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Simulation—based Design and Performance Analysis of Two Phase Banker's

Algorithm for Efficient Operation of Capacitated Automated Production Systems

Hee Chul Shin - Jin Young Choi

This paper suggests a two-phase look-ahead Banker’s algorithm for efficient operation of capacitated automated
production systems. The algorithm improves the ability of detecting safe states of the previous one by considering
the possibility of processing each job to completion at once as well as partial movement between jobs. The improved
performance of the proposed algorithm is testified by performing numerical experiment in terms of (i) detection rate
of safe states and (ii) system throughput and verified by using paired t-test.

Key words : Capacitated Automated Production System, Banker’s Algorithm, Safe State, Detection Rate, Throughput
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(2 JEEINERIPSEE

=X

O Al At S8 Y
Resource Ordering (RO): 2= AL Ho|HES] £A]
£ Y= Aokl A e - 11 Afo]of| Gl job
9] ol g Aol 23 fAAE ol H#E
T FET 2w Al2H AR 585k W
Banker’s Algorithm (BA): A|2Elo|A #2] £ =&
jobs2 WA} job stage7}A] A2|sl7] fIsto] Lot
= A950) 7hgat AR A S8k whY
Banaszak-Krogh Deadlock Avoidance Algorithm (BK-
DAA): ¢J32H|0]HE2 production zone &2 705}
1 35 zoneo] 9= job] |7 zone ] 1w GeFe)
T 2USA) g Aule] A S8t Wy

o] FoA BA dare|Ee thaat 2ol AJAg QP 4
B gelste] -8 Alo] (g 59, jobs Ty 2
A HAR 5 Aofgict. WA e thl 28 Ao
Dol disll 1 A2 A WEoAlE the AR AdHE
gt vkl oy AEjolA AlAEle] EAshs HE
job=2 WRA|E} job stage”IA| A2|sl7] flste] agt K
£ AEo] A& Yol 7R8ShH el -8 Ao &
52 o-83lkti(Lang, 1999; Reveliotis, 2005).

ol5 I3 BA ¥are]E-2 717+ jobs A9 job
stageol| 4] WEX]4} job stage71A] ZIAIA 4= Qli=A] 2l
Sh=dl, o] Wl A2jE= jobs 1He| A= T8 ¥
o 9 ojH jobo] mEA|Et job stage7}A] A2 4= §l
= e, & F3tol old job stageol|Al Zagt 92
o] Ao ojn] T} jobol| &Jal} ]2 ek T job
= Y ol aehA] il thE jobom R E 9 7heA
< SRIgit}. wheba] E712] Aeld 4= giokal ddEg)
9 jobole} A2t THE jobso] YHE|o] AlARRS W
A Yzt $ released sl HAAHO|HS ThA] 0] 83t 4= 9l
A Hck BA ¢aE|5 o]t 9ol gl AlAE]
7R & 5183 4= 97 whitol thE sub-optimal i
ZF Ao} dare]E Kok APESE 4= Sl P A et
AH 4= QA Eo] AAHY] 28 84S =Y 4 Stk

sk A]sto] 518 71sat AAE ok Abele] 2]
= A2 2-80] B A (flexibility)o] Aok 5] 2}

oz A28 Aol A S F 4 UTHChoi,
2012). o5 &9, Fig. 19 Sl= 2228 Eof disf g
#lo] stfe] jobRt Helelms &4 Alo] HAS A4t
o 2w 58Ee He e P AolAt Alx
g] e wll¢- Holxith BA dare|5e] 9ol A
28o] 97|17} AR A== job typeo]L} job route




I3t AlZ2ijold |8t 267 287t dnalF(BA) HA X 524 |

Y &8 24lo] BRSArE ¢ HHE A 4
A= 5o %401@ 7Fs/de] @ol 3tk o= BA ¢are
9 o e A WRo] A" Wofl Ql= B jobs
o] & 7FsAde 7 job Tl W A He 3789 A
7Fe/de Hal wEsy| wizof AAlze bdgt A7t
OFABIR] 9o Alej(unsafe state) 2 HAE = Q17| f
wolth & =i ]/\1L ol2fet BA ¢are|Ee] wis 7l
AR 264 BA dare|ES AAskL, AlEdel e Fl
AQHE el % é% Haoh Alggolds figt

0 & Wo| ALE]= dispatching
-9 =3l 31294 dispatching

2
o

A

ﬂ

Y _I_L.

