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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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,

, [9–10]
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[12]. [13]

,
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[14]

, ; [15]

4 ,

. ,

, (ato-

mic layer deposition, ALD),

PM ,
[16]. [17]

,

; [18] ,

; [19] 3 PM

,

; [20] Petri

,

(mi,mi+1)
h .

,

,

, ,

. [21–25]

, .

, [26–27]

,

, PM .

[28–29]

. , [28–29]

, ,

PM

, Petri (resource-oriented

petri net, ROPN) ,

.

2 (System modeling)
2.1 (Mixed-processing of

wafers)
PM k ,

{(m11, m12, · · · , m1n1
), (m21,

m22, · · · , m2n2
), · · · , (mk1, mk2, · · · , mknk

)}. :

mij i j PM , i ∈
Nk = {1, 2, · · · , k}, j ∈ Nni

= {1, 2, · · · , ni}.

,

.

, [4, 14, 26].

n , PMi i

. PMn,

PMn−1, PMn−2, · · · , PM1, : PMn → LLB

→ PMn−1 → PMn → PMn−2 → PMn−1 → PMn−3

→ PMn−2 → · · · → PM1 → PM2 → LLA → PM1 →
PMn. ,

,

.

,

. ,
k∑

i=1

ni∑
j=1

mij . PMij

i j , i ∈ Nk, j ∈ Nni
.

: PMknk
→

PMknk
LLB → PMk(nk−1)

→ PMk(nk−1) PMknk
→

· · · → PMk1 → PMk1

PMk2 → LLA → LLA

PMk1 → PM(k−1)nk−1
→

PM(k−1)nk−1
LL B →

PM(k−1)(nk−1−1) → PM(k−1)(nk−1−1)

PM(k−1)nk−1
→ · · · → PM(k−1)1

→ PM(k−1)1 PM(k−1)2

→ LLA → LLA

PM(k−1)1 → · · · → PM1n1
→

PM1n1
LLB→ PM1(n1−1)

→ PM1(n1−1) PM1n1
→

· · · → PM11 → PM11

PM12 → LLA → LLA

PM11 → PMknk
.

, .

PMij , PMij

,

. PM

,

.

2.2 (Fabrication process modeling)
ROPN

,

ROPN . ROPN

[7, 30].
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pij i j PM,

K(pi) = mij .

,

(automatic manufacturing system, AMS)

/ , p0 , K(p0) = ∞.

pr , K(pr) = 1. pr
, . xij

i j j + 1

, yij i j

. qij yij
xij , xij yij .

i ,

, 1 .

1 ROPN

Fig. 1 The subnet for system ROPN

ROPN ,

pi . pi , i+ 1

, i ,

. ,

i j mij ,

pij mij . , M0(pij) =mij ,

M0(pr) = 1, M0(p0) = n, M0(qij) = 0,

.

2 PM

k , , 2

. , M0 , yij(i

∈ Nk, j ∈ Nni
∪ {0}) ,

yij . , yi0, xi0

, pi1 M ,

M(pi1) =mij + 1 >K(pi1). M ,

, xi0

. PN ,

xij yij , yij
. ROPN, ROPN.

. yij :

1 M M(pi(j+1)) = mi(j+1)−
1, yij , i ∈ Nk, j ∈ Nni−1 ∪ {0};

M(pij) = mij , yknk
, i ∈

Nk, j ∈ Nni
.

1 , M0 , yij(i

∈ Nk, j ∈ Nni−1 ∪ {0}) ,

, . yini
(i ∈ Nk−1)

, ,

. yknk

, M0 yknk
.

yknk
, xknk

, M1.

yk(nk−1), xk(nk−1), · · · , yk0, xk0,

Mnk+1. y(k−1)nk−1
,

x(k−1)nk−1
Mnk+2. ,

M k∑

i=1

ni+k−1
, y10 ,

x10 M k∑

i=1

ni+k
.

M k∑

i=1

ni+k
M0, .

, 2 ROPN .

2.3 (Activity times modeling)
2 PM

k ,

, .

