TRERBRIE-CVEERR 2 #EE 3 5 7155, PLC
(Programmable Logic Controller) 7’1 27 A6 2 X7 VAT ADISEET VERIES 2 kR ENRES
TW% (Karnok, etal, 2011, Popovics, etal.,2013). F7z, AFEFET —FNDT 4 ANy F U T NV—VERET
%7150, Queue ETNVHND/NT A —2 ZFET HFEDIREZEIN TS (KJF, 2021, Nagahara, et al., 2020).
—J5 T, Queue BT /VERHMAZELETHDOTIIRL, Tt RR0U 2T A0 AN ) EARR % B[R E T DT~ —
ADFEBIREIN TS, Bz iE Lingitz 5%, ANN (Artificial Neural Network) 2% FH\WTAREY — K& A A
TR A FEEREE L WD (Lingitz, etal., 2018) . F£72, PSS Tld/ < Discrete Event Simulation K> Agent-based
Simulation D538 TlL7T — & FEULEAT Z IS H L72F2E b iftE SivCnsd  (Xieetal., 2016, Huetal,2019). EFRo
R, ()7 —Z HEHRA)E T ARGRED Y NMEHIC BT 2 6 D TH 5.

kDX 91z, PSS REDELDY I 2 b— a3 LZBWTE, BEFEMIFE T4 T T U 7 FENMER SR
TWh., INBDOET V7 FECEY, FTROVAT ABIKE NS k2 IR A — NV DETIVEREET D 2
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EINTED. —F, FFEDVAT A ET AL, ED X9 72T /UEENE LT 20EH 52 Cldis
<, BT MEEORBEIITEARLE L CGRENS D, UK LEE DL, ®EERET Uitz AEhiEH4 5
T AR LT A — VBT Y T ERE L TWD OkED,2023). #2555 RUE, Activity, Process, System
EWVSTEHD A —/TENT, R IR TECBI T 72 £ DOIFANRY 72 Tk THEEE L Tc R D BT L & AL 7
HOED L THRARET UG BEAR L, BROBEEORWET UEELENT 5. BERTIE, (A8n7eH
TRV AT L &SI, Quene BT /LN—RZ L ANN X—Z2DET /)LD ATV, TS - =5 ) v 7 Fik
DERM, BIAT ARETTNVOEMSITKTT 52 L2 Lz Ok, 2023). AT, Iha@EHTRmy
AT DR T DI EARET D L L i, BRIV AT MBI 5T U « 5 U 2 7 FEO i FE5R
fRZRT. ks, AWMTIE, BEREFERRIS, WMBIRIEEDL—2 7 —2AZhHEL LT, %Y 3 7ORAHE)
DAFEZETHREZ THITAZ 2T Ial—arORAMET L. 20, L, &Y a 7OBANGERET
TECTOERE) —REA LEVIal—rarOTHRIELT 5.

3. T—EREHETILFRAY—ILETIVTDOEBIEL AT LADILE

ARETHE, BERTIRELE, 7V VIR EONE, T2~V F A r— T ) 7, BIEVAT
KBZHRTDET V> 7 B OWTRBROPINC LB REFRICRE L TR~ 72 BT, TRV AT AZxd %
TV T HIEERETS.

3:-1 EFVIIFEDNE

BN THHT —ZWENU~ VT A —VET VU7, BEOET ) T REEMEEL HIETHD. £
DT OAMFFETIL, Activity/Process/System 7> 572 % ET /LD A —/L & White/Black/Gray 7572 5 ET /LD X
AT TET VT FEESET D, SEMEEHRE SR I GRS, 2023). Activity 1ZA4PE TRRICISIT DAL
BREHIROT 4 ANy F U T N— VI 8, BT UGG DB OR/ NI ERE R T A — L Ths. £z,
System [IEFES AT AREERT A —/LTh D, EFUTK LT, Process 1L 1 DO TFEEZ KT A7 —/LTh
5. 7RI 2 b—va rE®BTUL, BEOT VT4 BT 4 TIOOTREERBL, RO TREZ2EIAD
BTV ATLEERERETH 2 ENEL, Fi2, AEVATLADOEREF—2 b TREM TSN TS Z &R
2\, AR TIE ERRO S Z B E 2T, Activity/Process/System D A —/ )L CET U >V REEGET D, £
7o, IR TIRARTZLH1Z, BTV 7 FHECET 2BEFRICIOTIE, [HKRAZ: Queue E7 /L% V7 5%
HI72 RNz, FEET — 2 LS % V- Black-box £F Y o 7 FIES, [HIBAZRTIETHE LT L
DIRT A =BT —ENLRET D FE (F—2AbRE) BEGELTEY, AMIETIEINDEZEE 2T
White/Black/Gray D% A 7" CET U v 7 FEEFRTD.

TITAET A AT —IVDETIVX, TAANRNYT T N—NIREDT 7T 4 T 4 DIRDEENERBLLT-E
TITHY, 72T 4 BT 4 White Box Model (WBM) &7 277 ¢ 7 4 BBM (BBM) @ 2 ffEIZ/05ET 5.
Tat AR —AOFET VL, BIRZXISRE LIZET L THY, 7 v 2 WBM/BBM/GBM (Gray Box
Model) @ 3 FEEICHET . 7ot 2 BBM L, Fat 20 A DEIRE FEZET —2 0 b IRaIcFE L=
WFER—ADET LV THDH. IrEA GBMIL, —HELIFZETOT VT 4T 45T 77487 4 BBMIZ
Lo THEH L Queve EF NV THDH. VAT AR —ILOFT VIER TR AT LR E LIZET L TH
D, A7 A WBM/BBM/GBM & LTH¥LTWD. F£72, VAT AGBM & LT, VA7 A GBM-1/GBM-2 ®
QFHOET NEERT D, VAT AGBM-11E, —EEIZETOTEN T vE® A GBM 72137 7 X BBM
ko TERASINTZETALTHD. VAT LAGBM2 1L, VAT ANOEBTREELYV T VAT L%, VAT
A BBMIIZEH»TERLEZETALTHA.

