33 &5 9 I
2016 %9 H

1= & E
Control Theory & Applications

5 g A

Vol. 33 No. 9
Sep. 2016

DOI: 10.7641/CTA.2016.60104

HAT 2 dhRh i [ VR & 00 16 U8 21 5 v o Y B2

AR, LR
(VLPGHE TR MLR TRE2A R, VIV #3M 341000)

FEEE: S T $ v ot [ A& WA I AR P RIOR, 7125 58 o (3 5 B I T 2 SR AR T, IR i AR 2
s e TR VR A o T B L 12 4% U ) S 5, SR TTTED In) % 9058 1) Pt Do) A5 7 13k 22 o % [507  FF VR 6 m T it
T, 51N F 1) AR ST 388 H A 284 1 B0, SR FH TGN 2 o AR s 230 e AR 00 28 498 W 0L 1Y i sl i 1) Lk, i ik g folbn T 18 77
P TP 3R, 2T R G Petri S AR by 5 T4 15 S, 41 10 B 201 45 e 45 78 22 R ot BV 0 In T T R iy
RE T 51, HUBENTIE AR, 55, et T RATRESW EE R ARSI LS B I0AIE T S0k A 2t F e 47428,

KR A A B Petri W5 RS IN L, VA 15 ol s

B 525 TP305 XHRFRIZES: A

Scheduling for single-armed cluster tools with mixed-processing of
multi-variety wafers

PAN Chun-rong’, WANG Ji-peng

(School of Mechanical and Electrical Engineering, Jiangxi University of Science and Technology, Ganzhou Jiangxi 341000, China)

Abstract: To improve the production efficiency of cluster tools, wafer residency time constraints considered and without
PM sharing, scheduling of single-armed cluster tools with mixed-processing of multi-variety wafers are addressed. Firstly,
a resource-oriented Petri net (ROPN) model is developed to describe the wafer fabrication process. Controlled transitions
are introduced into models to avoid deadlock, and time is associated with places and transitions to model activity times.
Secondly, workloads among the processing steps are balanced via virtual process modules. Analytic expressions for testing
schedulability are derived based on the Petri net and backward scheduling strategy. Finally, a scheduling algorithm for
the steady state is presented. Meanwhile, illustrative examples are given to verify the validity of the scheduling algorithm

proposed.
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Fig. 1 The subnet for system ROPN
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Fig. 3 Schematic diagram of virtual process
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A AT AR R (2 =4, BT

Y =Yp = P11 = P12 = = Y, - (10)
4 W] B A %E (Schedulability test)

XG0S T AL ZPMZ M s [ VR &
TN T e AR 21 A AR RS (O FEACRF A S R, (HJE R
G TA = A G AL LR B QI BERIEAN 2 A
SRAFOTAT L. B 0 T B 2 1 2k A
TASSHRE RN TIREE A8, 18 TPk 753 2 i
[52] 33 B R 240 5, B SR A AR M U T U P88 06 20046 8 3
IR 2 8 BRI EOK . B pnmax = max{wij1.,
i € Ni,j € Np}, @umin = min{g;ju,i € Ny, j €
Ny, }. W4 R g B

EE2 X T {(mi,mo, -

; Ming )7 (m217
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mag, -, m2n2)7 Tty (mklymkﬂ) T amk‘nk)}*% :T:t
36;:'\: ?PMEIE;H ]ltzl[ﬁ/ﬁ\t”] I,%¢tl <<10Lmax<
®U min» ')\“Jﬁ’é‘géﬂ/a\ﬁ%ﬂuﬁ}ﬁ

E W oLmax < @Umin U [p11L, @110 N
[p12L, w120] N+ O [P1mL, 1 u] N @211, P21U]
N (@221, @220] N+ -+ N [PkniLs PhnU) 7 D5 WITEDL
BT TG 25 5 I A7 fEp € (0L maxs YUmin] C [@ijL,
wijul, G AL, HE(6) W] Fw;,, AR R Gt
£ — T % 9 M, 2 wing = (@Lmax — ¥u1)/k,
Wi(j—1) = 0 (l eNg,j € Nni), )

