
� 38�� 9� ��������� Vol.38, No.9

2018 � 9 � Systems Engineering — Theory & Practice Sept., 2018

doi: 10.12011/1000-6788(2018)09-2424-10 ������: TP301; U468 �����: A

�Æ����Æ����	
������

���1, ��� 1,��� 1,� 	 2

(1. �
�������, �� 610063; 2. 	��
�� ������, �� 610031)

� � ������������� �!"��, �#$���%�&�'�()�*+,
-./. ���0�1�234��+5�67, 89$%67�:�;<=>�. �?Æ�� 
@!, A�:"0Æ�#�BC"0Æ�, DE$>�F$-. %GH&<='/(;)Æ�, �
#$I*J+<,�%67<='/: �?J+<,JKL-�.&, /M01NO��PQ'�
 . R2, �S3H&<=�TUVW�, X4$5�.&YZ.[. �\, ]6^778$9�#
�,-./�":��'/���.

��� ,-; +;; �()�; H&<=; �����

Dynamic programming-based energy-saving scheduling for
material handling in assembly lines

HU Liman1, LI Zhiwei1, LIU Xueyin1, CHEN Peng2

(1. Sichuan Provincial Machinery Research & Design Institute, Chengdu 610063, China; 2. School of Mechanical Engineering,

Southwest Jiaotong University, Chengdu 610031, China)

Abstract To effectively improve the performance and promote the environmental benefit of mixed-model

assembly lines, an energy-saving scheduling method for the tow-train material handling in assembly lines is

proposed in this paper. First of all, a multi-objective mixed integer programming model is constructed with

two objective functions which aim to jointly minimize the maximum line-side inventory and the total energy

consumption of the tow-train material handling in assembly lines. Subsequently, several problem properties

are analyzed to convert this composite optimization problem to the discrete optimization one, simplifying

the proposed multi-objective mixed integer programming model. Then, to overcome the dimension disaster

of dynamic programming in solving the model, a multi-objective dynamic programming algorithm based

on prune rules is presented. Due to the utilization of prune rules, the proposed algorithm is able to directly

delete the dominated states and reduces the searching space in a relatively large degree, which leads to

a great improvement in the computational efficiency performance. In addition, a new definition for each

state during solving processes is provided to obtain Markov property, the premise requirement of using

the dynamic programming algorithm. Finally, the outperformance of the energy-saving scheduling method

and the effectiveness of the prune-rules-based algorithm are verified by the simulation results.
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��$, ����%�#��&�'��%��&'����&��. ,��  , Emde � [9] (�!
���"&�(!)��&�������&��, )*����"� #�!-����$, .!


� NP-hard ���*#�/
%"��)*+,&�. +$�� [10] ,-��%&�.��!�
/&��-, )�.
�/�0#�����"&��0���, #$
���"'�.��
0��$.

Maurizio$ Mauro� [11] 11#$��, *#2(��)�&����!��0���, �%2��(
���*&'%�)%�(�"�. 0), 3**� [12] )*��2(�!��+����, #$�

!-����$,*#+1�$0+!)3�4&2,&��.!&��3"�. Fathi� [13] '+#$
*��
�+����"�(���!-����$, �*#')-4&5�55*&�, ���%�

&���
�
�����&��. *�, 66+� [14] 7�����
�
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��
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�,:�8)-9&��;<�../&�. Battini � [15] *#���
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������-!0�
��, .!-!0��/*&0��=�.��>1�90.
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�	�����3�/	�,2 [16,17] 4	��
����@3. ��, Zheng� [18] �3"�:���;5�4,:	���"�, *��
�
���+
�, 4A�������. Nielsen � Banaszak � [19] *#56
����5	7�+7$
�

�����, )*��
�BC�6*������. Muguerza � Briand � [20] D,
�7��6�,

)*��+���#$��6<�$, 
��7!*��
�BC��Æ8=	2��, �&��9E+
�2	8BC?9
����	��-. '>8, Qiu � [21] ,-�&&��
�&')�7
����
����	�, *#�/�����4 '9
���&'���$. Hu � [22] ��8:'9��&
'��,  #)+���0�����!-����$,*#�&'
�0F,�#9G��� 15%��
�. Hu � [23] *�*#��

�
�	���"�, ,-��"��/:�?;, )*�����0�

��#$�!-����$.
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 �!
�BB. 'C��.C�&C�&�+
� �!, D)L7�!)*M�3"	87�E+�D

�� �!7F�.(	E@, �FD�G#A�E@BB��NEG*��&'<=, *)
7HE8
)�&C.

���70��H, I�)D,: 1) AO���JC, �&0F�: @+
�K�&L+
�.)+

��//B�A/� �!, A)IF"�,MG9/J�+
�#.�/, C7F
����+F���
GH
�; 2) 	I���/5., C�.C����?���		I; 3) >J�	��3%.��J�+
.C�.L?�/���� �!��IF"�; 4) 
�??���, �+
�����&JD���
�
?; 5) @+
����NE�O.@F�O.�8KO.����; 6) �GP	8H:HL, ��5I	8;

7) ���J�/:F�:; 8) ��KL�@	�.@		I�/� �!���
�?/�@<; 9) @	

�.���8 �!, @8 �!��8$I.

�MMN0����, "�))JI�-�:

S: �.3!, s = 1, 2, · · · , |S|;
T : ���), K��3%3!, t = 1, 2, · · · , |T |;
L: 
�O+3!, l = 0, 1, 2 · · · , |L|, 0 7AGH
�;

dst: J t ��3%J s �. �!/�?�;

Tls: J l +
�.C�. s ��P�/;

pst: J t ��3%J s �. �!���;

us: 
�?�:P �! s ���;

ds: NQR�./B;

dv: �&CH.����KQBC;

dsl: J l +
�*'&'�+)�;

ξr
l : J l +
�SLE�O.���;

ξi
l : J l +
�SLF�O.���;

ξσ
l : J l +
�SL8KO.���;

Ca: 5K:�'9���*��&�?��;

η: ���.��, �<����L���MM;

m: ��R�;

ωs: 5	 �! s R�;

ρ: 8KO.:&��;

g: �.L7�;

μ0: E�O.��;

εmin: ��SO*�
�7�;

εmax: ��SO*�
�7�;

σ: L (
) 7��;

smax
l : J l +
�/��!�*)�	�.;

Tl: 90-�, J l +
��#.�/;

εl: 90-�, J l +
�L7)�3"	87�;

εl(t): J l +
�L7%/,�T t �Q�7�;

π: 
���"', π = {(T0, ε0), (T1, ε1), · · · , (T|L|, ε|L|)}.
�/ 0��N0�JI, #$�������&���
�
�	����$�):

Minimize

f(π) = {f1(π), f2(π)}
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Subject to:

f1(π) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

max
s=1,···,|S|;l′=1,···,|L|

⎧⎪⎨
⎪⎩

l′∑
l=0

us ·

⎛
⎜⎝

�T(l+1)s�∑
t=�Tls�+1

dst

⎞
⎟⎠

⎫⎪⎬
⎪⎭ , if l = 0, ∀t ∈ T ,

max
s=1,···,|S|;l′=1,···,|L|

⎧⎪⎨
⎪⎩

l′∑
l=0

us ·

⎛
⎜⎝

�T(l+1)s�∑
t=�Tls�+1

dst

⎞
⎟⎠ −

l′∑
l=0

�Tls�∑
t=�Tl−1,s�+1

pst

⎫⎪⎬
⎪⎭ , if l ≥ 1,∀t ∈ T ,

(1)

f2(π) =
|L|∑
l=1

(ξrl + ξil+ξ
σ
l ), ∀l ∈ L, (2)

Tls =

{ 0, if l = 0, ∀s ∈ S,

Tl +
εl

σ
+

(s− 1)ds + dv

εl
− ε2l

2σ2
, if l ≥ 1, ∀s ∈ S,

(3)