7%, BT, BRI ATLAEREIC, a2 BBM & 7 ut 2 GBM O AR LT-. ABTIE, B
BT AT LaXRIZ, AT 5 BBM & A7 A GBM ZHigd 5.

Table 2 Classification of modeling methods.
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Modeling method | Model scale | Model type Definition
Activity WBM Activi White-Box [Describe the behavior of activity explicitly and deductively based on background knowledge.
EE—— ctivity
Activity BBM Black-Box |Build a ML model that inductively express the input-outputrelationship of the activity from activity log.
Process WBM White-Box Build a Queue model in which all activities are expressed by Activity WBM and the connections between

activities is also explicitly and deductively described.

Process BBM Process Black-Box |Build a ML model that directly predict the process output from input.

Build a Queue model in which some/all activities are expressed by Activity BBM and the connections

Process GBM Gray-Box between activities is also explicitly and deductively described.

System WBM ‘White-Box [Build a model in which all processes are expressed by Process WBM.

System BBM . Black-Box |Build a ML model that directly predict the system output from input.
System GBM-1 . System Gray-Box Build a model in which some/all processes are expressed by Process GBM/BBM.
System GBM-2 Build a model that any sub-system, which is composed with some processes, is expressed by System BBM.

3:2 F—ABBEILFRT—ILETIVT

LIZT =2 B~ VF 2 — e 7 U o OISR Z R, 22T, /AT A7 —/L &I Activity,
Process, System &Wo 7o BIRDHAT— NV DETNEMEEDLZLES LTS, M1 O W/G/B X WBM,
GBM, BBM %%7. X1 DFET (), (b), IIRT LI, BESFATIE, EHEOET VEEE, x5 A
TLEANDOT BB ARLT 7T 4 BT 4 B« T 52 ETEERTAIK 1 (1). ET /W), (b), (o)I%, FhE
AT 5 WBM, A7 A GBM, VA7 ABBM O—fITH5H. ET/M@IZBWTUL, 777487 4R
& TROFEERBRIL, MESEOT—#0F7 U U 7HYFEOERARICESEERIND. —FH, ET /LB
(0)IX GBM/BBM #E A TEY, ZNDOETMIEERET — X ICESERESND. BAEMIZIE, a2
—a YOANHENRCIES &, AR DB O TRIRE 2 R RIZT 2 X IZEET LD /RT A —
A2 E2EETHEH Q). £ LT, ERESNEZETAREOT NS R BEEORmNET L EZEINT H(K 1 (3)).

Data-driven and multi-scale simulation modeling
(1) Generate multiple models with different configuration.
(2) Calibrate parameters of each model to maximize prediction accuracy.

(3) Select a model with the maximum accuracy as the optimal one.

Information/Data

/ Requirements for

Output
1 ()

(2)

simulation input/output

g

Knowledge about
production activities

Output (3) Optimal
(b) model
L

Model (c)

Output

ffffff > ST -
(e)

!Pammctcrs; \

(— (S

Production
activity logs

A b

/ ERP/MES data

Fig. 1 Schematic view of the proposed modeling approach.

3:3 BHIBVATFLIZHMTBZETYVIAEE

AEITIL, BERTIRE L, HIRVATLAZR5 L L7 a2 A GBM & 7't A BBM O TEOE
k%, BERTCIE, 7't A GBM ORESGIEE LT, i b 15 Td 5 Particle Swarm Optimization

(PSO) WD HIEZERE L. AHETIE, 70t AGBMNDOET 7T 4 BT 4 DIRDIENEEFRT H 8
TA—HRY MU X%, V—RZALTRRRENR/NE 2D X HITPSO I K W EET S, PSO IZHIT 25 HIWE
B JEEM Z LU RIOR T

]GBM — ”ltref _ ltGBM” (1)
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ZIT, WL UM 3N FN, EEBIOT oA GBM IZBITAK Y a T DY — RE A LADRT ML TH
L. DFVUBM L, RTRA—EZT MUV XERRLEZ7 a2 GBMIZEBIT D TRl — RZ A LTS T 5.
AFRTETIL, PSO IZHUT DR\ LA~ T-F1ETH D R-best ET /L EH S (Choietal., 2011).

7t ABBM IR LTIEL, NAJI1HIIO ANN ZHW5. ANN O ANIEEDOY a3 78T D RHEE~ Y
MTHY, HNFYFEY a2 7OV — RZ A LAOTHRETHS. ANN IZI1T DK% J5BM % LU R I RT.

]BBM — ”ltref _ ltBBM” Q)
ZZTUBBMy, FatABBM IZL A THIU — REZ A LD NV ThD. Sl &AEPED X 5 AT A
TAIBWTE, 5V a 7DV —RZA AL, FOVa 7T ORECEABELT TR, £0OYa 7T ORI
BASND Y a THOFELZIT D720, ANN DASJR7 MUEIR o DIEFRE G X O ICRET 52 i
HETHDH., T TAIETIE, Va7 ioFEESE LTHQB), @), O)TERINDIx,yZHND.

