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Discrete Event Simulation with Embedded Distributed Expert System:
Application to Manufacturing Process Monitoring and Diagnosis

Y
ok
ox

Ecﬂi**, 73@_705_**

Tae-ho Cho, Hyung-jong Kim

Abstract

One of the components that constitute the simulation models is the state variables
whose values are determined by the time related simulation process. Embedding
rule-based expert systems into the simulation models should provide a systematic way
of handling these time-dependent variables without distracting the essential problem
solving capabilities of the expert systems which are well suited for expressing the

decision making function of complex cases. The expert system, however, is inefficient in
dealing with the time elapsing characteristics of target system compare to the simulation
models. To solve the problem, this paper provides an interruptible inference engine
whose inferencing process can be interrupted when the varables’ value, which are
used as the parameters of the rules, are not yet determined due to the time dependent
nature of the state variables. The process is resumed when the variables are ready. The
elapse of time is calculated by time-advance function of the simulation model to which
the expert system has been embedded. The example modeling shown exploits the
embedded interruptible inferencing capability for the controlling and monitoring of
metal grating process.
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2. Background

o] #olA DEVS-formalism, SES-formalism,
281 atomic-expert modelol gt & Hd S 4
¥ ¥}

2.1 DEVS-formalism

DEVS(Discrete Event System Specification)
formalisme AZHol1 RESIE oAt Atd 2dg

#el eld ol2oln4liglle]. dtHor Aige
AlZke) B g0l wat ¥, el 8, AH o] I
E& 7=t DEVS-formalisme )\]’\‘%‘JOI Ynkz o
2 e BYES Ao AN2ags 29y &
A =YY (Framework)S A&3tdch. DEVS
~formalismel A& + 7HA] F7¢ 24& Foste

t}. &ue basic 2dolx, thE S coupled B
dolr},

th&-& basic 299 Fxolth
M=<XS Y, 8w, Sext, 4,ta>
where

X 1 a set of input events.
S © a set of sequential states.
Y © a set of output events.

Swmt 'S — S ! internal transition function
Sext - Q@ X X = S external transition
function

A1 S — Y : Output function

ta:S — R — o : Time advance function
where Q = {(se) | s € S, 0<e<ta(s)}

e 2 Ae) Mol(state transition)o]FE

elapse® time.

t}-&-2 coupled model®] T30t}

DN = < D, {Mi}, {Il}, {Z}, select>

Where

D is a set of component names for each i in D.
M; is a component basic model.

I is a set, the influences of i.

for each j in I, , Zi; is a function, the i-to-j
output translation.
Select is a function, the tie-breaking selector.

DEVS-scheme? DEVS-formalismZ 7|¥to g
AZHoli RESE AEH)H e wHESF ¢
£ ¥7olth. DEVS-scheme AlEdold 73
DEVS~formalism& 7]¥te2 whEo]Zl  abstract
simulator& AHE3|A FEE AT

2.2 SES(Systems Entity Structure)
formalism

SES[4][18]1_ EAgte RAEE TH3AA A

e 7E5E 9, A2"de F2E Yehe Ay
& %—* yHog FHF AoeM FdES B
(decomposition), % (taxonomy)s} Edztel 44
SAlOl dig AEE 7t Aok SESE Ed H
2 AFHY REdEE Aostn, Ege dde B
doj 2ol Rd2 uvehdt) SESe Aj2€9
TZE E¥sl7] Y3 A2 o2 entity, aspect,
specialization®] 37}A] #eje] =7} it} Entity
=oe A Ade § AAY dgEHy o A
aspect ¥, specializationg A2 oz 74 & gl

t} aspect = EE < 1>9 & 44 Abelo gl
FE2 YEUI  aspect’=Z9 A xEFo]
AB

AB-dec +———aspect/decomposition

l*—-—— coupling scheme

l :