,

. ,

PM ,

. ζ

, ζ ∈ [ζ1, ζ2],

ζ ∈ [ζ1, ζ2]. , ξ

PM , ξ ∈ [ξ1, ξ2],

PM

ξ ∈ [ξ1, ξ2]. ζ( ξ) t ,

t ζ( ξ). ζ( ξ)

p , p p

ζ( ξ) . ,

/ [7–8], ρ. αij

PMij , δij
PMij . PM

,

,

, θ. 2 ,

1 .
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2 ROPN

Fig. 2 ROPN model for system

1

Table 1 Time durations associated with places and

transitions

pij
i ∈ Nk, i ∈ Nni , τij ∈ [αij , αij+δij ]

PMij

xi0
i ∈ Nk,

2ρ+ θ
LLA PMi1

xij

i ∈ Nk, j ∈ Nni−1,

2ρ+ θPMij

PMi(j+1)

xini

i ∈ Nk,
2ρ+ θ

PMij LLB

yi0
i ∈ Nk,

θ + ωi0 ∈ [θ,∞)
LLA

yij
i ∈ Nk, j ∈ Nni ,

θ + ωij ∈ [θ,∞)
PMij

Petri

,

Petri ,

PM . PMij

PMij

, .

, .

1 M ∈ R(M0)

t, xij(i ∈ Nk, j ∈ Nni ∪ {0}) ,

pij τij ∈ [αij , αij + δij ],

Petri .

,

1 , . ,

Petri

. , Petri

ρ, θ, αij , δij , ωij ,

. ρ θ

, αij δij , ωij

. , ρ, θ, αij δij

, ωij . ,

Petri .

3 (Scheduling analysis)
, k ,

k∑
i=1

ni∑
j=1

mij ,
ni∑
j=1

PM i

. k k − 1 · · ·
2 1 ,

. i

j , i ∈ Nk, j ∈ Nni , 2

ROPN :

xij( 2ρ+ θ) → yi(j−1)

( θ + ωi(j−1)) → xi(j−1) ( 2ρ+ θ)

→ j ( τij) →
xij . i j

4ρ+ 3θ+ ωi(j−1) + τij , mij

PM , i j

Φij ,

ΦijL, ΦijU,
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⎪⎪⎪⎪⎪⎪⎪⎩

Φij =
4ρ+ 3θ + ωi(j−1) + τij

mij

,

ΦijL =
4ρ+ 3θ + ωi(j−1) + αij

mij

,

ΦijU =
4ρ+ 3θ + ωi(j−1) + αij + δij

mij

,

(1)

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

φij =
4ρ+ 3θ + τij

mij

,

φijL =
4ρ+ 3θ + αij

mij

,

φijU =
4ρ+ 3θ + αij + δij

mij

.

(2)

(1)

, .

, (1)

ωi(j−1) , (2). (2)

,

,

.

,

,

. i

φi, ,

hi PM i

,
ni∑
j=1

PM, 3 . ,

hi hi − 1

PM , PM

. , ,

, . ,

,

. hi φi ,

hi

, ψij ϕij ,

ψijU, ψijL, ϕijU, ϕijL,
⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ψij =
4ρ+ 3θ + ωi(j−1) + τij

mijhi

,

ψijL =
4ρ+ 3θ + ωi(j−1) + αij

mijhi

,

ψijU =
4ρ+ 3θ + ωi(j−1) + αij + δij

mijhi

,

(3)

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ϕij =
4ρ+ 3θ + τij

mijhi

,

ϕijL =
4ρ+ 3θ + αij

mijhi

,

ϕijU =
4ρ+ 3θ + αij + δij

mijhi

.

(4)

3

Fig. 3 Schematic diagram of virtual process

,

,

.

,

.

,

, .
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ψP, , PM k ,

,

ψP = ψ11 = ψ12 = · · · = ψknk
. (5)

1 ,

PM

, τij ∈ [αij , αij + δij ]. , τij

. PM ,

, PM

. 2 ROPN ,

: yknk

( PMknk
, θ + ωknk

) →
xknk

( PMknk
LLB, 2ρ

+ θ) → yk(nk−1) ( PMk(nk−1)

, θ + ωk(nk−1)) → xk(nk−1) (

PMk(nk−1) PMknk
, 2ρ+ θ)

→ · · · → yk1 ( PMk1 ,

θ + ωk1) → xk1 ( PMk1

PMk2, 2ρ+ θ) → yk0 ( LLA

, θ + ωk0) → xk0 ( LLA

PMk1, 2ρ+ θ) →
y(k−1)nk−1

( PM(k−1)nk−1
, θ +

ω(k−1)nk−1
) → x(k−1)nk−1

( PM(k−1)nk−1

LLB, 2ρ+ θ) →
y(k−1)(nk−1−1) ( PM(k−1)(nk−1−1) ,

θ + ω(k−1)(nk−1−1)) → x(k−1)(nk−1−1))