1 if pty=p
= =1,...M 3
f { 0 otherwise (» ) ®)

N
mm=2:ampw=—amﬁ—L p=1,..,M) 4)
J

1 Uj¢imwt?+dADsﬁWw?+w+1}ADmwp5=p

0 otherwise

)

where &4, = {

ZIT, MBEONIZENEN, WL Y a 7HEART. ptlIva 7 i OREESTHD. DFE0 xI1L, ¥
a7 i OO one-hot X7 MLVERBLITHDH. F/o, tMEya 7 i OBRAHIEFCTHY, ADIIRMERTEHTH
D, yapldy a7 i OFFERIEL, EH D B L UADIZ K- THRE SN DN 500 p DAY 3 7HT

b%. DEV yiE, Va7 i OFEEIEICET 2RAGHEOREEARB LIS P THD.

34 BEBIEBATLIZHTIETY VI AE

AREITIE, AIECRARTFIEZ B TR Y AT MIPEET 2 FIEICOW TR S, EH TR AT AEextg b
TEHEE, MOELIETY VI FEL, RS AT AL RER FET — 2 IKET 5. 22T, T,
THE2, TRE3IMNORLT7u—ya v ROV AT LEEZDL. ZOBE, Valb—ya O HIFEEL, &
CaTdllBIATREIBEANSTRERINHEETETOY —RF A L THD.

ZIT, IRV AT HTBWT, £V a TOTHE 1 ~OFKA B L & TROMFLSE T HIESBER (ApEFEHE
F—& L LTHIGMRE) ThaEE%, M2@Ird. ZOBEAIE, H25 TRONHEET HiF 2% TIROKAH
L /e g2 & C, K 2In TR, & TRACK U CRIEIO 7 vt A GBM/BBM #&4 HiEz A4 5 2 L2
FHETHD. K20k, TR & T2 LTIt AGBM %, T3 IR LT e BBM %i#f L7z
BEDETIMVEETHD. ZORIICETROETNVEME L%, TNOOETIVEREGTHZ LT, #HT
Y AT ABIROETNEGEDLZENTE D, ZOKIS, FTEROTTAEZEBNICHER L T LiEET 2 HiE
%, VIBETIIHEOLE S, AFETELNZET /WL 3-1 fi TR _72v 27 A GBM-1 ([ZF1%4 45

—75, ARICTR 1 & TR 2 ORTE T HRRDSREZ2GE1E, HIEQD L5 IZ& TROET VAEINZFRET 5
ZEIFTET, TR ~ORABREND T3 OLBSE T HRFAEE PHT 27 ARMNEIL D, ZOWE
%, B2(b-DITRT4RIS, 3 DOTFE% 1 50 BBM TRET L HFENEZ NS, ZOBBMIE, FrEA
BBM & [ARED TIETHESEARETH D, DF Y, TR 1 ~OBAARKNSXAB), @), GIZX 0 HHEx, y 25t
BL, ZhbEADNELT, TRIBAND TRILIHETETOY — KX A AUBBME )19 % ANN 7
NERERETHZ LT, 3 TRZ#ED7-BBM 2155 Z N TE 5. ZhuE, 3-1 fiCR~7= 27 A BBM (2
L, ZOKIZ, 3 TRZEDTI1 20 BBM #4581 % k%, VB TIEHEQ LS, -, FEFICEIT5
BOFEE LT, K202 RTRRS, 3 TRETE 70t A GBM THRELZET, 3 TRICEEND /3T X
— X ERIFFHCEET D HELEZOND. BIRRICIE, PSO D/RT A—H X7 "L XT3 TRARED/NRT A—2 4
THEDET, TRIBANS TRERINHSETETOERY — FEA LW & TR — RZ A 2 Z2 1B DA
EERENETDHNRT A =L 5 PSOICEIVIRRTHZ LT, VAT L GBM-1 IZHNTHETNEEDLZ ENTE

[DOI: 10.1299/transjsme.24-00107] © 2025 The Japan Society of Mechanical Engineers
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L. TS, £TREZ 70t R GBM THELLE- LT, £TRONT A—F ZRIRCFEET 5 HiEE, BT
FTEQ & RS,

£77, RICTRE 1 OESE T BRI TH Y, T2 OAFRE T HEHIRA TH DAL, X 2(c-1)(c-2)iZ
IRTHENEZBND. K 2c-DITiE, T 14270 A2GBM/BBM & LTET/MEL, T2 E3NLR5Y
TUATAE 1 OOBBM & LTEBTAZ LT, VAT L GBM2 IS 5T L2525 F1ELZ R L TH
L. ZORRZ, T2 &3 2D T 150 BBM TRIET 2 HEE, VB TIIHEOEMES. —F, B 2((c-2)IT
TRTITEEL, FE@LARRZ, TR2E342 708X GBM THELLZ LT, 2 TRICEEINDHNNTA—F %
PSO CRIFFICFIET HZ & T, Y AT AGBM-1 IZHY T HETNVEELHIETHD. ZORKIC, THE2E3%
FnEFN7 et AGBM TRILE LT, W TRONRT A= ZRFCEET 5 HikE, UBETIIREG &I