A-spec «———specialization

B-dec«—aspect/
decompasition

*——— sclecllon constraint Io—couplmu scheme

A

B-partl B-ertZ B-erﬁ

<1g 1> One Example of System Entity St

ructure
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aspect=Z9] BE xrTo 28dE Feze AL o
mgt & <a¥ 1>9 A, BE ABY sub
-component&E A& 2ugch  Specializatione
<ay 1>9 $4 FA Aeld e =EE2M o] k
9 A x2S BRxE e 5% Y
Eolgte oulojr}, dut¥gog AAgE SES9
sub-structure2  HHHET  ©]  sub-structureE
PES(Pruned Entity Structure)etx &% SESeA
PESE dojulE 2€ pruningolgtil ok PES
ol 9& entity®} aspect?to] EA3Th. F
specialization =29 A2 = pruning ZH ol A
stibe] »Tut MelE] 3 specialization ==& AR}
Zt}

2.3 Atomic-expert model

Atomic-expert model2 A A&FHQ A&
olAl o] AEF Al2EE AT BRdlEA <2
g 2>9 o] KNOWLEDGE BASES class$}
ATOMIC-MODELS class, 5 classZ%¥ tF 4
£& w3 o] Fr)Y class EIHol 2] FElz
Z A sH5]6]17].

KNOWLEDGE BASES ATOMIC-MODELS
~inference-engine ~ind-vars(sigma phasc)
~object-classes ~int-transfn
~ule-class ~ext-transfn
*inference ~outputfn

~time-advancefn
*make-copy

*new-objects
*make-new-expert

ATOMIC-EXPERT-MODELS
~ind-vars(expert-core)
*make-copy

<19y 2> Atomic-expert model

o714 KNOWLEDGE BASE classt A& ]
A oRde g A ARV Al2dg oujdd
Atomic-expert modeld %814 DEVS-formalism
71ake] A geold Ao BAF AE7F Al2"g A

Ysted A, HAEE & + & 870 7354
gith Atomic-expert model2 71&9] g ZdE
I 53 A dAXH System Entity Structured
B2 Abgd 4 Qlrh

3. Interruptible atomic-expert model
design

BE7} N2de Ad(fact)e] FE RS HA}
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A o Aol g AS FEL FUHL FET
Ade 2e WA ASAL @A AR glE
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Tdo] Pyt B dAFdre ol& HaiA
E 7|4k Aoj{4] BREE AHE34H oHE
9 Aol 2de ZeAA Rde) ARE 7HA 1L,
o g &89 g L ARE VFLR Bd
o] AejE gotdir) B AFoA o|HE 7]xke] |
o] & ZzMA Bdo AelE atomic-expert
modeld] BUEo 2N o] Bdo] FEJ ALE3tE
zzdx Zdgo] Ay FRE B Fi, 2 A
BE9 §8 ARE ¢A e

<% 3> interruptible atomic-expert model
o]  Ael  Ho] tho]oj13;(State  Transition
Diagram)& 29 F3 itk

Interruptible atomic-expert model Passive,
Inference, Interrupted, Action® 4782 "4A< 4
e} 2 7}A 3 It} Passive Aels @A) 2l A
=51 e 2ol glx, AGE A F47 H
2&e ettt Inference Ael= 24 ¢ A&
7} Azdo] 4 AL M 4 FES o

N o N
o & ool
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"report-in

L e
Signals related
with validity
of state variableg

Inference

6 ext

input job
put )

Interrupted

f——
output job

Oex : External Transition Function
Oint : Internal Transition Function
A : Output Function

<21¥ 3> State Transition Diagram of Interruptible atomic-expert model

3 US-g JeRdr) o] AdedAMe Bd ¢ty AE
7} Alzade]l AMolE HAa ok Passiveol A
Inference 22| At} dole= 48 XER] 'inE T3
gy dHo] oA FEHe ¥ Hol T+
(External Transition Function)d 28] o}Foizl
=23

Interrupted el 29 ¢tol Ae) M4 gho] &
g3t Gol o o4 FEL AYT & 7] wiel,
2 o] Qe HE @ 4%& Yebdth Inference
Fefo A Interruptedd B2 Mol HH Ao & thA] A
7t Al 2" A DEVS-component(<1§ 6> &)
2 2747 299 Interrupted AEIE report-in

EEZ 534 resume signald @3 olo] )&

B Ho| 48 FEEFo2MH, Inference’dENZ A
olxlejol sl o37]A resume signal & 3HA|
‘*9&‘3 % EH NE S FASHA bt FE o

Hh Hu o —IN‘ po

o] Buw mde] Aee
Hojdr}.