( PM(k−1)(nk−1−1)

PM(k−1)nk−1
, 2ρ+ θ) → · · · → yij

( PMij , θ + ωij) → xij

( PMij PMi(j+1), 2ρ+ θ)

→ yi(j−1) ( PMi(j−1) , θ

+ ωi(j−1)) → xk0 ( PMi(j−1)

PMij , 2ρ + θ) → · · · → y11

( PM11 , θ+ ω11) → x11

( PM11 PM12, 2ρ+ θ) →
y10 ( LLA , θ + ω10) →
xk0( LLA PM11,

2ρ+ θ). , xij yij

, i ∈ Nk, j ∈ Nni ∪ {0}.

ψT =
k∑

i=1
ψi =

k∑
i=1

[2(ni + 1)(ρ+ θ) +
ni∑
j=0

ωij ] =

2(
k∑

i=1
ni + k)(ρ+ θ) +

k∑
i=1

ni∑
j=0

ωij , (6)

: ψt1 = 2(
k∑

i=1
ni + k)(ρ+ θ), ψt2 =

k∑
i=1

ni∑
j=0

ωij ,

ψi i
, ψt1 , ψt2 .

,

, ψt1. , ψt1

,

. , hi :

hi = �φiLmax/ψt1�, i ∈ Nk, (7)

: φiLmax = max{φijL, i ∈ Nk, j ∈ Nni}, �x�
x . (7)

φiLmax/ψt1 ,

. , H1 :

H2 : · · · : Hk,

Hi = [h1, h2, · · · , hk]/hi, (8)

[h1, h2, · · · , hk] h1, h2, · · · , hk .

ROPN ,

k xi(j−1) , k

PMij , k +mij × hi xi(j−1) ,

PMij k ,

k PMij τij .

, xij , yi(j−1), xi(j−1)

mij × hi − 1 ,

mij × hi ,

τij = mij × hi × ψP − (4ρ+ 3θ + ωi(j−1)). (9)

(3)(9) ,

,

ψT = ψP = ψ11 = ψ12 = · · · = ψknk
. (10)

4 (Schedulability test)
(5) (10) PM

,

.

,

,

1 . ϕLmax = max{ϕijL,

i ∈ Nk, j ∈ Nni}, ϕUmin = min{ϕijU, i ∈ Nk, j ∈
Nni}, .

2 {(m11,m12, · · · ,m1n1), (m21,
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m22, · · · , m2n2), · · · , (mk1,mk2, · · · ,mknk
)}

PM , ψt1 � ϕLmax �
ϕUmin, .

ϕLmax � ϕUmin [ϕ11L, ϕ11U] ∩
[ϕ12L, ϕ12U] ∩ · · · ∩ [ϕ1n1L, ϕ1n1U] ∩ [ϕ21L, ϕ21U]

∩ [ϕ22L, ϕ22U] ∩ · · · ∩ [ϕknkL, ϕknkU] 	= ∅,

ψP ∈ [ϕLmax, ϕUmin] ⊂ [ϕijL,

ϕijU], (5) . (6) ωini

ψij , ωini = (ϕLmax − ψt1)/k,

ωi(j−1) = 0 (i ∈ Nk, j ∈ Nni),

ψT = ψt1 + ψt2 =

ψt1 +
k∑

i=1

ni−1∑
j=0

ωij +
k∑

i=1
ωini = ϕLmax = ψP,

(10) . (9)

τij = mij × hi × ψT − (4ρ+ 3θ + ωi(j−1)) =

mij × hi × ϕLmax − (4ρ+ 3θ) �
mij × hi × ϕijL − (4ρ+ 3θ) =

mij×hi×(4ρ+3θ+αij)/(mij×hi)−(4ρ+3θ) =

αij , τij =

mij × hi × ϕLmax − (4ρ+ 3θ + ωi(j−1)) �
mij × hi × ϕUmin − (4ρ+ 3θ) �
mij × hi × ϕijU − (4ρ+ 3θ) =

mij × hi × (4ρ+ 3θ + αij +

δij)/(mij × hi)− (4ρ+ 3θ) = αij + δij .

, ψt1 � ϕLmax � ϕUmin , .

.