ZDOENNT, MBVAT APER TR T2GAICBNTY, HIRV AT AMIXT 5TV o 7 HikEE
LU CHHATZENAMRETHD. o, K 2@)D7r —AIZBWTIE, & LfE% 7 1& A GBM/BBM T#ELL T
TERNZFES 2 FHECHEONIR ST, —#o0 LIREFEA##D T BBM CTEKBLT 5 HIERXER TRONI A —2 %
R [FET D HIETEQROG) bEARETH L. ZDLIIC, HHVATLZMRLE LIz XIZRVED
BT IUEELE T VOREFIEL, AR AT LR ERIKFT 5. BEHFXNTIE, ZhbaBEL
THEEOET MEEE AR L, FET UEEICBWTETAVNDO/RNT A= Z[EE Liz BT, KE Kb EWE
FIEEZBRHT 56D THD. 22T, 7 U 2B HRHESRT, W8y 2T LD TROERSS, %145
VAT DR DERABROFGELR R LN, EOL I REFICBWTED X S e T U - T VRES
IEDNENL TH D DREENE L RDDNIENTRY. ZOLIRET ) o T HIEOEL R 255 2 L1, F
ZHEHE - KR S AT L aXIR LT HBRC, SREENEIRFCE DT /UREEZERTH2T-OICFRAEEZEZ bR
5. BERCITHE—TREZMRICET V) oV HEOBL B Z R LD, #HIRTIE, S0k RIEET—2n
BAFAMEEDN E WV ) RBELICHET A B2 bS5, FiRaliEx, R CIIRELD, B ITEExGE Lz
TV U7 HEORE R RT.

[DOI: 10.1299/transjsme.24-00107] © 2025 The Japan Society of Mechanical Engineers n
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: Available information from production logs

System

Model

Job arrival Process 1 Process 2 Process 3
time completion time completion time completion time
Process Process Process
@ O @ G @ G o

Model Process 1 Process 2 Process 3
configuration GBM GBM BBM

Modd it e o
calibration by PSO by PSO of BBM

(a) Completion time information is available for all processes.

Job arrival Process 3
time completion time
Process Process Process
@ T @ TS o—@ T o

Model Process1 & 2 &3

A I
configuration g BBM @
Model Train ANN
calibration of BBM

(b-1) Completion time information is available for only process 3.

Job arrival Process 3
time completion time

Process Process Process

@ T @ % o 5 O

Model Process 1 Process 2 Process 3
configuration GBM GBM GBM Ow

Model Calibrate parameters in process 1 &2 & 3
calibration simultaneously by PSO

(b-2) Completion time mformation 1s available for only process 3.

Job arriva Process 1 Process 3
b arrival
E time completion time completion time

Ed

@ Process Process Process

& @ @ 5@y

Model Process 1 Process 3

= P Gw (i J &

2 | configuration GBM BBM

=]

= Mot o catme i

calibration by PSO of BBM
c- ‘ompletion time information is available for process 1 and 3.
1) Completion t format lable for p 1 and 3
Job arrival Process 1 Process 3

E time completion time completion time

R

17 Process Process Process

Z @ PO G T @

Model Process 1 Process 2 Process 3

z @ M @ e e e’ @D

% confisuratio GBM GBM GBM

=]

2 Model g:;ﬂi::s Calibrate parameters in process 2 & 3

calibration phy PSO simultaneously by PSO

Fig. 2 Examples of model configuration and calibration methods for different conditions of available information.
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4 FIEMERREER

4.1 SEERGH
AREETIL, RARRAEET AT 2B HE LT, RIE TR HECL > TEE L7 VoG R 2R
T, REBRTIX, IRV ATLEHEETHIRE LT, IR T2EEOTRY AT A, BEEETS.

L, : transportation time
of product type p

————————————————————————————————

Queue Queue

Sl ey el R il e &

————————————————————————————————

Spq - Sequence-dependent setup time

"""""" from product type p to ¢
d, : Machining time d,, : Machining time
of product type p of product type p
(a) Process type A (b) Process type B

Fig. 3 Experimental conditions: Process type A and B.

TREXAT A, BiZe HITEEIYERMEAT 2 IR THDIN, TREAT AT A ANy T - INLOT 7
FAET 4%, TRRZA T BIINATHN. « BB Z DT 7T 4 €T 4 AT 5. &Y a 7I3BEREx - L
LCWBH, &ifx AT 5. ATEIIEHIN L TREZAE L O TH Y, ekreHL, &N TREHd, (350 p
TLICE D 0L TS, e, BEURAITRINICI T DI RHAEE L, BBUR A s, 1%, BIH CRB
T ORI p L% g OMEE T LICR R0 LT H. INOLORITESIC IV 52X 5. £z, T4 AN
O F TN TSR (FIFO) & U, EEIYL—/UE, Z2E5MA 1| DOEEIEE ORHICH 0 4T,