YT = Yy1 + Y2 =
k n;—1 k
Yo+ D, Y wij+ D Win; = PLmax = VP,
i=1 j=0 i=1

BEIAAENE L SR L0) IR BE. Bei (9 A
Tij = myj X hi Xy — (4p + 30 + wij_1)) =
(4p +30) >
mij X hy X @1, — (4p + 30) =
mij X hy X (4p+30+c; ) (mij x hi) — (4p+30) =

mij X hi X OLmax —

Qij, Tij =

mij X hi X PLmax — (4p + 30 + w;(j_1)) <
(4p +30) <

mij X hi X piju — (4p + 30) =

Myj X Ny X QU min —

mi; X hi X (4p 4+ 360 + a5 +
(5,“)/(77%]' X hz) — (4p + 30) = Qyj + 51]
IL[:, i—,thl < YL max < SOUminHTJ‘, %éﬁﬂulﬁﬁ

==y
E B3I X T {(mi,mig, - mip, ), (Mo,
ma2, - - 7m2n2);“' a(mk‘lvmk%' v amknk)}i;ﬁ it

T EPMES RTE A N T, 2500 max < ¥t1 < PU mins
D) B 2 g % T AT
E B onmax < @Umin W F {0111, 110 N

[p12L, p120] N - - N [P1my L, P1r U] N [@211, w210] N
(201, 20U] N - N [Pny Ly Py, 0] 7 D WIFEHLAR
F 0 & 15 I A7 7E Yp € [PLmaxs PUmin) C [ijL,
pijul, 13 G Hw;; =0 (1 € Ny, j € Ny,)
I, SARAFAE LA o1 = o1 = oop AL, HIAFAE
WA IR, BE, Oy fH

Tig = mij X hi X b — (4p + 30 + wy(j_1)) =

mij X hi X g1 — (4p + 30) >
(4p +30) >
mij X hy X @1, — (4p + 30) =
mij X hi(4p+30+cu;)(mi; x hi) — (4p+36) =

mij X hi X L max —

Qj, Tij =
mij X hi X — (4p + 30 + w;(j_1)) <
(4p +30) <

mij X hi X gy — (4p + 30) =

mi; X h; x YU min —

Myj X h; % (4p+ 30 + Qij + 5ij)/(mij X hz) —
(4p + 39) = a4 + 51]
Z,j'i—:J:, %'@Lmax < wtl < ®U min Hﬂ‘, %gﬁﬂulﬁg

UFEE.
E B4 N T {(mi,miz, o man,), (Ma,
mog, - 7m2n2)7' o ,(mkl,ka,' o 7mknk)}$ﬁ ﬁ

TG 3L =PME A I A N L, 0L max < ©Umin <
o1, WA SR AN TR L.

E M onmax < @Umin U H [o11L, e11u] N
[p121, p120] N - N [P1 L, P1r U] N [P211, w210] N
(201, P220] N - N [Pk L, Py U] # D, WAEHLAK
F TG %5 FF B AFTE Yp € (0L maxs @Umin) C [#ijL,
wijul, R G KAL. MU min < i1, BT EILENLHK
FREHEREETE R e > p, HER(I0)ANGERAL. itk
ML max < PUmin < Ve, REAFENI TG
SR, U SR, Blw;; = 0( € Ny,
J € Np ) AR E],

Vij = ij + wij—1)/(mig X hi) <
PUmin + wi(j—1)/(Mij X hi) <
VY1 + w1/ (mig X hi) <
Vi1 + P2 = Y,

A EIALENUBCT A S5 45 G BN AN B AT AT fif A
;—Et(l())ﬁk j Z/% J:, é,| PL max < ©Umin < wtl Hﬂ‘a