3 {(m11,m12, · · · ,m1n1), (m21,

m22, · · · ,m2n2), · · · , (mk1,mk2, · · · ,mknk
)}

PM , ϕLmax<ψt1�ϕUmin,

.

ϕLmax � ϕUmin [ϕ11L, ϕ11U] ∩
[ϕ12L, ϕ12U] ∩ · · · ∩ [ϕ1n1L, ϕ1n1U] ∩ [ϕ21L, ϕ21U] ∩
[ϕ22L, ϕ22U] ∩ · · · ∩ [ϕknkL, ϕknkU] 	= ∅,

ψP ∈ [ϕLmax, ϕUmin] ⊂ [ϕijL,

ϕijU], (5) . ωij = 0 (i ∈ Nk, j ∈ Nni)

, ψT = ψt1 = ψP ,

(10) . , (9)

τij = mij × hi × ψT − (4ρ+ 3θ + ωi(j−1)) =

mij × hi × ψt1 − (4ρ+ 3θ) >

mij × hi × ϕLmax − (4ρ+ 3θ) >

mij × hi × ϕijL − (4ρ+ 3θ) =

mij×hi(4ρ+3θ+αij)/(mij×hi)−(4ρ+3θ) =

αij , τij =

mij × hi × ψT − (4ρ+ 3θ + ωi(j−1)) �
mij × hi × ϕUmin − (4ρ+ 3θ) �
mij × hi × ϕijU − (4ρ+ 3θ) =

mij × hi × (4ρ+ 3θ + αij + δij)/(mij × hi)−
(4ρ+ 3θ) = αij + δij .

, ϕLmax < ψt1 � ϕUmin , .

.

4 {(m11,m12, · · · ,m1n1), (m21,

m22, · · · ,m2n2), · · · , (mk1,mk2, · · · ,mknk
)}

PM , ϕLmax � ϕUmin <

ψt1, .

ϕLmax � ϕUmin [ϕ11L, ϕ11U] ∩
[ϕ12L, ϕ12U] ∩ · · · ∩ [ϕ1n1L, ϕ1n1U] ∩ [ϕ21L, ϕ21U] ∩
[ϕ22L, ϕ22U] ∩ · · · ∩ [ϕknkL, ϕknkU] 	= ∅,

ψP ∈ [ϕLmax, ϕUmin] ⊂ [ϕijL,

ϕijU], (5) . ϕUmin < ψt1,

ψT > ψP , (10) .

ϕLmax � ϕUmin < ψt1 ,

. , ωij = 0(i ∈ Nk,

j ∈ Nni) ,

ψij = ϕij + ωi(j−1)/(mij × hi) <

ϕUmin + ωi(j−1)/(mij × hi) <

ψt1 + ωi(j−1)/(mij × hi) <

ψt1 + ψt2 = ψT,

(10) . , ϕLmax � ϕUmin < ψt1 ,

. .

5 {(m11, m12, · · · , m1n1), (m21,

m22, · · · , m2n2), · · · , (mk1, mk2, · · · , mknk
)}

PM , ϕUmin < ϕLmax ,

ψt1 � ϕLmax −
∑

i,j∈E
(ϕLmax − ϕijU)mij × hi,

E = {i ∈ Nk, j∈Nni , ϕijU < ϕLmax},

.

ϕLmax < ϕUmin [ϕ11L, ϕ11U] ∩
[ϕ12L, ϕ12U] ∩ · · · ∩ [ϕ1n1L, ϕ1n1U] ∩ [ϕ21L, ϕ21U] ∩
[ϕ22L, ϕ22U] ∩ · · · ∩ [ϕknkL, ϕknkU] = ∅,

ψP ∈ [ϕLmax, ϕUmin] ⊂ [ϕijL,

ϕijU], (5) . ,

ϕLmax�ϕUmin [ψ11L, ψ11U]∩[ψ12L, ψ12U]∩· · ·
∩[ψ1n1L, ψ1n1U]∩ [ψ21L, ψ21U]∩ [ψ22L, ψ22U]∩· · ·∩
[ψknkL, ψknkU] 	= ∅, ψijU � ϕLmax,
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ωi(j−1) � mij × hi × ϕLmax − (4ρ+

3θ+αij+δij), i, j ∈ E. , E F = Nn−E

(5) , ψP �
ϕLmax. ωi(j−1) = 0, i, j ∈ F , (10)