Action’d el A B g9 Aol whg} &2
£ 3t} Actiond el 298 she diad g &
189 o8] dEE YFold 5 Utk Action e}
£z 598 DEVS-component?] output 7 755
ol 8§ #F3r} <Y 4>L interruptible atomic
~expert model®] timing diagram?] ¥ ol & B F
At}
dEE Y 5 /M BYer Yede 2 B

Inference®| 4} Action® &

o

=

F qlek. AR, HeFHolor & Aol ER=, o
WE 7juke] Aol mdo] B U+ resume signalojth.
tlo]ghe A7t 8 91# Job-19] Passive’delol
A g etog ¢lddrw 2ol phases Inference
2 Adeolglich nne]:, t2olA= F8Eo] JHEE H
B AL B F gk o] FE dFo] FEE I}
W E FaskA & AANE Bags #8288 T
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X

Job-1
(input) R

Job-2,

RESUME SIGNAL
A

S INTERRUPTED

INFERENCE
PASSIVE

Time

ACTION ACTION

INFERENLE INFERENCE

PASSIVE

e3 p------------e abaaan

€
(elapsed ©2
time ) ¢l

v

5. t6 t7. 8 Time

A

Y

(output)

Time

Job-1
'y

Time

<219 4> Timing Diagram of Interruptible atomic-expert model

t3 Azt job-27F ¥ o2 0211, © job
& #A mdo] Ha¥ 4 gl dHol7] Wi =
de] Fo| Adch Interrupted Al Edo]
resume signalg ‘#E AP A A E&H
Resume signal®e] Y= F&0] ANHAA e
o] Aele oA InferenceFEl2 Hol®Th A7 5
AXE AR} Al2dey FEo] ZAHOE FRH
o}, o] F89 A 7|z AAS At
Action AeE 2do] F29] Axnte 7|23 Y
S AFske Aoty Az tbell A& Action’d el 7t
28531 A F89 ZAAZ job-1°] FHoE
[R>43=3

agy, 2de Ao 7o JHE FHsd 3
o 1= # job-28 A 3l7] 3 Inference’d Bl =
dolgr} AIzk 70 2o ARHoR FEHAN B
2] A= thA] ActiondE| 2 Mol dth Action’
7 £33 5+ t18olE job-28 FHi <Y 4>
2 2 1 job-12 Hzl3}7] As|A AHE&H Inference
AZHE el+e22 YERE ¢ 3t ole SIHYE A

o] F2 A I Fof FE AE F Folth
o] F8 AT+ HE7F Al2a9e] 113& A (firing)
sted dage Altolgtn & 4 Utk JHYES}
Ygoju}7] A o|m) o] 1F3 o] AFFHUY| W&o
T}A] Inference’dEl2 Eo}2 ZSoll& oln Had
AR 3 AR QoW I FAES HA A
g gart gl o whEe F& A AogHe A
ojt}, o] &} o] ojw] Mg ?fl]°ﬂ g ARt L
S 79, el+e2%} e39) Aolv ©A, FEIA 3k
| AME 7HRA 3 e 1—1‘—14 Ay A atF ol
drh