Tl − Tl−1 ≥ 1, ∀l ∈ L, (4)

smax
l = max

⎧⎪⎨
⎪⎩s

∣∣∣∣
�T(l+1)s�∑
t=�Tls�+1

dst > 0, ∀s ∈ S

⎫⎪⎬
⎪⎭ , ∀l ∈ L, (5)

dsl = (smax
l − 1)ds + dv + (d2

v + (|S| − smax
l ))1/2, ∀l ∈ L, (6)

σ

2
·
(εmin

σ
+ Tl − Tl−1

)
−

((εmin

σ
+ Tl − Tl−1

)2

− 4
σ

(
ε2min

2σ
+ dsl

))1/2

≤ εl, ∀l ∈ L, (7)

|S|∑
s=1

�T(l+1),s�∑
t=�Tls�+1

dst ≤ Ca, ∀s ∈ S, t ∈ T , l ∈ L, (8)

ξr
l =

⎛
⎜⎝m+

|S|∑
s=1

ωsus

�T(l+1)s�∑
t=�Tls�+1

dst

⎞
⎟⎠ g · μ0 · dsl/η, ∀l ∈ L, (9)

ξi
l =

∫ εl/σ

0

σεl(t)
η

⎛
⎜⎝m+

|S|∑
s=1

ωsus

�T(l+1)s�∑
t=�Tls�+1

dst

⎞
⎟⎠ d(t), ∀l ∈ L, (10)

ξσ
l =

∫ εl/σ

0

εl(t)
2η

ρ · ε2l (t)d(t) +
1
2
ρε2l

(
dsl − 2ε2l − ε2min

2σ

) /
η, ∀l ∈ L, (11)

Tl ∈ Z, ∀l ∈ L, (12)

εl ∈ [εmin, εmax], ∀l ∈ L. (13)

?; (1) 7A�.*���"���/�#
��+ �!�
R �!��+�. ?; (2) �+��

:&, NE�@F��8KO.S8�� �. ?; (3) 7A@+
�.CC	�.��P�/N#.�/
$
�7�9". ?; (4) TÆ��KLT	
�BB. ?; (5) 7A@+
��!�*)�	�.. N/

(6) �*'&':&N/. ?; (7) Æ.@+
��?O��*��&�. ?; (8) 7A@+
��	8
7�NPUO
�BBKUD�. ?; (9)∼(11) �S8��:&N/. ?; (12)(13) 
P"�90-� Tl

� εl �V�.

3 '(/j

N 0��N0��!-����$�<, �����
�
�	�������))�R:

0k 1 @"�� π = {(T0, ε0), · · · , (T|L|, ε|L|)}, ��R�CW0���, K�!-�����N

π = {(T0, T1), · · · , (T|L|−1, T|L|)} Q�T".

l1 NN/ (7) �<, @+
��
�7�?NP"U:

σ

2

(εmin

σ
+ Tl − Tl−1

)
−

((εmin

σ
+ Tl − Tl−1

)2

− 4
σ

(
ε2min

2σ
+ dsl

))1/2

≤ εl, ∀l ∈ L. (14)
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*������P�KNP*��@+
���. N/���	7��, @�+
����7�QRV
��, *��@+
���K�*��@+
�7�. ��AO 0��/O@+
�*�7��:

(εl)min =
σ

2
·
(εmin

σ
+ Tl − Tl−1

)
−

((εmin

σ
+ Tl − Tl−1

)2

− 4
σ

(
ε2min

2σ
+ dsl

))1/2

, ∀l ∈ L. (15)

>�/�<, εl 9�/ Tl−1 � T1 �P�, εl = f(Tl−1, Tl); 7N/ (15) S)��P� f1 �?;

(9)∼(11),�T-� εl, �OR	��P�9�/ Tl−1 � Tl ���/%3�P�, A)��R�CW0�
��=N π = {(T0, T1), · · · , (T|L|−1, T|L|)} Q�T".

