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Abstract —

WEE AAEAT

A new algorithm is proposed to detect errors in batch process schedules using SMV(symbolic model verifier).

Two models, real time model and latch model, are developed to capture information on Gantt charts. The real time model is

proved to be more efficient than the latch model. In addition, they can find errors related to the characteristics of the process
and the product, which are difficult to be detected only by Gantt chart. It proves that the proposed algorithm can automate the

procedure of detecting errors in batch process schedules.
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2-1. EE2Ne| FXF W3 M

dutAel FRFANA L] BaHAEe) BdE FAE
AP B2 27t A FH BE . Z
3 Ao e BRI UE 4 Aok 28 ol Tl
ZAEo] BEHon FAEe] i BAY A0l 8
gt} =, ZAy= @ ol Lp, NLP, MILP, MINLP &2
A 7Y 2o Bead BT AAS Al ot wig, A
To] Aasl TL 3 olgIUsE =RITh oMY AyArA 8 o)
Azole 2703 A 7FEAE BN A% W, 273 3
o] &4 AW o] Aok FEFTAL FUAY BA A 2t
A7 Bme] EAGE 2 =] B o ANEE AFE ENE
T slololet AFS YA AL F Y Aot HEFTHS
Z7v4% gm0 BedSe o o] TR F AT

- UIS(Unlimited Intermediate Storage Policy)
- NIS(No Intermediate Storage Policy)

- FIS(Finite Intermediate Storage Policy)

- ZW(Zero-Wait Policy)

- MIS(Mixed Intermediate Storage Policy)
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2-2. SMV(Symbolic Model Verification)

Clark(1986) 5-& =3 7|4t 7% 8 (Model-based Verification Meth-
odyS EEHgTE. o] uhHe AubAel oW A4t weldl Ak A
Qe BAE 4 g A2} #7hE FEie) emporal logics o]&
oz, AT AE 93t HAsidol & Ae) T S
T2 PAAATHS]. ©1& |43t B nle|aTaAA W - 9
2ol glolg M4UA wE ZzEIZ oFEEE AT
o}, Moon(1991) 5-& |2 &3}g4e HEAA ot setzA Alof
A2de] ShdAT SRS AFoe AEsH e ATsiHth
o] ApME &3} Ao} Al2Ee] ebaAS ABE] ] A
A‘E} o] 2 (State Transition Graph, STG)E A&t} shtel
A= G3lel A WSER RelEEd], Folut AR =8 e
2=t} o] wE] PSR -9 WH I g 9] Fo o)k JH
7te vebd = gIoH6). McMillan(1992)2 =8 #35H(Symbolic
Model Verification, SMV)S AAatglEd], A3 dejel 2HZE 4
Aeke gal o) gadoz A ANES JY deie] Aol
=g gEFoEH, o)A Ao FAHIRY el FL A
(state explosion problem)™& A ZAAZTH o] WL AR
A % (Binary Decision Diagrams, BDD)E ©l-&3t] o|EHAE
28351920, Burch(1991) 5 SMVE AMg38ld A28 5 = Al
25]9] A £71 100)3e] BE BITHE]. Moon(1992)2 SMVE
slskz Ao Agsla] PLC 714k Al2gle] b AL HEs
= upde A7) o] @FolA PLCY RLLE REE Righsh=
e AAERZ T A i 2dg HLEATHT). Jeong

(19952 ol & 34 a4 AZe A3 A% T X
window 7]uFe] E730lx Aaiact. 12 AREAt &7 3t
o uT} AFE-S golshAl BHTHS]. Probst(1996)E °leid w9 F
HEe ZEZ Ryl oHd ZES2 oz HA TR A
a8 & JuE JAch EF oldF AEL IA 5 AAY =
A}, 71ase] gurd md Fol A83FATHI).