ANFAERF A BRI TR UEEE.
EEBS X T {(mi, mi2, -, map, ), (Mo,

ma2, - -, m2n2)’ R (mk1> mga, -+, mknk)}jtﬁ ﬁ
TeHEPMEH R AN L, 240U min < OL max ™,
Y- (PLmax — wiju)maj X hy,

i,JEE
:/H\:EPE = {,L S Nkajeanvgpl]U < ‘PLmax}, U\'”%‘E‘%}:
HEB& T LA AL

I H@rmax < @umin M F [p111, @110] N
[p121, p120] N - N [P1y L, 1 U] N [P211, P210] N
(201, p220] N N [Pk L Py U] = D, WAEHLAR
T ZE A5 N AAFEYp € [@Lmaxs PUmin] C [@ijL,
pijul, 115 (ST TENLIR T A 45 Fp i, ZEAf
©Lmax < PUmin W H Y111, Y110]N[Yh12n, Y12u]N- - -
N[Y 10,15 Y1n,u] N [Y2110, Yo1u] N Y201, Y2u] M- - - N
[VkniLs Vikn, U] # D, DA YijU = QL max. BT

¢t1 < PLmax —
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33 3%

Ui BE A 2000 L (j_1) = M X hi X @Lmax — (4p+
30+a;j+6i;), Herhi, j € B. Wk, EFMIF = N, — E
A A LG AF AR 2 NG E, Hayp >
OL max- 7%-(]-,1) =0,i,j € F, 7 A 1E3 2 :(10)
BORIGWEE, W

Yp =Y+ Z Wi(j— 1+ Z Wi(j— 1)+szm:

i,jEE i,jEF
YVe1 + Z [mij X h; X YL max —
i,jeEE
k
(4p + 360 + Qi + (Sij)] + E Win; =

k
Y1+ D, (PLmax — Qiju)Mij X hi + > win, =

i,jJEE i=1
L max;
ﬁwtl < YL max — Z (@Lmax - SoijU)mij X hia H%
L,jeE
_Lﬁ—tj‘/ﬁﬂz Win; =2 = 0. ?/%J:ﬂfﬂ, %@Umin <
SOLmaxHT E¢t1 $Lmax — Z (@Lmax - ‘PijU)
,JEE

mij % hi, R E = {i € Ny, j € Np,, 0ijU <@Lmax ),
WIAFAE R 2 R0V BRI B, H RS /N1 1A
Yp = YT = PLmax. X T LI, j € E,

Tij = My X h;y x i — (4p + 36 —I—wi(j_l)) =

mij X hi X PLmax — (4p + 30 + w(j_1)) =

mij X hi X b, — (4p + 30 + w;j_1)) =

mi; X hiy X (4p + 360 + a5 + wi(j_l))/

(mij X hi) — (4p + 30 + wi(j—1)) = iy
Hi7i5 = mij X hi X @Lmax — (4p + 30 + w;(j_1))
ﬁ("')7:(]'_1) = Mmjj X hi X oL max — (4,0+ 39) Tij

>
My X hi X ©Lmax — (4p + 390&@' + 5”) EHTZJ <

i + 0ij. XL, j € F,
Tij = Mij X hi X PLmax — (4p + 30 + w;j_1)) =
mij X hi X gijr, — (4p + 30 + wij—1)) =
M X hi X (4p + 30 + auj + wi(j—
(4p + 30 + wi(j—1)) =
Qij, Tij =
Mij X hi X PLmax — (4p + 30 + wi(j-1)) <
mij X hi X iju — (4p + 30 + wi(j-1)) =
mi; X hiy X (4p + 360 + o + 045 +
wiG—1))(mig X hi) — (4p + 30 + w;(j—1)) =
agj + Oij.