0k 2 ����&:�<
, R	NQ
��//B�, < UT, Tl − Tl−1 ≤ UT, UO�+
��
�?O��*��&:� Ca NP"U:

UT = max
{

ceil
{
Ca

/
min

s=1,···,|S|
{Rs}

}
, T1s − 1

}
, (16)

T1s =

⎧⎨
⎩Tls

∣∣∣∣
|S|∑
s=1

�Tls�∑
t=1

dst ≤ Ca and
|S|∑
s=1

�Tls+1�∑
t=1

dst > Ca, l = 1

⎫⎬
⎭ . (17)

l1 IF���, �X9>J�	�. s = 1 KLWI)�	�.. ��, �X.C�. s′ ��/?
@J�	�.RU s′ − 1 		I, K@	�., s′ − 1 	��	I#� �!��� . �) �!��V
X��KL��. ,��I%, J�	�.)��.Q���WJ�	�X.C4#6@)�/�F �!
��YV, 9Y,J�+
���,*�
��//B T1s − 1. 4,)S
�O��, ����� C�.
 �!��3", ��� Rs Z���
��//BZ�, C*�
��//B� Ca/ min

s=1,···,|S|
{Rs}. A),

-	��O��, *��//B�: UT = max{ceil{Ca/ min
s=1,···,|S|

{Rs}}, T1s − 1}.

4 2m3n4o56789p:;4<=>?@

AO���$��R 1�<,RCW0���N�� π = {(T0, T1), · · · , (T|L|−1, T|L|)}Q�T",��W

?90O�, ���8U�����#��&� (multi-objective dynamic programming algorithm, MODP)

�% [24,25]. 
�,
�
�909N T1−1 � T1 X!T",�������
�
�	������#�$
�Æ>�. �SL�>�#���	�)ZT, :7ÆB�C')�#XSO�)U
&�+,8/, >
4*�Æ>�#&��:&����Æ.SGA� Pareto %.

4.1 ABCDqEFGH
N�R 1 <, 
�90�NQR+
�.C�.�/ (T1−1 � T1) NTEY, VUZV�W�. ��,

	*#�A#"�"/)"U MODP �ZV�W�� #�/ÆB�C����[L�#��
&� (multi-objective dynamic programming based on prune rules, MODP-PR) SG*0 Pareto %3.

,[L�#���, 90W?� R = |T |, @	90W? r 7AJ R− r + 1 +
�, r ∈ {1, · · · , R}; @
	W?A# tr 7AJ R − r + 1 +
��#.�/. �Æ.���ZV�W�, �X, r + 1 W?�/[7

.'�	A#� tr �A# tr+1 � K 	, \]RA# tr NP, r W?�%#6 K +. 908/� Xr(tr),

@	W?�A#903! xr(tr) ∈ Xr(tr). AO #�� �$, #$[7"�, KSO)+
�#.�/
�):

tr+1 =
{
xr|εmin ≤ σ

2
·
(
εmin

σ
+ xr − tr

)
−

((
εmin

σ
+ xr − tr

)2

− 4
σ

(
ε2min

2σ
+ ds(tr, xr)

))1/2

≤ εmax ∪ xr ≥ 1 + tr ∪
|S|∑
s=1

�xrs�∑
τ=�trs�+1

dsτ ≤ Ca

}
.

(18)


�, trs � xrs 
PNN/ (19) � (20) :&O:

trs =

⎧⎨
⎩

0, if r = 1, ∀s ∈ S,

tr +
ε(tr, xr)

σ
+

(s− 1)ds + dv

εl
− ε(tr, xr)

2

2σ2
, if r ≥ 2, ∀s ∈ S.

(19)
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xrs =

⎧⎨
⎩

0, if r = 1, ∀s ∈ S,

xr +
ε(xr, xr+1)

σ
+

(s− 1) · ds + dv

εl
− ε(xr, xr+1)

2

2σ2
, if r ≥ 2, ∀s ∈ S.

