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Abstract To reduce the decay of perishable products in the process of production and delivery, it is

necessary to appropriately arrange the production and delivery of perishable products subject to their

deadlines. Therefore, to minimize the total operational costs of producing and delivering perishable foods,

an optimization model was developed for joint production-delivery problem with time-windows, by consid-

ering the time-dependent characteristics of road networks in real world. According to the characteristics

of the model, a hybrid genetic algorithm was proposed and validated by using a numerical experiment.

The results show that the time-dependent characteristics of road networks have a remarkable impact on

customer service level. The total operational costs and the loss of product value can be reduced further

by optimizing the number of delivery vehicles in use.

Keywords perishable foods; production scheduling; vehicle routing; time-dependent; hybrid genetic

algorithm
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Æ0, �#$%1&�Æ)�*����
'+�23, ",-4#
�Æ+�

,. �(, �-*�)�5	
���
./�230�, ",��*
Æ+�����, �.���6
$��/40�1%�	.

17 �	

�
+��&223�'3, 2,�-����!"(4)'3. �	

�
+
�'3Æ�, Arbib � [1] 38!,#455	�
�*�	
���� - +.�,��-)�, 6+7

	

�
+��9,:28-. Sana � [2] ��9 �/.;:�	
<��
��, !$=67>
8'37%/?)@;���
A�01. Lütke Entrup � [3] �B��
./�+�!��
��,

2&9A./ (block planning) '(6+79)*�
./�:*+>;/8-. *,� [4] ��	/

�
A�./�-$52�<..=01, 6+7"/.,03410�:*+>;/8-, '!$56
4=71C84);<.

�	

23'3Æ�, Tarantilis � [5] "&2/.,03410, 926+7�����23�>

3-3=>?018-, '8.7@A.�C8 (threshold-accepting algorithm) 4);<. Hsu � [6] ��

7	
�230�!��?�, "/., (�@41�A.,�BB�,48C.,) 03410, 6+7

�?�5�,4�3=>?01 (vehicle routing problem with time-windows, VRPTW) .=8-, !$D
D0C8;60.3=23>9�+�Æ7. Osvald � [7] �����823016+7�/ VRPTW 8

-, '8.7DD0C8�8-4);<, 9:7
��;A�23/.,��. Amorim � [8] !06

+>10.=8-, �	623EC�	6�,4<;"F	6
/�>��
����23.,"
,���4)7'3.

�E �	

�
�23�'3D=��E	�<.+�.=, 9���>�FF�	
�, %

:��
��
+�G	&223.=?G	2. G�, 47�;	
�Æ+����;A, H���


��
+�.=,,�@<$%��
���,,(-4I
�23Æ7J"=�0.K3	-).*

C, H���$%�23.=, (-4AL0>��7�
, >4F?���;A. �(, ���>�FF�
	
�HBH,  @<�A.=
��
�230�, �'3
�
 - 23<.+�01 (integrated

scheduling of production and delivery problem, ISPDP).

���, ISPDPAL7(CD	���, 95<���=6M80�6M�,1&�(B
 ISPDP[9−12] .

�&	

, 7 Naso � [13] '37>�C�>�)@E��8D:NF ISPDP, '8.771C8�

I9DD0C8�J014);<. 17'3GK2380� ISPDP�HIFO [14,15], 
2���	
�

�'3�4�I. Farahani � [16] !$EF68 (hierarchical modeling) Æ8J��� ISPDP 9<4

�
+��23�EL:014)GH;<, �!7	!$2&9A./�Æ86+:*+>;/8-, -

$ CPLEXPK;<, M	-L. VRPTW, !$?;8M;QJC8;<. Chen � [17] '37�?.;

@;�9  >/:�	
� (��8) ISPDP, "HBR�SK0?410, 6+7N9�;/8-,

8.7"%IEC8�JTC842K�GH;<C8, ;6BB$%�0O�
�,��
��233=
0.)U>9. G, �E � ISPDP �'3D=��&2230�!��/�, ���LV>L!, <
&��Æ!P��Æ!2��Æ!WQ���M�R���X��, 3=)U��/�	M/= [18−20]. H

	���(�X, -4S>4233=�N�N�,OO
�0>���;AG	I
Æ+O<, P

�;6$��/40�1%�	.