£ L oumin < @Lmax I, 47 901 < OLmax—

)/ (mij X hi) —

> (PLmax—piju)mijxhi, KHE = {i e N, j €
ijeE
Nni, Piju < 1, max}a mU$%éﬂéﬁ%’ﬁu1}%§

i

E E6 Xj‘ a:{(mll’m12y"'7mln1)7 (m21’
ma2, - m2n2) : (mkla mgo, - mknk)} *ﬁ ﬁ
%/\¥PMHH./EIIQ jJDI élchm1n<§0Lmax HT

Z (SDLmax -
1,jeEE

I:PE = {7’ € Nkv] € ana%gU < @Lmax}a l)_]\IJ $‘ )'3%‘
A B AL

I HEHSATHL 20U min < OLmax, Vi1 <
OLmax I, HUBK T AR AT 5545 54 0] B8 A7 78 3 2
GBI, M eor max < ©Umin T [W112, P110]N
(Y120, Y120] N - O [Y1n, L, Yinyo] N [Yo11, Y210]
Noar, Yoou| N -+ N [y Ly Yiny U] 7 2. BEI, 20
HYijU = OLmax> BIHUBKTE U4 B 06200 223 2 F =X
Wij—1) = Mij X hi X PLmax — (4p + 30 + ayj + d;5),
Hrpi,j € E. Wk, ERMF = N, — EA A IAEM
FAAET AL G L, Habp > oL max. AT 2wi(-1)
=0,i,j€F, ﬁ%dﬁ@ﬁ&ﬁam%kmwﬂﬁ
W, W)

7[)T djtl_'_zwl(j 1) + Z

7]6 7]€

ﬁwtl > YLmax — (P'LJU)mm X hu >=

k
Wi(j-1) T 2 Wing =
=1
Y1 + Z [mij X h; x YL max —
i,jEE
k
(4/) + 39 + Otl'j + 51])] + Z Win; =
=1
k
Vi1 + D (PLmax — SOijU)mz‘j X hi+ Win,; =
i,jEE =1
YL max-

0]

wtl > @Lmax —

Z (‘pL max

i,jEE

k
BESERIR AT S win, < O, 7SI bR T A7

— piju)mi; X hy,

=1
FEHUBR TSI TR B S, BTEL, o0 min <
@Lmaxlﬂ" %'@btl > @PLmax — Z (@Lmax - SOijU)
,jER

minhi, HpE = {iENk,j S Nnm‘PijU<<PLmax},
WRGAFTHE.  iEE

5 B (Scheduling algorithm)

ST IEPMAL S R0 i 58 (196 45 I T3k Ak
AT e IR RN 53 Afr, #E3 HY ZR e ] B2 E (1) TV,
gy AR B v 507 k. BRI, g
FERAAFRAS T RE, SR N AR AALT:
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ﬁfi 1 SRFICPMILZERN G RGN TR E ={i €Ny, jeN,,, ©ijUu<®Lmax}

B 14) Then
éFHU]\. Qg ij, P 9, My (’L ENk,jENni) 15) Wi(5-1) — my; X hi X O max — (4/) + 30 +
Bt Hi, wij, i (i €N, jEN,,;) aij +0ij),4,j € E
i) Yraptt 16) wi(j_1¢0,i,j€F

k
. 17) wini<_{(meax_ Z (QOLmax_ Pi U)szhz}/k
1) wtﬁ_z(z; ni+k)(p+0) . ijeE ’ ’
2) ¢Z-jL%(4p+39+aij)/m¢j,i ENk, jENni ¢ ENk
3) GiLmax<max{¢;;rL, i €ENg, jEN,, } 18) Else
4) pij(4p+304ij)/(mi;xhi), i €N, jEN,, ) system cannot be scheduled
5) Piju < (4P+ 3¢9+aij +5ij)/(m¢j X hl),’L € Ng, 20) End If
jeN,, 21) End If
6) ©Lmaxmax{p;;r, 1 €Ny, jEN,,} iv) Kfi; .
7) @Umin<max{p;ju, i €Ny, jeN,, } 1) i<2(ni+1)(p+0)+ >, i €Ny
=0

i) TR FR A

1) hi<_[¢iLmax/¢t1_0-5—‘, 7 ENk
2) Hﬁ—[hh hg, v ,hk]/hz‘, 7 ENk
iii) w;; KA

1) If L max <@U min then

6 ¥ (Examples)

Bl1 RS TR R {(1, 1), (2, 1)),
o dy B = AR I TS 808: aq; = 159 s, 611 =
26's, o = 168's, 811 = 20's; 77 &h B 1 L 2 %
73' Q91 = 379 S, (521 =30 S, (92 = 174 S, (522 =15s.