nﬁ

of M2 -%ﬂr Atk WA 2=
K Xl-‘i"“*} A2ge) B8Rl ¢85 fls) 283t wat
Aloiet 435 Alote] FHIntegration)ofl ¥et 7+ A
£ Aoftt]. 3R ol Hall & =moll A At 2
7| Look-ahead BA &112]Z A4 W AJAH] 2L 4]
Qe At 4ol ds A AdS S8l Al EaL
2|59l Adee A3 vpAet o R SAe N AT} FF
AT S AR

feke

o=

2, g7 =M Fel

2.1 Q62 AISMA AAH AASEY 2A|

2 =l ﬂas T QI 03k Ek XEEAIAL A|AE]
& AR W §FE 7 m Y] faageldos o
g=H, n7i2] job stage— olgalo] AES AABILE o
o} Hoj= = 7]2] job staget= U3t YT E|o|AolA
A7} she ALY EAL 71K8, olgfdt SAHE m <n
9 0% HHY 5 9

O]Ei?‘f} ostaer AEAAL A AE0] HERO] oA,
Fig. 2= QIdlofl Al AlFatal 9= Mini-fab Z&E kel

Station 1: Diffusion

St )

Macnine
Aand B

Station 2: lon Impl.

-

Wl (Ramirez-Hernadez %5, 2009). 1€l Mini-fab &3
& W 5709 fA2H| 01T} 671 job stage® T
o Sick Mgk o] WS THER A, HiA) AL Zela)
of A9, EAAEE, )4 g, A7l 7 B 5
dubA oz AJAE] -8 Fofl WA 4= = ofF 7HA
CHERE oMIESS BF ARSI Q7] ol g At
oA Z-gEaL Qlrk. 53] o] meloflA= Hi=A] fab i<l
9] Q8 FA 2l diffusion, ion implantation, lithography
e EPeial Qlem, 7ol A stat —
diffusion — ion implantation — lithography — ion
implantation — diffusion — lithography — exit®]
AE AXA A=A e

dubzoz olefgt fRH AR At AlLE
o AEA]] 8= feliMe 2zt Aol oA
A 2foF Sh= job stage”} 7 7l oFd wf ofd Huo]
= oW jobs WA AZsfoF sh=AIE AAsh= Al
7F EAZHE oIS &9 Fig. 29014 JLEH 12 AB=
B3 13} # SoflA 7|t Al Yl jobsS 2T A28
of sh=tl, Al2®e] a&Ael 82 fldiAe oW &
A& o] jobsa Azsfof sh=rte] 2AEY A &
sjdsfior gt

o o, z}zto] faxgolde AFHE &2 HuE
7HAAL 171 el ARl 2AET A o] 2G|
& 73 AlLE U] B jobsol AiEA] Fekal A
A= w2t Aol M= E S Sl Eﬁ a4
ol 2AET AR w2k S AR o= FAl
M| A s FTisket 4 Qlofof jith 7Hk 7F
et w2k Ao} o m AR R] ZE<E A (Work
In Process: WIP)o] 1ALt 10] =7 sh= Wi arefd
= AL o A HA AILRY] e 7 WA H
o] 289 aaAo] wl-g- At whebr 38k A
QY A4 A" aaAQl -85 fleliAle wat

|

[e:

4

J1-O
oo =

Station 3: Lithography

Machine

Cand D Machine E

End

T

Fig. 2. Intel Mini-fab Model(Ramirez-Hernadez et al.,

2009)

A2t H A4S 2012 128



™
gal
02

Aolok A AolE FAlel Tejshs 27z A A
= Zo] g Faslek

5712 el 2] Wasis), 0|2 9]
7]7|(Finite state machine: FSM) 7|Ho]
o] S} FSMo|gt A28 27| F5/defjoll A A2
sto] = WY 7heeh ARl RS AT B 9L
= gz g HoJE i (Cassandras %, 1999).

JEt Wnbeo® AsHo] B A% BE A|aY
FEE FHSH= FSMO| 7|7} 7|slaA o2 S7lst
o, AoHo R ME WA S Aojg % s H
2} Alo] AAE Fre AL v o2 ZAIE dEA Sl
oL mebd IgelAl elg wlet go| gitiel B
sub-optimal gt &R0} ekie|Zo] ST o] uf %
B 2zf Alo] garejFol s8ok= S AdElel A7)
= A28 Aol 2 e mld 4= 9k

oAl 0] Fig. 19 9= 22AE Eof sl ohaat

2o @3 Ao} AL Agcka ek,

£ oo g
f

o SAAOIFD 1 - 3 WAe} F WA job stageo] 4=
jobe] 2 10]3k2 47|

« AAO| A 2 - A WiAlel A A WA job stageo] 9L
£ job?] 425 30J5lR fA5kH, F WA job stageo]
jobo] glow Al WA job stage= 10]5}2 {4