28 X BRI D DA TR 2 R 3 e/ N L 7 D% A R L CHIV Y TH b D LT 5.

AREBRTIHE, FTENPTREYA T A, BOWTNTHIHER, 7u—Ta v 7RO 3 TINS5 TRV
AT KEXMBEETH, TREATITI Va7 ot shsb0 L35, o, —IEBMTo7e—ra v
VAT ATIITRMEOARFENT v ASE D L) ICTREFFORMEEN G2 onb Z Lo Ex, & TRICBT
HAMNLERBREIC/R D X 91S, TR & BB 2 B 23R ET 5. AERTIE, 3 >0 TERZAFANT
BEIATABONTNNTHDL 8 NRNZ =DV AT LExReT 5, LIk, FIZIXTRI 2, 30T A
DENEILA, B, ADIT AT L% Sys-ABA LKL T 5. DF W AFEFTIE, Sys-AAA, Sys-AAB, Sys-ABA
Sys-ABB, Sys-BAA, Sys-BAB, Sys-BBA, Sys-BBB D 8 /S¥—L DI AT LExtRL+5. Ipk, Bpspv A
T AMICEWT Y, TREES L TRY A 70 C Thiuds TRORHIER (1, sp4,dp) 13, FLHEE LT
5. OFD, TOEFRLIETREL-A, TRI1-B, TF2-A, Tf2-B, Tf3-A, TE3-BO6MED TRZHE
HZLTT7R—a v VAT AEMHNT H. RIBRTIE, Zb8/XF— DY AT L%a WBM THELL
72y al—yal ETVERVATALEEL, KWBMIZEDY I alb—va UEREREV AT LAOLRE
FRELET D, £, WREkE S, BAY 3 78E 50, FTROBERE 3 L, £V a TORARRCMHE
EHABCHZ BTV A%, ET7AEGEH - KEFHMIHIZZLE1 1,000 T U AR L THWS. iz
VR o b—va VRBARERIZR W T, I S L TR TRICENEN 3 SOV a T RFET LI D LT 5.

WIZ, HESHROET CHOWTIHAT S, AFEBRTIL, £ LEEZFHTS 722 A2AGBM & LT, GBM-
A, GBM-B D2 fEHOET NVEHWS. GBM-A 1L, TEXA T A LRLT 7T 4 T« #5%FF> Queue £
TNATHY, TTNVHNORI AT A =4 (PSO THIESTRE /T A—=F) [FINTHHd, TH 5. GBM-BIE, T
BAAT B LAILT 77 4 ©F A HRERFD Queue 7 /LT Y, KEI/RT A — & [ THERFHIL,, INTRERH]
d,, BeBUEEZNs,, CTHsH. Lit 2 B GBM & ANN ~X—2 0 BBM % IV T, HEO~@IZ L0 L7z
AT I GBM/BBM % HESHROET NV ET 5. 728, PSOIZEIT DRI HUIRM ST A =25 D 1015 L L,
PREB O T ST, 300 HARHERE CRIEMA TR SN2 L L3 5.
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BT, BFADY — RZ A A TPHREEOFIFEIEIZ DWW TET 5. ARIEBRCIR SR R? 2K BE2TATe
B35, BRMICIE, EVATLAERE LI WBMIZKBITAY T VA sDY a7 iD)—REA L%
175", AT A GBMBBM LB 23T VA s DY a7 i DU — R A KUkt L L, DTFOREG)(NIC L

DIRERE R ZHEINT 5.
eo1-Y Y oYY (g gy o
SES bmd iEN; ’ ’ SES bmd iEN ’

where l_tsy“em=z Z lti,yimm/z |Ns| (7
SES iENg SES

ZIT, SIFEHMER LT U ADES, NPTV AsICBII 5V a 7OEATHS. AERTIE, Lo RS
kv, Pa T oBARERAEORL DT U ARERIKRIT T DR E AT 5.

4.2 ERERLER

I TR AT AOFERFERZIRANDHFNT, TREIHEE LT 7 22 GBM X7 1t X BBM O THIFEE
WZOWORT. fERER3ITRT. REOFITIZ, HHVAT LOH 5 TIRICKT H GBM-A, GBM-B, BBM
DRMEZT LTS, YL TRICH L TR b EVIEELZ ST ET VO RMEZRFETRLTEY, Y LEA L
AT ADEGEEFEaEN, TRIAT BOEAEHEEELTRLTNS. £3 L0, GBM-A X, T
A7 A (FE) ITF L TUIFICEWVKEEZ R L TWDR, TRYA 7B (1BE) 126 L TITEEME. Zhix
GBM-A 1%, THEXA T ALIIT 7T 4 BT AP —E L TCND—H T, TRXA 7 BIZXLTL—#HoT
ITTAET 4 Wk BEERZT 77487 4) DARRELTWAZENFENEZEZ NS, —J7, GBM-B I,
TRRAATAERBTDICRDLT VT4 ET 4B LTVDLIDIZHE DD 5HT, Sys-AAA & Sys-AAB O TF2 2
ERRERBEMELS o TCWAD. £ GBM-BIX, RILT 7T 4 T 42 AT2TRY A 7B L THEL
D —ATBBMIZ%>TWD. T, BEEUEZ%EZET GBM-B ORHENE L KA T A—2 DL XIZLY,
PSO |2 X DEERD BTN~ 7= Z EDBFRK EB 2 DD, 3 DOET LVOELERIE, G AT LAOFFES
RZE > THELT 2 Z ENBESIND D, SREIOFMHFIZENTIE, TRY A7 ALK L TIEGBM-A, TR
A 7 BTk L TiZ BBM 2MERTHNCBEL TH 5.

Table 3 Experimental result: R? value of process scale models.