,

ψP = ψt1+
∑

i,j∈E
ωi(j−1)+

∑
i,j∈F

ωi(j−1)+
k∑

i=1
ωini =

ψt1 +
∑

i,j∈E
[mij × hi × ϕLmax−

(4ρ+ 3θ + αij + δij)] +
k∑

i=1
ωini =

ψt1 +
∑

i,j∈E
(ϕLmax − ϕijU)mij × hi +

k∑
i=1

ωini �

ϕLmax,

ψt1 � ϕLmax −
∑

i,j∈E
(ϕLmax −ϕijU)mij × hi,

k∑
i=1

ωini � 0. , ϕUmin <

ϕLmax , ψt1 � ϕLmax − ∑
i,j∈E

(ϕLmax − ϕijU)

mij×hi, E = {i ∈ Nk, j∈Nni , ϕijU<ϕLmax},

(10) ,

ψP = ψT = ϕLmax. i, j ∈ E,

τij = mij × hi × ψT − (4ρ+ 3θ + ωi(j−1)) =

mij × hi × ϕLmax − (4ρ+ 3θ + ωi(j−1)) �
mij × hi × ψijL − (4ρ+ 3θ + ωi(j−1)) =

mij × hi × (4ρ+ 3θ + αij + ωi(j−1))/

(mij × hi)− (4ρ+ 3θ + ωi(j−1)) = αij .

τij = mij × hi × ϕLmax − (4ρ + 3θ + ωi(j−1))

ωi(j−1) = mij × hi × ϕLmax − (4ρ+ 3θ)− τij �
mij × hi × ϕLmax − (4ρ + 3θαij + δij), τij �
αij + δij . i, j ∈ F ,

τij = mij × hi × ϕLmax − (4ρ+ 3θ + ωi(j−1)) �
mij × hi × φijL − (4ρ+ 3θ + ωi(j−1)) =

mij × hi × (4ρ+ 3θ + αij + ωi(j−1))/(mij × hi)−
(4ρ+ 3θ + ωi(j−1)) =

αij , τij =

mij × hi × ϕLmax − (4ρ+ 3θ + ωi(j−1)) �
mij × hi × ψijU − (4ρ+ 3θ + ωi(j−1)) =

mij × hi × (4ρ+ 3θ + αij + δij +

ωi(j−1))/(mij × hi)− (4ρ+ 3θ + ωi(j−1)) =

αij + δij .

, ϕUmin < ϕLmax , ψt1 � ϕLmax−

∑
i,j∈E

(ϕLmax−ϕijU)mij×hi, E = {i ∈ Nk, j ∈
Nni , ϕijU < ϕLmax}, .

.

6 {(m11, m12, · · · , m1n1), (m21,

m22, · · · , m2n2), · · · , (mk1, mk2, · · · , mknk
)}

PM , ϕUmin < ϕLmax ,

ψt1 > ϕLmax −
∑

i,j∈E
(ϕLmax −ϕijU)mij × hi,

E = {i ∈ Nk, j ∈ Nni , ϕijU < ϕLmax},

.

5 , ϕUmin < ϕLmax, ψt1 �
ϕLmax ,

(5) , ϕLmax � ϕUmin [ψ11L, ψ11U ]∩
[ψ12L, ψ12U ] ∩ · · · ∩ [ψ1n1L, ψ1n1U ] ∩ [ψ21L, ψ21U ]

∩[ψ22L, ψ22U ]∩ · · · ∩ [ψknkL, ψknkU ] 	= ∅. ,

ψijU � ϕLmax, :

ωi(j−1) � mij ×hi×ϕLmax− (4ρ+3θ+αij + δij),

i, j ∈ E. , E F = Nn −E

(5) , ψP � ϕLmax. ωi(j−1)

= 0, i, j ∈ F , (10)

,

ψT=ψt1+
∑
i,j∈

ωi(j−1)+
∑

i,j∈F
ωi(j−1) +

k∑
i=1

ωini =

ψt1 +
∑

i,j∈E
[mij × hi × ϕLmax−

(4ρ+ 3θ + αij + δij)] +
k∑

i=1
ωini =

ψt1 +
∑

i,j∈E
(ϕLmax − ϕijU)mij × hi +

k∑
i=1

ωini �

ϕLmax.