Fig. 3 5 719 A= o 2t Ao] Aae 483
749 BEEE ok Aol 2712 vehdch 22 o
2 FAIE FEL A 7A] job stageol| 1= jobe] 7S
Rt olE Sof (1 10y 3 wAlet £ A job
stageo] 3 7J42] jobo] AL ojufate. of w) Hge
wzpA|o] Aol thal] 5185 AJH Wl HollA o] 2
A& (throughput)2 Discrete Time Markov Decision
Process(DT-MDP)E #-&5}o] AAFsE 4= QJth(Puterman,
1994). T = job stageof|4Q] A 2] AJ7to] rate”} 1
ol A4 BEES MEOT 1YY FE T 74 23 Aol
ARG AL H) BTS2 0337} 0480],

olefet ol B o 4= Go] $3 B AFAUE
A2Ele] g &8-S S QHd Al A o

o4tk w2k Alo] JAL ABIH= Ao] Fasty ol

@ :=ASe0|M5EH

=X

System states
allowed by Deadlock
voidance Policy 1

- -t
- -

- -~
Pt 000 '-..,\
/’ ~
rd ~
4 \ ~
,, 100 \\
/ Y
/ \
/ \
/ 200 010 \
! \
! 1
! 110 001 1
! !
! '
\
\ 210 020 101 p
\ ’
/
\ ’
\ 120 021 012 011 3
\ 7
A
P
~ ”
220 ~. 111 ooz
-
~ -

Deadlock state
System states

121 allowed by Deadlock

Avoidance Policy 2

Fig. 3. Comparison of safe states for different deadlock
avoidance policy(Choi, 2012)

A28 Aol 2 S v 4 ek

2.3 CIEl Mini—fab AJAE! O
BA ¥312]&S Fig. 29] 9l 91€ Mini-fab A]2 g0

SME B9 A3 B34 4m), BA Uate)

A8 5% ol ek TAlAel o
of Iel Mini-fab Al25l0] 74 3 28
cheat el AR,

o~

oo

o 15

S| ) o,
Ho

i

q._q..

F

1o
b,
o

o 2

1

1:!/\]_

2=l iy
do
Of

_1
Off
o

of
il

* 2} Station®] Sl = i MW7l ERjHoR T

* Station 19] w]z82Fo] 2, Station 22| v|u]82fo]
Station 39| Wm-g=Fo] 3

* Z} Station®] MachineE-2 o] HHE9] &5

3

O 31
= O

(o]

-

o

4

Aus

}_

ofs

Jo
fu e

ojefgt AlAg ol s BA YilElEe A8
79 Al2El A (23100 0)2 theat e o]
QFslA] ok A2 wgo] Hrt

* Al #A job stage] jobS U] HA job stage® |53}
e 88 2

* 5 WA job stage?] jobg olEdhe 4 Tl WA job
stageoll Al ¥ 87 23}

* 3 WA job stage®] jobg olFdh= 4 F A job
stageollA] W3 §7F 23



95182 XSMM AlAto] F8H0I 282 9I3t AZ2(0}4 7| 250 237t YnalH(BA) A U HSEA

sme
- -

P Sea
Phasell _»*
Start o’ End
P LY
’ -~ .
¢ .
’ .
’ [}
S ={Jh], Jal. - [} " I e s '
NatCompletion = 0 N ’ S § Retum Unsafa '
k=0 [ ] ]
i=0 ' i
]
. . ]
Sy = {daly Mal, = 11 W'l == [ Jalk '
v Whare |8 '|=]-1, 1=l 1+ 1 i j=n, ]

S = {|da], Jal, s W] | jet] o a1} =0

k=n
Ll P L
Yes
¥
(L:P‘I kE:Tctjlgn NotCompletion++ | | Return Safe |
¥
16l = |9 - 1 End

k=0
NotCompletion = 0

Phase |

Fig. 4. Flow chart of 2-phase lookahead BA

efut o) A28 Aol - WA job stage] Sl
job wA] A A job stageo] o1 A7) F, % (222
00 0)9] A28 AElE WA TE F BA daelES A
Bl ozl A2 Al BA dhatelze] o3 eb
A= o] Hu] AR o] A2E Al ohasict
web BA SHelzel o ok Al Al W) s

Look-ahead BA &tig|Zolata AoJslm, AjHzol A
A= Fig. 49} 2tk Fig. 404 Mg 7159 onji= o}
o3} .

* |IJ — job stage k (k = 1, ... ,n)o] Q= jobo] 4=
* NotCompletion — I Hoj| 117]}7<] YIS = Gl jobe] =

2 o]t o osfl AHdE = 3 *Si—j (=1, .., n)HA job stageE HAAZ] A|2H]
Al
3. 2tt4| Look—ahead BA ¥12|E A
| & 7He] wHA|(Phase)= A==t
3.1 ga|lE A Fig. 404 A o2 Eof Q= Kol thA 10]1, A

% ﬁ o A= 71& BA dare]Eo) ¢bd MEH A4 b}

352 AN 224 B Aletaic.
AotE mw|Zo] 7)E2A el ofo|tjole A|AH] YHo
A= jobSe] 9 7H5AIS 7F job T W AA|
FA] A7 7HsAS Bl IHdt o jobS 7ke] Bk
o] o] 7F5AS EAlof 1E]sH= Aot o]E 2¢HA