SMVE CTL(Computational Tree Logic)o12h= =2]¢} BDDE ©l
g3t FojQ =glo] A3 ARG WEshed ol AL 3EA T4
o] AN 283l FEA BT B/ B8 =
o &, ARe wHEsked o|§3t. SMViE BDDE AH&EH7] H
2o o]2 Ez)(binary tree)?] EE (state)S ZAMBIA &3 €A
220714 HHEEE P (loopye Ftob 7Bl AN =
ok, 0|3 YalE olgst] WY & Sle EE ALE AN
ax =gdon §33) 7] oHE AteE 25 AN Sl
Aol o101

SMVE olg3std 324 A ANYRE 7 defol e Ao
2 FasT ol ¢ Ug 74F AFAE ol&ste] AP 7t
=3 o 7A 97 7EsAS Bl eRV BAE 7 U= 5
Be mola & gt} olgld AAE B AAAA FAsjore
Bro gohT o] ThAl AML FoeH HT R4 A
o] 9T B 2R/FFAS Y F Utk oA A 49 A

AR 079 7FsAE AFT B ARHolth EF o
Bk Az e Apgshs P 2 AP ANE RE S A8t
o 7] B AT FINA F e FEl Ak

71Ze] sMvelXE STl ke ZHMshy] flsted A7k w}
2 2R zae zA%El TASA olHT WL 2314 3
B3As a0 218 o 7R Ao)7lEe AFH R o1 3HE
AmE Azsh=d SMVE o|&aith AT & AFeidE SMV
7} 7129] nlo|AZT MM ] EAYAY HEF WES ATt
drz e Pe FAEA ol sekEAl 888t 3 EFAH
ARAA AZe] B L F/FsL AFse ol8siith

tijo
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3.SMVE 0|83 Si2THo| MMely 2

38 A ANIPe YvHon EXNER F@ER UE
At 47 ANLRE 7 DA, AR BEE £
o] & wha, S8hFA Aol TSk BT ofol HE 7hed
& Zohrle 41¢ Dol ohith wehd £ AFE Bt ¢4 <
wmRos 47 wEE £ JE AENEES SMVE ol8st 73
s o2 wgoz ot AN WAY £ YooM= BEXER

&7 27] olgle B 7 2Rl 7heRdl el ASshke W

3-1.SMVE 0|88 HEXIES| 78

MEXEE A AW nlek o] dwtHoz R3] AWA
5 Aol Yutdos AMgEE WY F9 shdolth wEA =
A R HAE AEARES SMVE FdsRs W st
Arsiact

A 2R AL Table 15+ Zo] 3 3} (batch) 500 kg
A7) e 2AAS BeE she 3EY] T YEAEER A
D=

TR ANE A, B, CE 747 F 3E4 A-B—CA—B
—C8] &M AATTE o7jolA o] tiATAY FUAR WA A
o FIS(Finite Intermediate Storage Policy)®, R ¥ T(stage)9]
Hke ) Z2UAZH] B2 9gle] ukgrleh e g A WA
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Table 1. Processing time for each product in the batch plant

(unit: hr)
Product A B c
Stage
Stage 1 3 1 2
Stage 2 4 5 2
Stage 3 2 4 5
Stage
p— o — Product A
Staget | ™ Lo Product B
- — Product C
Stage2 | e —
- el
Stage 3 |-y o E—_
- ]
Unit Time (hr}

Zke3 glom BE o] ugr]E the whgo] AAIEA et
2E FHANES 7] A AZE 5 AU
oy g IEFHY AALdF S HEAER YepH Fig. 13 2
3-1-1. AAIZE B sMV Ed
AAIZE A4 =Yske Wigelth. o] WS HA
AlZMe BASHO|Y TYS A7 PR S 22t A
9 2AAEE X3k Woltth wehr] AA 2HA
# &7#°)E TimerZ ProcessTimer={0, 1, 2,...Upper limit}=
o} girt.