ψt1 > ϕLmax −
∑

i,j∈E
(ϕLmax − ϕijU)mij × hi,

k∑
i=1

ωini < 0,

. , ϕUmin <

ϕLmax , ψt1 > ϕLmax − ∑
i,j∈E

(ϕLmax − ϕijU)

mij×hi, E = {i∈Nk, j ∈ Nni , ϕijU<ϕLmax},

. .

5 (Scheduling algorithm)
PM k

, ,

. ,

, :
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1 PM k

: αij , δij , ρ, θ, mij (i ∈Nk, j∈Nni)

: Hi, ωij , ψi (i ∈Nk, j∈Nni)

i)

1) ψt1←2(
k∑

i=1
ni+k)(ρ+θ)

2) φijL←(4ρ+3θ+αij)/mij , i ∈Nk, j∈Nni

3) φiLmax←max{φijL, i ∈Nk, j∈Nni}
4) ϕijL←(4ρ+3θ+αij)/(mij×hi), i ∈Nk, j∈Nni

5) ϕijU ← (4ρ+3θ+αij + δij)/(mij ×hi), i ∈ Nk,

j ∈ Nni

6) ϕLmax←max{ϕijL, i ∈Nk, j∈Nni}
7) ϕUmin←max{ϕijU, i ∈Nk, j∈Nni}
ii)

1) hi←�φiLmax/ψt1−0.5�, i ∈Nk

2) Hi←[h1, h2, · · · , hk]/hi, i ∈Nk

iii) ωij

1) If ϕLmax�ϕUmin then

2) If ψt1�ϕLmax then

3) ωi(j−1)←0, i ∈Nk, j∈Nni

4) ωini←(ϕLmax−ψt1)/k, i ∈Nk

5) Else

6) If ψt1�ϕUmin then

7) ωij�0, i ∈Nk, j ∈Nni∪{0}
8) Else

9) system cannot be scheduled

10) End If

11) End If

12) Else

13) If ψt1�ϕLmax−
∑

i,j∈E
(ϕLmax− ϕijU)mij×hi,

E ={i ∈Nk, j∈Nni , ϕijU<ϕLmax}
14) Then

15) ωi(j−1) ← mij × hi × ϕLmax − (4ρ + 3θ +

αij + δij), i, j ∈ E

16) ωi(j−1)←0, i, j ∈ F

17) ωini←{ϕLmax−
∑

i,j∈E
(ϕLmax−ϕijU)mij×hi}/k

i ∈Nk

18) Else

19) system cannot be scheduled

20) End If

21) End If

iv) ψi

1) ψi←2(ni+1)(ρ+θ)+
ni∑
j=0

, i ∈Nk

6 (Examples)
1 {(1, 1), (2, 1)},

A : α11 = 159 s, δ11 =

26 s, α12 = 168 s, δ11 = 20 s; B

: α21 = 379 s, δ21 = 30 s, α22 = 174 s, δ22 = 15 s.

: ρ = 12 s, θ = 3 s. s

.

ψt1 = 2(4 + 2)(12 + 3) = 180 s, φLmax = 216 s,

h1 = �φ1Lmax/ψt1 − 0.5� = �225/180− 0.5� = 1,

h2 = �φ2Lmax/ψt1 − 0.5� = �231/180− 0.5� = 1,

φUmin = 233 s, ψt1 < φLmax < φUmin,

. , A, B

1:1.

, 4 .

4 1

Fig. 4 The Gantt chart of scheduling result for example 1
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2 {(1), (1, 1), (1, 1)},

A α11 = 120 s, δ11 = 15 s;

B

α21 = 280 s, δ21 = 20 s,

α22 = 258 s, δ22 = 28 s;

C

α31 = 424 s, δ31 = 27 s,

α32 = 436 s, δ32 = 24 s;

ρ = 8 s, θ = 2 s.

ψt1 = 2(5 + 3)(8 + 2) = 160 s,

h1=�φ1Lmax/ψt1 − 0.5�=�158/160− 0.5�=1,

h2=�φ2Lmax/ψt1 − 0.5�=�296/160− 0.5�=2,

h3=�φ1Lmax/ψt1 − 0.5�=�462/160− 0.5�=3,

φLmax = 159 s, φUmin = 162 s,

φLmax < ψt1 < φUmin,

. , A,

B, C 6: 3: 2.

, 5 .

5 2

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

7 (Conclusions)
,

, .

,

. PM

, ROPN

,

, .

ROPN ,

, PM

.

,

.

.
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