<39 4>9] Timing Diagrame <1¥ 5>¢] ¢
4 Q gFeje] e Mol tdojojaAo g YEpd
Atk <Y 5> ALY gt 7t deEdE 29
o] zt= Fa3 &AHEE EAFL Uth Global
—clocke A EHlH &N BE EHEA ¥
2 o7 AMgHE Aot} Sigmagtd 249 o
S oWE AAZY AH F, EA 7t ALEHE
o ¢S AzHE BAE) Phaser Edo] zte A
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global-clock<tl Job-1
initial sigma : ©
phase : passive

t1 < global-clock<t2
initial sigma ; tl-t0

phase : inferen

ce

t4 < global-clock<ts
initial sigma : t6-t5

phase : action n

t3 < global-clock<t4
initial sigma ; t5-t4

phase : inferen

ce

8|III

t6 < global-clock<t$s
initial sigma : t7-t6
phase : inference

t7 < global-clock<t$

initial sigma : t8-t7

phase : action

t1 < global-clock<12
initial sigma :
phase : interrupted

Sigmal t2 < global-clock<t3
initial sigma : ©
phase : interrupted

18 < global-clock
initial sigma : ©
phase : passive

<19 5> State Transition Diagram in sequential form.

Interruptible atomic expert model

lin

— DEVS Component

— Distributed Expert System

fired-rules

1E-state

goal-state

Queue

Current:}  Jab-1

attribute-list

Job-2

stiribute-list

Job-3

atiribute-list

Job-4

stesibute-list

|
am|ny

2 ]
'{lub'vl l-urihmmli-t]!oal-smel IE-state ﬁﬁred-rules

fact

Inference Engine

rule

Virtual Fact Object ‘F
report-in

[ phase J rsigmaJ

Atir_1Anr 2 Afrn

Rule 1: If Objectaue_1
Then action |
Rule 2: If Object.atir 2
Then action 2
Rule 3 I Objectattr_3
Then action 3
Rule 4:1f Object.attr 4

Rule NoIf ... ..

out

<71¥ 6> The components of Interruptible atomic-expert model
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Ao Mz XA fact objecte] HelZ el Aot

¥ rle

Fact objectE < Z2AA 2do] dx Aelg et
WolX FE& gh=d AMEE

% FEL 3ed ¥ AMdEE DSIY
attribute-list9} fact objecte} #tol 948 AHx7F @
t}. Interruptible atomic-expert model®] DEVS
-component= DSI®] 74 84 F0] Zte 2& &
Ze e e A WFES 7EA R glojof gt
A, DSIQ) Wgo] WAHT T 1 e W
FE9 gx WA Hojok gt} Phased e Bd
o A AHE Ye FH, o @AYHE
DEVS-component®t A&7} Al2€o] &4 JHE
g st Aot E3| DEVS-component] Virtual
fact objectx AEI} Ala"e] FE 57} HE
fact object?] #2 WA YT TEE AFHE
e Hgeolth E3] Azt meta HAEHE fact
object®] AERE virtual fact objectE F3 73413
Zogx ZaAA Rl e WetE g
b Fd g2y #F%S dA "o

tlo

4. 208 ZRMA AHEY U 2F N
ool =g

o] AJB ol Bd T390 5HL interruptible
atomic-expert modelS AH&3ldA 2] &7 27
& F&3e o Yok B AFoA atomic-expert
modelZ oJME 7]Wke] o F #AA HHo] ZTZAA
2o it AR YEEAN 72 FES T
o} 228 o] He Eude oy At
EAolth. old A FALE g Al JHe &
Ao UHAT A TAL woj vie} woj™
o] A2 AuE 72 £33t 1 2718 U
= g2 Fehfe 4ol o] AL 7k Al
oA APdct FHA FHL AFHAA TE
X 1#folEe] B R Y d= biE £HsEs
ot} 3R AL FHA 7 wAA 2]
58S mastE Aot £ FA4AME 7 &Y
o ZAE 71Fe2 2 wiX(batch)& HET

<y > B ATl FEE AEHed B
dol AHAHA Fxolth =2dE EYW DEM
(Dispatching Expert Model), EDM(Error Detect
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m 32} g5}