Process | Process Process model Process | Process Process model
System |- o, type | GBM-A [ GBM-B [ BBM System | o type | GBM-A [ GBM-B [ BBM
1 A 1.00 0.82 0.94 1 B 0.56 0.61 0.77
Sys-AAA 2 A 1.00 1.00 0.96 Sys-BAA 2 A 1.00 0.86 0.95
3 A 1.00 0.69 0.94 3 A 1.00 0.80 0.95
1 A 1.00 0.82 0.94 1 B 0.56 0.61 0.77
Sys-AAB 2 A 1.00 1.00 0.96 Sys-BAB 2 A 1.00 0.86 0.95
3 B 0.48 0.65 0.76 3 B 0.37 0.67 0.76
1 A 1.00 0.82 0.94 1 B 0.56 0.61 0.77
Sys-ABA 2 B 0.28 048 0.68 Sys-BBA 2 B 0.11 0.61 0.67
3 A 1.00 0.73 0.95 3 A 1.00 0.59 0.96
1 A 1.00 0.82 0.94 1 B 0.56 0.61 0.77
Sys-ABB 2 B 0.28 048 0.68 Sys-BBB 2 B 0.11 0.61 0.67
3 B 0.28 0.70 0.72 3 B 0.34 0.79 0.76

WIS, BHTREY AT DK DRI BRI\ TR 5. 22 TlE, 34 H TR~k oic, BvEs
BT IUVEECTE T VIAE FIENHR Y AT LD BS TR E I L > TR D Z &2 E 2, UUTITRT 3D
DI —AZONTENENAERZ T

Case 1 : 2 CO TAEDMBETE T H RS S ATREZR 56
Case 2 : LF& 3 OAURTE T HIEO H 3 BUS rIREZ2 A
Case3 : TR 1 & T2 3 OUBESE T HIREDEUS TRE72 55
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Case 1l : £ TOTRERDNHETET HEERBUSFIREREE

Case | DFERZFR 4 1\TRT. RFPDO 1VITH 1 DOET/UAREIZY L, BFOLFANS, K AT AT 5
WELET VO REZ TR LTS, RTOLROUHESE T HIFRBEM Th 25 Case 1 IZBWTIE, K2R LS
TOET MEEZIR 55729, No. 1~31 O 32 FEHOETT MEEICHT D RREZ R LT\ D, No. 1~27 I3,
FHEOIZL VK TRO 7 vt X GBM/BBM %fEA LIZBRORERTHL. BHEORTIL, HDHVAT LITHL
T, HbEWEEEEZS-ET V2R L TW5. F£2, Hak/Ui, 2 TCOTERIIBWT, EVATLALET LT
TIT 4 T AP L TWDHEEERLTND. ?i?i, B, EVATAIBTAZATADT
FRIZIZGBM-A, #A 7'BOTRIZIZIBBM ZHWEHEEZRL TS, T, 2 TOTEBY AT ATHD
WHMA_ﬁLTi,if@I&%GMWAkL%%Tw(Mm)#w%ﬁﬁ#mw F$7, AT BOIFE
DEFEITND Sys-AAA LIS DV AT AZHEWTIE, BEELVTRLIEET ARRWEEZRL TS, 2
DOFERNG, FTRRICH L TERERT v AET N EBIEDEYL 2 LT, BRERVAT LAETNLESED
AN H D Z E 3D, —J7T, Sys-ABA, Sys-BAA, Sys-BAB, Sys-BBA [ZEBW\TiX, /7708
D, BEEAUNDET IV (XA T ADTFEZEH BBM ZHWZET V) DEBFEENREV. Ziuk, £3 IR
THEIZ, BBM I, GBM-A 2L 6DDZA T ADTRICH L TEHETH L Z LICERLTWD EEZD
o, F£iz, 33H TR FHEQDIZLY, 2 TELLIL MO TREEEZ 1 2OV 7 A7 AE L TBBM T
FBR LT8R % No. 28~31 12”7, No.28~30 A L2 L T3 % 1 2D BBM THELLZHA, No. 3l
NETEZ 1 >0 BBM TRELEZHEAETHD. No.28~31 DT LOREEIL, WINDY AT AZBWNTSH,
No. 1~27 DH DO RET MIH DLFERELE725TND., KFERLY, & TROLBESET HIRGEDEUS ATRE/R S AT

AZRNTHE, BETREA#ED T1 20 BBM THRELT 2O TR, £ LEOET NV EZERICHEEL THET
DHBBEVMHEENCH D Z ERDnD.

Table 4 Experimental result: R? value of system scale models (Case 1).