2 rlo rPN ) u:E

o2 FAE Fo] 9| 28 vehdth 9| 1A= Al
28] il EAE jobso & 7hsde 2 job &
o] ¥ AH| o TA] A FeAS Hrkehu, v 2
xe %7510}11 o A= T e AAg Aol sl
jobs ko] F2AQl olF 7he/de st e
H71HA %E}-

A2t Mus 20124 122 @D



Select a state S from V and
VeV {S)

l

Apply 2-phase Look-ahead BA

>

Generate nex! state S, while considering all possible
control actions

l

V=V {Sn)
Vs = Vs U {S}

Vs =Vus U8} [

Fig. 5. Flow chart for FSM generation based on 2-phase
lookahead BA

A|QFEl 294 Look-ahead BA ale]&o] AEa 4=
i A" A b AEE Uehle FSME

o]
AT
AABRE TR Fig, 59} 0] LERd 4 Sl Fig

oA Vi 1 E AAE A A Ve datEgel &
2 QP e A Vs PsHA] R Ao R wttE
A A yehdick =Ax9] 00 e 29
Look-ahead BA 2-8” oA Fig. 49 Q&= da1g]&

2 Hgsp Bk

L

[e]

3.2 A7|1EY YHule| Sgt et
wAA o] AL F

Table 1. Design of experiment for performance evaluation

§%F
A2sgle] 989 Slek 2712 Aajo] Hastk utet
A2 o8 BAS s $Ig 2] 2z A

el AL Folxl A
§ 7o) SES Aeish B3, 48R 23 Qo] Hae
2 A sk kg A% Ald] Hie oS
SIS Fe}. o] o vk v AlAE AYe7E QPSR
Atk s 8 Alo] EEs At U] & Fol
Al s A8 Felag AR osto] Adeigitt o
W o2 glo] ol Fref A A HAQAE(First In
First Out), =¢41&(Last In First Out), A1 A AH]A
(First Buffer First Serve), S Al AH]2~(Last Buffer
First Serve) 52| dispatching rule=©] 1T}

T
T,
Zﬁ‘i
=2
>
2
Ir
<t
N
~
Mo

fll

gzsdlolile] 4 7t stations] BE $ 2] A,
Z} job stageof| 49| 22| AIZkE thE2A| Slo Table 13}
Lol 4712 Al 2d] o2 AABHI(Shin, 2012). -
X 281 T3 45 T4 12 4 3] o) vl g &
A £AE t=A oo HE AlLE e AR A
24 A2Ele] B Z7lo] 12 Aot okuelol

£ 2487 fF Aoltk.

AEE 8l Al darelEE Col= F3sde
], 2.33 GHz Core 2 Quadg AR5} AA|ZT) A
Qhe darelEe] e thad 2ol 7 7 7l 9

# of workstations Buffer capacity # of job stages Job sequences
Conf. 1 4 2, 1,42 p 1—2—3—4—>2->3
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Table 2. Comparison of the # of safe states identified
Current BA Suggested BA
# of total states|# of safe states i i i i Rate of
# of safe .states identified / # of safe‘state's identified improvement
Identification rate /Identification rate
Conf. 1 390 387 294 / 75.97% 360 / 93.02% 17.05%
Conf. 2 6,237 6,174 5,985 / 96.94% 6,153 / 99.66% 2.72%
Conf. 3 3,483 3,549 3,126 / 88.08% 3,459 / 97.46% 9.38%
Conf. 4 33,389 33,180 31,130 / 93.82% 33,160 / 99.94% 6.12%
able 3. Results of experiments for system throu ut considaere €adlock avoildance policies
Table 3. Results of experi for system throughput by considered deadlock avoidance polici
Current BA Suggested BA
FBFS LBFS FIFO FBFS LBFS FIFO
Conf. 1 0.083612 0.083931 0.083757 0.090230 0.089736 0.089850
Conf. 2 0.077570 0.077710 0.076740 0.080160 0.079120 0.081570
Conf. 3 0.079777 0.079283 0.078437 0.082443 0.083461 0.081860
Conf. 4 0.060080 0.059160 0.059440 0.063040 0.061400 0.060860
&l H7b=|Sict: Table 4. p-values of Paired t-test
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ey ok = o) 2O obl Abe o] 4 Conf. 1 0.000260 0.002023 0.000447
= AAFA A o] 5 X100 Conf. 2 0.001902 0.000151 0.013747
1A ) %1 o] 2= Conf. 3 0.000005 0.000992 0.000008
= AH = HeTTEAT
7152) A28 Throughput BEE: Conf 4 | 0024283 | 0017305 | 0.007369
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