(20)

N�R 2 O, #)R+
��,*��//B UT, ��[7N/� xr ≥ 1 + tr (�!W\�:

tr + 1 ≤ xr ≤ UT + tr. (21)

W?]�P�� ψr(tr, xr) = {ψr
1(tr, xr), ψr

2(tr, xr)}, K@+
�)�*���"������:

ψr
1 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

max
s=1,···,|S|

{
us

( �xrs�∑
τ=1

dsτ

)}
, if r = 1,

max
s=1,···,|S|

{
us

( �xrs�∑
τ=�trs�+1

dsτ

)
−

�trs�∑
τ=r−1

psτ

}
, if r ≥ 2.

(22)

ψr
2 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, if r = 1,((
m+

|S|∑
s=1

ωs

�xrs�∑
τ=�trs�+1

dsτ

)
+ ρds(tr, xr)

)
· ε(tr, xr)2/2η − 3ρ

8η
· ε(tr, xr)4+

ρε(tr, xr)
2

4ησ
ε2min + m · g · μ0ds(tr, xr) +

|S|∑
s=1

ωsus

�xrs�∑
τ=�trs�+1

dsτ · g · μ0 · ds(tr, xr), if r ≥ 2.

(23)


�, ψr
1 7AJ R− r+ 1 +
�*���"��, ψr

2 7AG#W?��. 19, �XW? r �A# tr ��
�/*)W?� t1 A#�, C>A# tr−1 = t1 .A# tr = t1 �W?]�P�7-�:

ψr(tr, xr) = {ψr
1(tr, xr), ψr

2(tr, xr)} = {0, 0}. (24)

L9���FA#��/ t1, �	D-��� π = {(0, t1), (t1, t2), · · · , (tR−1, tR)} $KD�, 19�#
��NPR4.*)W?YQ[;. ��, �Æ.R4�\S�, >A# tr−1 = t1 .A# tr = t1 NP\].

N/
�"U[7"� (18), 7^A�GH[7.

AOW?]�P�, *0]�P�C�:

Gr(tr) = {Gr
1(tr), G

r
2(tr)} = {min{max{ψr

1(tr, xr), Gr+1
1 (tr+1)}},min{ψr

2(tr, xr) +Gr+1
2 (tr+1)}}. (25)

Gr
1(tr) � Gr

2(tr) 
P7A.J R − r + 1 
��P�*�"�����. IFA#�*0W?]�P
�: GR+1

1 (tR+1), GR+1
2 (tR+1) ?� . C*0��"' π = {(0, t1), (t1, t2), · · · , (tR−1, tR)} N*)W?A#

t1 .IFW?A# tR �&'��.

4.2 IrGs
�SG*0 Pareto%3,�#��,CW??/�/.CG#A#�A�Y_�%,`�����/

8/��/�. Pereira� [26] ]#
_"^��#����NX�,
_"^		��/�#��A#=
#(�/�U���8�/8/. ��, U�R(�NX�, �7ÆB�C')�#���U�:&8/�
*�:&��. 	*#�/Y_����ÆB�C, ^T�������D_�A#, >4
3+,A
#�:&�/.

7/@	W?,*0��P��� {Gr
1(tr), G

r
2(tr)}. �XW? r��, tr = t1(KY�D-�� π), C.

W? r �PSO�Y_�%3� min
i=r,···,R

{Gi(ti = t1)}. �X r−1W?�*0��P�� {Gr−1
1 (tr−1), Gr−1

2

(tr−1)} _�/ min
i=r,···,R

{Gi(ti = t1)} ��BÆ�	%, N/�#��R4�5�RV�, [L*;SO�%

ND�_�%. 7/A# tr = t1, N/GH[7O�K97G#*0��P��<R.*)W?, ��LZ
A#7F�A# tr − 1 = t1 *;��/SOZG# min

i=r,···,R
{Gi(ti = t1)} 00�%. ��, ÆB�C"��:

�XW? r ��, tr = t1, �Y_�%3 min
i=r,···,R

{Gi(ti = t1)}, C^TA��A#��/ t1 �A# tr �W

? r − 1 �7F*0��P��_�/Y_�%3�A# tr−1. ÆB�CA��@ 2 AA.