2) I <@Lmax then o
3wy e €Ng jeNn BUMTF-ER B8 p = 12,6 = 3 5. 0TS RN
0 Wi (PLmax—tu )k, § €Ny IAIAS.
5 Eiso Fh LA P e
6) If 141 <@Umin then P = 2(4+2)(12+ 3) = 180 S, PLmax = 2165,
;) El“ia‘ <0, i €N, j €N, U{0} hy = [d10max/tber — 0.5] = [225/180 — 0.5] = 1,
9; Ss(;stem cannot be scheduled h = [dormax/Phr — 0.5] = [231/180 - 0.5] =1,
10) End If PUmin = 2338, Y11 < PLmax < PUmins
11)  EndIf RG] LU B BRI I, BE N R4S A, BRI
12) Else 547 it R A 11 St bSO R 3 s it
13) If wtlngmax_ijZEE(SDLmax_ piju)mijxhi,  REFaATHEE, PRI HAFE 4R,
Has | r |f Aiy
L I | P Fo |
BiPM,[ [ [ | / [ ' |
s . — : _ |
W [PM I I P ]
PM,| | [ ] | | ] |:
™[ TTEUELT FOTETED TURLELT TOODET TORTELD TOTOrrT 7ol
[ sBdepMnT [ PR )

B v [

| BT T e e s [ :: HURAE T S0 28 47 (51 ‘: PR TF S EE

Pl 4 {1 TR
Fig. 4 The Gantt chart of scheduling result for example 1
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B2 ARSI TEACY{(1), (1,1),(1,1)}, FEIRVIP S P
Hrp AR I TS = 120, 611 = 155s; W1 =2(5+3)(8 +2) = 160,

P BN LS ECN
91 = 280 S, (521 =20 S,
99 — 258 S, 622 =28 S;

h1 =10 max/tbr1 — 0.5] = [158/160 — 0.5] =1,
ha = [$o1, max/Ps1 — 0.5] =[296/160 — 0.5] =2,
hs = [P1Lmax/Pe1 — 0.5] =[462/160 — 0.5] =3,

FrRCHM TS0 Blmasx = 1595, QU min = 1625,
@31 = 424 8, 531 =27 8, ¢Lmax < wtl < ¢Umin:
agy = 436's, 032 = 24 s; WA G ] L . RS IR, BE N B4 10 W [ 7 Fh A,
WU T12 82450k B, CIRA LI 46: 3: 2. dl 1 b S0 Brak if f ydksk
p=8s 0=2s MR AR GRAS L, W HR R E SR,
_____ {4.] 4]
{Virtual B | Virtual Bi {B..]
i {C. Virtual Ci | Virtual C 1G] Virtual C1 irtual C1 {C.]
cPMI T i 1 | : — i
pM T (] : — s — |
PM;TT P | [} ? ¥ O | i
‘ PM,| I 1 [ | | i
APM,| | ' P } ' P P '

T\‘IIIHIHIIII!IIIII ‘. L O lIll IlIilll[iI _ IIIIHIIllIIEI

L8 Yo W Y V. ¥ ¥, ¥ ¥ Y Yo Y Y W, W, s v Wy ‘a’." fisf [
| MEEPMAP T | | A EPMpfy  IVUBEF ekt IR RS E [T 8 [P T2 R G

Bl s 2R R
Fig. 5 The Gantt chart of scheduling result for Example 2
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