Model Model configuration Target system
No. | Process 1| Process 2 | Process 3] Sys-AAA | Sys-AAB | Sys-ABA | Sys-ABB [ Sys-BAA [ Sys-BAB [ Sys-BBA | Sys-BBB
1 GBM-A 1.00 0.89 0.81 0.63 0.73 0.61 0.60 041
2 GBM-A | GBM-B 0.92 0.92 0.81 0.77 0.71 0.66 0.62 0.54
3 BBM 0.98 0.95 0.83 0.79 0.74 0:68 0.62 0.58
4 GBM-A 1.00 0.89 0.87 0.78 0.71 0.59 0.71 0.60
5 GBM-A [ GBM-B | GBM-B 0.92 0.93 0.83 0.81 0.69 0.63 0.69 0.65
6 BBM 0.98 0.95 0.88 0.84 0.71 0.64 0.72 0.68
7 GBM-A 0.97 0.87 0.91 0.81 0.74 0.62 0.74 0.65
8 BBM GBM-B 0.90 0.89 0.87 0.85 0.72 0.67 0.72 0.69
9 BBM 0.96 0.93 0.92 0.88 0.75 0.69 0.75 0.71
10 GBM-A 0.85 0.80 0.81 0.66 0.74 0.65 0.63 0.48
11 GBM-A | GBM-B 0.78 0.78 0.78 0.75 0.71 0.68 0.64 0.59
12 BBM 0.85 0.82 0.82 0.77 0.75 0.70 0.66 0.62
13 GBM-A 0.85 0.80 0.80 0.73 0.71 0.63 0.71 0.62
14 GBM-B [ GBM-B | GBM-B 0.78 0.78 0.75 0.71 0.68 0.65 0.66 0.66
15 BBM 0.85 0.82 0.80 0.75 0.71 0.67 0.72 0.67
16 GBM-A 0.86 0.81 0.84 0.77 0.75 0.67 0.75 0.67
17 BBM GBM-B 0.79 0.79 0.78 0.75 0.72 0:69 0:69 0.69
18 BBM 0.86 0.83 0.84 0.80 0.76 0.71 0.75 0.71
19 GBM-A 0.92 0.83 0.80 0.61 0.82 0.72 0.71 0.55
20 GBM-A [ GBM-B 0.86 0.84 0.80 0.75 0.79 0.77 0.71 0.67
21 BBM 0.92 0.88 0.82 0.77 0.82 0.78 0.72 0.69
22 GBM-A 0.92 0.83 0.84 0.74 0.79 0.69 0.79 0.70
23 BBM GBM-B | GBM-B 0.86 0.84 0.81 0.77 0.76 0.74 0.74 0.74
24 BBM 0.92 0.88 0.85 0.80 0.79 0.75 0.80 0.76
25 GBM-A 0.92 0.83 0.88 0.78 0.83 0.72 0.82 0.73
26 BBM GBM-B 0.87 0.83 0.83 0.81 0.80 0.76 0.77 0.77
27 BBM 0.92 0.88 0.89 0.84 0.83 0.79 0.82 0.79
28 GBM-A 0.95 0.90 0.91 0.86 0.75 0.69 0.74 0.70
29 GBM-B BBM 0.84 0.80 0.83 0.77 0.75 0.71 0.75 0.71
30 BBM 0.84 0.80 0.83 0.76 0.76 073 0.76 0.72
31 BBM 0.89 0.84 0.86 0.81 0.81 0.75 0.80 0.73

Case2 : T2 3 DA T HREOLBBERIRERGE S

Case 2 IZBIT BFEREE SIRT. £S5ITE, Case2 ITBWTHV G 9 >DOET /UEE (No. 1~9) Dt
ZRLTWD. 12771, No. I~8 2B\ TIE, £TLFED GBM WD/ 3T A —X ZRBICFETE T 5 ik (51EO)
ZRHOVTWARICEE SN, £5XD, Z2LOVATAZBWNT, No. 9 BELEWVIEELZ TR LTS, K
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FERIE, No. 1~8 2B\ T, £ TFO GBM WD/ /3T A —2 Z[ARHZFEIET 5729, PSO (21T B RZE/IA K
ELRVBERNEET D ETHREMET LIZZd EEZLND. AERID, ICHRV AT LOFKTEOT
TT 4 ET AP CTH-TH, LT LH GBMBEWDITTIEIELS, GBM D/37 X —X [RIEMNKEE -
— A TCIIEHTEZ#ED TBBM TRELIEFNENT 2R LTV,

Table 5 Experimental result: R? value of system scale models (Case 2).

ModelNo. Model configuration Target system
Process 1| Process 2 | Process 3| Sys-AAA | Sys-AAB | Sys-ABA [ Sys-ABB [ Sys-BAA | Sys-BAB | Sys-BBA | Sys-BBB
1 GBM-A GBM-A 0.87 0.89 0.82 0.73 0.72 0.61 0.63 0.55
2 GBM-A GBM-B 0.61 0.68 0.80 042 0.46 0.27 0.43 0.33
3 GBM-B GBM-A 0.65 0.54 0.62 043 0.57 041 041 0.34
4 GBM-B 0.68 0.68 0.69 0.68 0.59 0.59 0.67 0.55
5 GBM-A GBM-A 0.69 0.66 0.74 0.69 0.64 0.46 0.63 0.63
6 GBM-B GBM-B 0.64 0.67 0.73 0.63 0.65 0.63 0.64 0.66
7 GBM-B GBM-A 0.67 0.66 0.62 0.67 0.63 0.65 0.72 0.62
8 GBM-B 0.62 0.60 0.65 0.63 0.58 0.62 0.73 0.67
9 BBM 0.89 0.84 0.86 0.81 0.81 0.75 0.80 0.73

Case3 : Iﬁ 1 & T# 3 DEET ARREETERGS

Case 3 \ZBIT DR EE 6 1T/RT. £ 6121F, Case3 IZBW TV D 16 DET /LR (No. 1~16) DOFER
%mbf%é 72721, No. I~12I2BW\WTiE, T2 & TFE3 O GBM ND/ /T A —X & [FIHZRIET 5 ik
(FE®) ZHWTW D AICIEE SNV, £, Sys-AAA IZ%F L TIE No. 1, Sys-BAA 125 LT No. 9 73 B
EloTVD. Ziuk, THE2 LT3 OETAN, & HITKRMNT A—2 DLV GBM-A TH VY, H»o, %t
BUAT LDTREET 7T 4 BT A RN~ L TN D78, PSOIZ L 53T A —F [AE S il 255 L=
TWHRHTHHZ ENEREEZOLNS. £72, Sys-AAB, Sys-ABA, Sys-ABB [Zxt L Cid No. 13 23 E & 72
STWD., Ziu, TRE2ELIZTRINZA T BIZ/RDZ LT, PSOICL DT A—XEENHELL, T
22 L THE3 % 120 BBM TRELLIZADERWEREZBIZLDOEEZZ OIS, ARERIL, Case2 THDLIHE
B L FEEDME 28 LT\ 5. —J5 T, Sys-BAB, Sys-BBA, Sys-BBB (2% L CiE No. 16 28R L 72> T\ 5.
547B@IELﬂLTiBm%#%UT%é_&&,&wlfﬁmt%é%%iié&,:ﬂ%®3VX?A
WL TIE, TR & T2 &3 #F4LE4 BBM TERBLL TR A L72 No. 15 IR BICe D Z EPEEIND
N, AFERIFZOHEIINTHHOTHD. AT, Sys-BAAIZK LT, No. 161X No. 15 L W EENEHN
ARERIZL, 7oL 2P TROMEE T HREREFAEER v AT A TH->Th, 2 1f% 1 50 BBM THILLT-
FWBEWZ LARLTEY, BUGATRERT —Z ICHEASWTETLEZNE - #EeT52 80, P LbRETIEAR
WZEEEWRL TN,