4.3 JtIrGsKABCEFGHLMNu
MODP-PR &�>IFW? tR HF, Y_�*0%3 min

i=r,···,R
{Gi(ti = t1)} �//���[ 
. HO'

)ÆB�C^T9Y_�%�A#, 
3A#+,:&��/. Z(&�:&!a�@ 3 AA.
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1
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2
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4
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5

0

1

3

1

0

3

0

0

0

0

4
4

0,12
314 11
1026 12
1028 12
1448 12

( )= 864 11
1000,7
902 9
821 8
1009 13
801 7

G t
5

min{ ( =0)} 0,12i
ii

G t

� 2 OvPw&Q � 3 MODP-PR RSTRUx

5 VyWz{XY

�b.*#�
�
�	���"� (energy-efficient scheduling method, ESM) � MODP-PR &��
���, :)�_������������: ����� S8�� {A, B, C}, ��KL {C, C, B,
A, A}, '�:; [8] �\�
P(	�b
[. �b,cO 2.70GHz, ��� 8GB � PC + HO

MATLAB ]��6.

5.1 Z[\]^_`a
���_�	���"� ESM, :EG
\]8,-�'��	��-���"��^Z@: �

&��"� (scheduling method considering loading weight, SMLW), 7���"� (scheduling method

considering speed, SMS), &'��"� (scheduling method considering route, SMR) �:; [8] A*#�
<���K`�D,��"� (scheduling method with simplified hypotheses, SMSH). ^8��"���
�7 1 AA.

@ 4∼6��'���
�
�����)^8��"�7Z[X. 
�,	�@�&@&'@7��<�
`�
P�7 1 ����"�KL7F. N@ 4∼6 <, 1) ESM � SMLW ��d�/
\��"�, _!

��&�7�����[�8	�, @�:;�:F�&����"��6�/
�
���	���, 4

ESM � SMLW �/�T8N0
�
�������YV; 2) SMS � ESM R8��"'?VL��
"'��>�, _!@+
�7���'��"6�L�-70FVL0\���"' (���*�"�
�0�]��0����"'), =�90(*&0�EG"'; 3)@ SMSH, SMR@SMS ?�����

�
�����, 19@+
�EG*'&'L�-&'0F@-70F�
�
�	20���, L9�

��7	8�:�'9��+��c�G9/�&'	��E�O., 
+�F�O.; 4) *#� ESM -

!-&'�-7R80F, �a*���"'��>�, `�a,�00"', e����C	
�

���"'�+��. f!) 
[, :*#�
�
�	���"� ESM �TT^
�
���
YV �̂��8��
�
����*&a,00��"'. ��, *#� ESM 6�/%9������

�
�
�	���.
b 1 c|defSg$

���� $gb b_� c� b_� a`b�
�� de a� a�
$g de _` _`
cf `g a� _`
b� `g _` a�
b� `g _` _`
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� 6 nPhijkc|defSlm � 7 opeqr
5.2 }s~t`a

�(�!
[C��	��-7
�
�	����	���, EGcSBC (generational distance,

GD) �/N0��[X�c4�. pm 7A	��-3! {|T | , |S| , Ca, ds} ��J m 		��-, d6�-

"��):
Δf(π)

Δp
= max

{∣∣∣∣Δf(π)1
0.1 ∗ p1

∣∣∣∣, · · · ,
∣∣∣∣Δf(π)m

0.1 ∗ pm

∣∣∣∣
}
. (26)


�, 0.1∗pm 7A	��-�5	V�; Δf(π)m 7A	��- pm c�-����[Xc4��. N@ 7

�<, LB�.� S �d6�-, ��, 0��&���LB�.����(�!��
�
���.