FESE AJZRe} Aol whet 7zt wollxe] ¥ishk= Schedule REZEA
F&3). Schedule 25L& ProcessTimer 253 (A% NEAE
olr e A it AARERE Zhzke] AR tisk FHAIZE
< kgt Schedule BES 7 WEE S A=Y Schedule
2E U Hes AEY] 78 EF T § J=F Hosin)
Fig. 30 UEld Schedule 2ES A, B, C Al 7k4] AAHE-E wiad

MODULE ProcessTimer(Init,rate)
VAR
t:0..220;
End : boolean ;
DEFINE
Upper:=220;
ASSIGN
next(t) :=
case
nit : 0;
(t+rate) < Upper : t +rate ;
1:1¢;
esac ;
next(End) :=
case
t=Upper : 1;
103
esac;

Fig. 2. Process timer module.
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29

MODULE Schedule(PT,Run_time,A_ On,B.On,C_On)
DEFINE
Upper._time :=35;;
VAR -
t:0.35;
condition : A_on,B on,C_omA._off,B_off,Coff,off ;
- ASSIGN
next(t) :=
case
(A_On|B:On|C_On) &(t<Run_time) : t+1;
(A_On|B.On|C_On) & t=Run_time : 0;
(A:On=0 &B_On=0 & C_On=0) &(t>0): 0 ;
1:t;
esac;
" condition =
case
A_On & (t<Run_time). : A on ;
B.On & (t<Run:time) : B.on’;
C_On & (t<Run_time) .: C_on;
A On & (=Run_time) ; A_off;
B:On & (t=Run_time) : B off ;
C_On & (=Run_time) : C_off;
1:off;
esac; -

Fig. 3. Schedule module.
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Stage02 = ~off
& storage = empt

Stage02 = ~off
& storage = emp!

Storage = empty Storage = empty

Fig. 4. Algorithm for storage tank.
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02 = ~off
& storage = ~empty

Fig. 5. Algorithm for each unit.

/H/ : Normally Closed Contact

| | : Normally Open Contact

RI
1 | _‘)(F__O_ Next(R2):=(R1[R2)&(~R3)
1 R2
— =
R2
Jl lﬁ %_O— Next(R3):=(R2R3)&(~R4)
R4 R3
I |R3

Fig. 6. RLL(relay ladder logic) for latch variables.

¥ Wie g3k 342 we o2& RLL(relay ladder logic)
o o3t ¥Ro=z Jehw Fig. 654 2Tt

Fig. 6914 Rie] Fgtol 5 ok @AM = Rt e 7EA
g9, o) 2 o wAleld R1E ARle] B3 R3 Fag 7HA
dr}. olge A U5E =eaoz A 2P B Hist
740] Next(R):=(R.,R)&(R;, ¢! Ert. A=A W59 =e= SMV
ol A derel Hale B8 & Ak

o] &5 sMFsle] F shtel precondition variableS EUTTH.
o] precondition variable AZHH o2 ThEA| AlF AN ZE &=
AL 7AE F ) ol AuE TREsE IS I 4% S
= W A7l R AR gel FRursrll Aske MREE 3
ARET 2 TAS 2L volA o WA AZME AP
S A WA A7k AEe gEiE F7 ETE o R A
ARLS oEE 27 Wget e 218 JERA Hel BAlO ke
WA Bt} WalA ol@@ 7 M5 BAC Agkg 7R X3t
%2 3}7] 95} precondition variable P;Z E=H@T} ©1FA Y

Rj P1
! l l h7H/_—O_ Next(R2):=((R1&P1)|R2)&(~R3)
R2
I le
R2 P2
] l | H:;HL—(R“ )——RB Next(R3):=((R2&P2)R3)&(~R4)
l |R3

Fig. 7. RLL of latch variables with preconditions.

Stage
i : : ‘ Product A
- - : Product B
Stage 1

age — o __1 Product C

Stage 2 J

Stage 3 i

Unit Time (hr)

Fig. 8. Discretized time unit for the latch model.

]
next(RD) := "R2 & (P=1 | R1);
next(R2) = “R3 & ((R1 & P=2) | R2)
next(R3) = R4 & ((R2 & P=3) | R3);

next(R) := “Finish & ((Rin & P=i) | R

next(Stagel) =
case

(R1 | R4 |-) & (R2 | R5-) © Operating A ;
(R11 | R14 |-) & (R12 | R15-) ¢ Operating_B ;
(R21 | R24 |-+) & (R22 | R25-) : Operating C ;
1 : Stagel ;
esac ;
next(Stage2) =
case
(RZ | RS |-+-) & (R3 | R6+) : Operating_A ;
(R12 | R15 |-+) & (R13 | R16-) : Operating B ;
(R22 | R25 |++) & (R23 | R26-+) : Operating_C ;
1 : Stage2 ;
esac ;
next(Stage3) =
case
(R3 | R6 |-+) & (R3 | R7-) : Operating_A ;
(R13 | R16 |-+) & (R13 | R17-+) ¢ Operating_B
(R23 | R26 |-+) & (R23 | R27-) : Operating.C 3
1 : Stage3 ;
esac ;
next(Storage) =
case
(RS | R8|+) & R6EIRI I-) 1,
1:0;
next(P) :=