Table 6 Experimental result: R? value of system scale models (Case 3).

ModelNo. Model configuration Target system
Process 1| Process 2 | Process 3| Sys-AAA | Sys-AAB | Sys-ABA [ Sys-ABB | Sys-BAA | Sys-BAB | Sys-BBA | Sys-BBB
1 GBM-A GBM-A 1.00 0.90 0.85 0.70 0.73 0.62 0.65 0.54
2 GBM-A GBM-B 0.79 0.75 0.78 0.69 0.65 0.57 0.68 0.51
3 GBM-B GBM-A 0.76 0.81 0.81 0.67 0.66 0.55 0.66 0.56
4 GBM-B 0.70 0.76 0.81 0.80 0.64 0.59 0.68 0.64
5 GBM-A GBM-A 0.85 0.80 0.82 0.69 0.74 0.65 0.70 0.59
6 GBM-B 0.71 0.70 0.76 0.66 0.67 0.60 0.70 0.54
7 GBM-B GBM-B GBM-A 0.65 0.72 0.76 0.63 0.62 0.54 0.69 0.58
8 GBM-B 0.58 0.62 0.73 0.72 0.61 0.61 0.66 0.63
9 GBM-A GBM-A 0.92 0.84 0.82 0.68 0.82 0.73 0.75 0.64
10 BBM GBM-B 0.75 0.73 0.77 0.63 0.72 0.68 0.75 0.59
11 GBM-B GBM-A 0.74 0.76 0.78 0.62 0.68 0.62 0.75 0.66
12 GBM-B 0.67 0.72 0.79 0.76 0.68 0.69 0.74 0.72
13 GBM-A 0.95 0.90 0.91 0.86 0.75 0.69 0.74 0.70
14 GBM-B BBM 0.84 0.80 0.83 0.77 0.75 0.71 0.75 0.71
15 BBM 0.84 0.80 0.83 0.76 0.76 0.73 0.76 0.72
16 BBM 0.89 0.84 0.86 0.81 0.81 0.75 0.80 0.73
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BIT, Casel, 2, 3 DFEREME X -BEREERANRD. 34H TR L HIZ, STRROMHESET BN ERG
ARER A, TEO~ODETOET U « ETNVREFIEEZ LD ENTE S, DFD, Casel IZHBWNT
X Case2,3 TRLIZETFTABEEAETHD. Lo, Case2,3 TRLEET /ML, WD Case 1 IZRITS
KEET LSS TNDZ Enb, EARMIZIE, IRV AT L TEICOEILE LT, £ TROYrEAET
NWEEBNZRIE L CTREAT D HIENBUVMERICH D5 Z E3bnd. —H T, —0 LREOESE T HENTUGA
A OBEITIE, ERIRNGROY T VAT AEZFET OILENDD. O, V7 A7 ANOK TREY 7 1
T A GBM THRIELLTZET/UEETIL, Y7 VAT AZEEND TP X DT ERMST A —Z RN LR
T A—HRIENEET D, TORER, RICE VAT LERUT 7T 4 €T A BREFFOETATH-TH, V7
VAT L% 120 BBM TERBLLICET /MWEIEIZS D560 H 5. Ziuk, R AT AL EUGARERT —#
DORIEICL > TRERET VEENEDLD Z L ZR LTS, £77, Case3 TITATEZL 1 DITHED -V AT A
BBM 3B L DRERDM GO, IO ORI, MBUVATLANLELNDT —XIIEOEX, BV ELE
T NI B Rk A AR U CIRGE - HW - SR T2 REFXoFHMEEZ R L TV 5.

5 &

AWFFETIE, AEVAT LY I 2b—a  OEEE - 7V 7 HEEE BNE LT, T—XEEil<~ L+
2l — T 7 AR LTV D AT, Activity, Process, System D<€ 7 /LA -7—)L & White, Black,
Gray DETNA A TOBRCTHELIEHOET ) v 7 FlEEEAGDEH 2 8T, 7 /U & i b3 5.
AWTIE, BERTHE LI TRV AT AMIKT 28T VoV FEEEE TRV AT NMYEET 2 FikErT &
EHIT, MR T =Yg v VAT AERRE LTET U - REFEOLEEREZEL T, #EFX0
VY ERAMEEZR L. SBOMEE LUL, Yardva vy T VAT ARED L VEMR Y AT 50, BED
VAT AEXMRE LTERERET NS, £, MTRMOIE S & R EOREFIMEET T 5 AT AT 5
FHECET ARIEFEOURE HRETH 5.
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