E

D

EDM

=

EEEE
AIERI R EE

D A
__¥GPM
EDM
EDM /
WGnl|
EDM

M# : Machine Model, WG# : Work Group Model, GPM : Galvanizing Process Model,
EDM : Error Detect Model, DEM : Dispatching Expert Model

<Y 7> Overall Structure of Simulation Model

Model), M#(Z1ejo]"-& YHE7] H3 01*1 7)),
WGH(IE vF £4E& A% 7]' g 2d)  GPM(E
7 TR FHE A& ¢ F drh

<aYP 7> REe RAd mE F73H ZaA
& Re FAEE Mi, WGH 181 GPM3} 12
Az 2Eel 25y Aog Y8l EAsE EDM,
DEME 92 FEH

adeld mZgAs AAEHE 9 RdEH
experimental frame?| F#E <21y 8> Yeht
At}

Root-entity$! GPM-DES-EF:> Experimental
Frame(EF)$ GPM-DESZ T4 . GPM
-DES¥ <29 7>9 e T2 E ovlgth. GPM
-DES entity® M-AREA, WG-AREA, 18]35 GP
-AREA, 39| 74 848 o|Fo| X131 7}zte] T4
8452 ahte] DEM(Dispatching Expert Model),

Z2 A2 23 g2 R49 EDM(Error Detect
Model)ﬂr Zr A T2AA ZdZ A "o B
3], Ztzte] A2 Rdoe AES M) 4
§} M#-Transd, WGH#-Transd, GP-Transd®29&
AA st

<a¥ v WAl T4 A9 M#, EDMM#, 1
2]3 DEM-M EdE9 435 #E& Hod T3 )
th. EDMM# 298 M# 29 shvie] #Hog A4y
ofA My Ede AeHE ¥Asla @A LHE
DEM-M Zdo A ¥l #ob DEM-M 2E& of7]
A e ZF mAle] A g Ajle] JES K
HA Y vle &g dFeci4] <ad 9> 4
3 #Ae 7HEE B4, 587 TRAE &
Sdr}

DEM<- Interruptible atomic-expert model2 T
Ak o] B oy AYS T2 A2 2dd
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GPM-DIES-EF
GPM-DES-EF-dec
| [
GPM-DES ’
|
GPM-DES-dec EF
[ | | EF-dec
M-AREA WG-AREA GP-AREA
l
WG-AREA-dec GENR TRANSD
M-AREA-dec GP-AREA-dec
DEM-WG DEMWGH#
|
DEMW G#-dec
DEM-M DEMM# [_—}—W DEM-GP DEMGP#
DEMM#-dec WG# EDM  wG#-TRANSD DEMGP#-dec
M# EDM M#TRANSD GP EDM GP-TRANSD

<2y 8> e’ EZRAA 2AEYHAAHIY EFRde

Structure(SES) representation.

System Entity

grosens > = .
i EDMM1 |«Emcy M1
R = ! T
DEM-M 1 el &
: wfmr.| M2
DEVS Component -1 EDM_MZ -~ Detsst
X, Sand ¥ | e Bl g
Bints By 1 Aty
/—z gr;‘g;l}lbflellEz\PERT M3
:ﬁ/erence Engine ’ — -
L - .
EDMMn |k Mn l
Detect
—e machine status
............ » dispatching flow
<29 9> DEM-M3 EDMAtole] 435 A&




Y HEIL A2 7158 e o|ttAld Algeold 147

g3sled ad F3E°] rule-basedl] A% ol
Attt DEM 24 rule-base® 33 EDM 29
NAA g T2 A2 mdo] dHxj deiet Y A
Bol| 7lzEA H3AHe mddr ¢ Fosich
<29 10>, <a¥ 11> EDM3 DEME 9
timing diagram®] 3 o} ¥oF 1T 9t}

DEM =do] ¢ A& 3 F& Fo &
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DEM(Dispatching Expert Model)

EDM(Error Detect Model)
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<% 12> The state transition diagram of EDM and DEM
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<% 13> Average Turnaround Time of each model
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<21 15> The interrupt rate of interruptible atomic-expert model
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