5.3 M]^_`a
���_��#��&� MODP �Z(&� MODP-PR���, EG�%�/@+,			��UI

cSBC (inverted generational distance, IGD) ��_�]�. IGD f!]��/_�Y_�%3�*0
%3�d���2Y_�%3�
e�, :&N/�):

IGD(P ∗, P ) =

∑
υ∈P∗

d(υ, P )

|P ∗| . (27)


�, P ∗ �Y_�*0%3, d(υ, P ) 7AY_�*0% υ .Y_�%3 P ��*�	�efBC. ,��

�������
�
�	������, MODP� MODP-PR�%
P�Y_�*0%3@Y_�%3.

,M&��	�<� 1800 s, �b�	[X�7 2 AA.

N7 2 �<, 1) F�97/�����a9�����, MODA-PR :&��?�/ MODP &� 20%

) , dP97/������, MODP-PR @ MODP *�� 30%; 2) MODP-PR @ MODP 
3+

,		��? 25%, ÆB�C���U�+,8/; 3) IGD ]�?� 0, _! MODP-PR&�SO�%�
MODP &�DEN', SO*0 Pareto %3; 4) �����/ 700 	��3%�, MODP &��/��
"��/�SO��� Pareto %, 0=����VL:&�/#h g, G��C. 700 	��3%2)
 �, MODP F�,�"�/ (1800 s) �SO���A� Pareto %, 1 MODP-PR &�h����%. _

!Z(�#&��/���%�'��������
�
�	�����.
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N��i, @ MODP &�, MODP-PR ��`��0�, :&�0�. 7/�'���������
��
�
�	�����, Z(&�Æ.*0 Pareto %, ��b%�>�#�����>�h��.

b 2 MODP � MODP-PR TRuvwx

��/�i
jÆjk/s jkecf

l/%

fg�g/d �gmkf
l/%

e�l

hno���� fpÆ� ���� fpÆ�

20 0.27 0.19 28.89 353 161 54.39 0

50 1.22 0.97 20.33 1940 1347 30.57 0

150 18.07 14.35 20.58 15400 11260 26.88 0

250 77.23 59.64 22.78 41385 30869 25.41 0

270 95.14 73.49 22.76 48091 35806 25.55 0

290 116.43 90.17 22.56 55290 41345 25.22 0

310 162.53 118.27 27.23 62999 47117 25.21 0

330 183.41 130.63 28.78 71200 53441 24.94 0

350 219.79 155.47 29.26 79912 59811 25.15 0

370 273.37 192.46 29.60 89116 66935 24.89 0

390 305.17 225.42 26.13 98830 74261 24.86 0

410 356.12 270.39 24.07 109037 82054 24.75 0

430 385.48 295.28 23.40 119754 89889 24.94 0

450 446.19 330.74 25.87 130963 98802 24.56 0

470 506.69 375.41 25.91 142683 107513 24.65 0

500 527.2 407.72 22.66 161275 120853 25.06 0

600 918.54 726.07 20.95 231154 173967 24.74 0

650 1197.57 913.30 23.74 270675 204502 24.45 0

700 - 1273.09 - 236358 - -

720 - 1499.95 - 256831 - -

6 �y

:i7�����
�
�����,*#,-���<�����==��
�
�	���"
�, #$����!-����$, �')ÆB�C #[L�#��&�. gj�b7!, *#�	�
��"��a�������
�
������, 4=�90(*&a,00�>190"', i/
90(,���<�����^/Gm; ��%����!-����$, *#�&�Æ.,!���/
�7�'���	�����SG*0 Pareto %3. '�, �b.!7ÆB�C')�>����#�
�, �hk��&����`����	�/�, ��SL�>�#���>�h��.

�#7�����
�
�	��������,,-7��&'75K�&����
�
���
���"��	�, )S��7,-�K�&�����LB�?�	��-*��$����.
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