P+1; J

Fig. 9. SMV representation of latch variables.
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32, MMIHo| oF ZY

Az T 2do] ANAA] 0FS ¥ FohEA HFN]
95ty gholla] A&E FISAHS 71 4 SF/E AEdt 1
AzE a5AE AEREE Fg. 103} 2t}

R AR Gol ARNE ol E 2YYRL F 99 AL 99

HWAHAK KONGHAK Vol. 37, No. 6, December, 1999



874 olghg- - 7

Stage
Product A
i Product B
Stage 1 Product ©
Stage 2
o
— — T
Stage 3 i
Unit Time (hr)

Fig. 10. Gantt chart imbedded in an error.

o=zx Jepls A3 FISEHe] AAE efolct. FISEA] s}
W A WA ol AAE BE A Fox F A dellx] =4
o] TR kS Aol A WA A4S AV ANES
FANFA Ak o}, 23U Fig 107 7ol IAAMY W3t AZRE 7
, F7AgE A A AR B whele 2zt SRR ofn
1le Aelola BS AR 9% dEEde]l A WA doer &
\gue ANgge Aol Erlssht olzig AeiE Fohlr] ¢
3k Aol AFZoje AAIZF 2dolAM T3t 348 CTL(computational

tree logic)® BT = Q)

N _10

ines

AG(!(!(stage01_schedule.condition=off) &
I(storage.condition=empty) & !(reactor.condition=0))) 1)

R 2 gx] 2ddME o3 22 CTLo] Ao AFRE At
Eal=N

‘A e wkeI7t FANES Mt U et owE

gl ThE] A8l 2dshs Auvt 3R e ok

— AG (!((Stagel_P=1) & ! ((Stagel=Operating_A) |
(Stage1=Operating_A) | (Stagel=Operating_B)))) 2)

%
>
b
ks
tlo
1
b
X0
fr
oX
fu
o
i >
X
T
oo
il
to
4
e
)
T
i
ot
)

3-3. AAZH 2Ein x| o] Bl

T 2dg o]43t SMV ¥TEES o R Folil NEXNEES
Fdskes Z2aY9e AZsla APANAL A5, 22 Fig. 11 2 12
g} 7o) BE 057t doju= ARE AEHeE Fohyint 28

-- as demonstrated by the following execution sequence

state 1.1: ~
stage03 -Off time =57

stage02_C_Off time =388
stage02 B Off time="175
stage02 A Off time =44
stage0l. C Off time =39
stage01 B Off time =26

stage01_Schedule.condition = off
stage01_Run time =18
stage0l_A On_time=1
stage01_B_On time =20
stage01 C On:_time =27
stage02_Schedule.Upper_time=35
stage02 Schedule.t=0
stage02_Schedule.condition = off
stage02. Run time =24
stage02_ A On_time =20
.'stage02 B On time=45
stage02_C_On_time =76
stage03_Schedule.Upper time =35
stage03. Schedule,t =0

storage.condition = empty
reactor.condition =0

state 1.2¢
PTimet=1
stage0l_Schedule.condition ='A on

statel.3:

PTimet=2
stage01_Schedule.t=1
state 1.4 PTimet=3
stage01_Schedule.t =2

- specification'AG (!(!stage01_Schedule.condition = off ... is false

state 1.85:

PTimet =84

stape02 Schedule.t =8
. stageD3 ‘Schedule.t=8

stage01 A Off time =19 state 1.86;

operator = 1 PTimet =85
PTimeUpper =220 stage02 Schedule.t =9
PTimet=0 stage03. Schedule.t=9
PTimeEnd=0

stage01_Schedule.Upper-time = 35 state 1.87:
stage01:Schedule.t =0 PTimet =386

stage02_Schedule.t=10
stage03 Schedule.t=10

state 1.88:

PTimet =87

stage02 Schedule.t=11
stage03 Schedule.t= 11

state 1.89;

PTimet =88

stage02 Schedule.t=12 :
stage02. Schedule.condition = C_off
stage03_Schedule.t =12

stage03_ Schedule.condition = off state 1.90:
stage03_Run_time =12 stage02 C Off time =175
stage03_On_time =45 PTimet=89

stage01_Schedule.condition = C:on
stage02 _Schedule.t=0

stage02 Schedule.condition = off
stage02. Run time =24 -
stage02:C. On_time =163

stage3 Schedule.t=13

resources used:

user time: 19.1167 s, system time: 0.1 s

BDD nodes allocated: 88002 ;

Bytes allocated: 2359296 E

BDD nodes representing transition relation: 34561 + 1517

Fig. 11. Results of real time model based calculation.
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Fig. 12. Results of latch model based calculation.

Table 2. Comparison of real time model and latch model

srge) e A4 875

i OP_...isfaise

. state 1 16:

" R12=90
Rl4=1
R27-1 i

 SW=15§
, ST1=0P B
. state1.17:

12 = OP_DON
- SP3=0FD
S2P=1

Applied model Latch Real time Sz 24 s PR E A J2Re ANe "aR sk W

Category model model A7l meh Sojdth B Aol e F 7 W el &

User time 19672.1's 19.1s sMVEZzIHe EQ3 oA HEAI7 Ak AAZE W ofg

System time 6.7s 0.1s uho] A He BDDE 7KW, Q4 £ &= EFF R ReA=,

BDD nodes allocated 11815120 88002 43 o2 yeith

Bytes allocated 189857792 2359296 Table 2014 2ol nlgl 7o) AFE} AAZ AbE FHshet &

BDD nodes representing transition relation 6008560 36078 238 AJ7He 9ju]ElE system imes 71Zo2E ¢ 670, Ae)} Aol
9] 71x}4=2 UER)E BDD nodes representing transition relation:
AzomE ok 167, AN 2do] A Bdutt 53 s 7t

U apaSe) me 2 gaAzie] Aolg Bith 1 ok AEA} A Aoz vheRgT

EZ sMVE F3sks Wos AT F 7H EEe ANE o

& oz UPrErtelA xpoldel vehdt.

AN7F WES o] g e AZRS digital AAISE Zo] 9l
F7roz Wi AEHE AR RE WSES AT F&Hog
ge gse /s . uged A7k deille g 2E
Zzo zaAolr}), T3 JRFTAHL dhte AEAER YEpE
Qojm AA AlAee] AAZF ¥aE AH 2dA 2 gel ¥
9= 7k shie) wsE BEE & A 2R A A
& "aw 1= gdAZe] A4S BDDE YeE 7Y Fe B
o}At},

X WA o83 upEe Aeje] Wbt gl FhE 3l Al
7v F7ro 2 e olEk Al7h il whet eiA] Wl FEER
A UehE W4 wsAg, 2z 7 A7 70 RSt

N

4.2 £

ot o] AAZ Ws WA WS EUste] WEAES et
o BRA 3P 4AAEE SMY STFOR 77 wEsT
o A% AEAEdME BR8] ofFe AwTA) FHEY % 4
Arge] B40] BEE o7l sl SMVE B8 Hald b4 A
Zo) Fbsat. = AR AN WFE £YT wd A ¥
=98 29g olgdl] NEREE FFAUT 747 018 A&
jod wzods Afeach FASY L e S40) AL

it of

{

Ol

oRd WE WA AZL CTL o7 AZAlolo] osiel v
gt B 978 B9, AFAdele FHEF AU QFo
qstel AMstES vhaEgoy, AFAdeld] wet dAEE oF
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o THE THESE BAlo] sEsa) mek olde uElEs Fo
2390l 0 oF 249 A5 B ohiet oig K 2R
. B ol2old 4 Stk FUT AFEAl sted
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