4(, ,H�HI [17] �2K�, 4(Q��>LÆ!=;��/�, '3�/>LEC�5�,4�

	
��
 -23<.+�01, I6"233=+$.,�)U.,"F
��;A/�03410
�.=8-, "1&0O�BB$%�
���,�233=N�23!P��,F�23>?.

2 \�� 

��>BB (�RV�OS) $%@C�	
���23!P��
23./. ��23!PTP>
Y40.�BB$%M, #?U$%�Æ+�,�.;>����
, GMF��53=J+��
9A

233BB. �(0�!, �$%�/�	�5<�X�Q: 
�
�230�!���;A"F&2
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23.,. �(, 47I/.,=�0;, .56RT"�01: 1) �-�5U$%��
Z2����,,

�$%��
52; 2) U$%�23AFF6AF$%�23Z2, �233=>?01.

�
230�!, ���LV>LÆ!��/
�, 3=)U��S��,/=, U>5�)U�,

/R&>5O��3=UD�,. $95SQ7>V[3=)U����/�, (&�5=�)U���\

V&, �R 1 S[. $ T = {T0, T1, T2, · · · , TL} V[�5<*, [Tl−1, Tl] 4W l L�5, vij(t) V[ t �T>

5 (i, j) ��3=)U��. 47I3=)UU2 FIFO @(, -!$0 (1) .C3=�>5 (i, j) ��)U

�,:

Tij(di, t) =

{
tre + Tij(di + dre, tre + t), di + dre < dij

(dij − di)/vij(t), di + dre ≥ dij

(1)

0!, Tij(di, t) V[ t �T�>5 (i, j) �T)U7VN di �

3=WQU+��S.��,; tre 4 t �TS��5�]A�
,, � tre = Tl − t � t ∈ [Tl−1, Tl); dij V[>5 (i, j) �O
�; dre V[" t �T�V&��U+X7�5�B�)UW�,
dre = trevij(t).

3 !]"#

3.1 $^%&
68"7B��38:

时间

速
度

' 1 ()*+C_,-.

1) 	
���23!P7 (U�
9, -:2�
BB$%D&�U)
, 9^V�T74�

()
, 	���
#4�,�., [17,21], 6AF�
�$%#
�	
�<;��4)SQ�
;

2) ��23!PE  W>��6-233=, FG_� (H�GXX) 4&�. 	��233=FG
�,, P��23!PUD+.GK23^%MYK��23!P;

3) XLBB�$%>�	?&3=_�WI, �(F�Æ+, �	49Z23.

2&"�38 1) � 2), 47I	
���
23/.,03, B,��O
�
+.M�N23

��,, Q.U2��0.�UK: 6(AF23�$%B�6(AF�
, �6AF
SQYYZ�
.

3.2 /0Æ`
$ G = (N0, A) V[<��23!P�BBI.�23LZR, �! N0 = N ∪ {0}, 0 V[��23!

P, N = {1, 2, · · · , n} V[BBY<*; A = {(i, j) |i, j ∈ N0, i �= j } 4>5<*. ��23!P��
�,
44 [e0, l0]; H 4��23!P-�
�
�-<*, U
���;A�> (�%[
�%[�,=
���;A) 4 ρ1 ≤ ρ2 ≤ · · · ≤ ρ|H|; %[
 h(h ∈ H) ��
�,4 bh; V V[_�4 Q �6-233

=<*. BB i $	
 h �>�4 qih, BB i �$%Æ+�,44 [ei, li]. (\, &]��Z>�/�:

f V[233=D$�[&.,;

k V[$%23AF�[\, �233=[\(4, k ∈ V ;

tsk,h V[ k AF$%!
 h ��
���T;

tck,h V[ k AF$%!
 h ��
+��T;

tdk V[3= k(� k AF$%) P��23!PUD��T;

qi V[BB i $	�
>�, qi =
∑

h∈H

qih;

ai V[233=\=BB i ��T;

ti V[BB i $%Æ+����T;

si V[BB i $%Æ+�1%�,;

θih V[BB i $%Æ+�, %[ h 
��
�230�!���;A;

w V[233=)U%[W��.,;
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M V[]?�J>;

xik =

{
1,BB i <3= k ^K23,

0,_(,
xijk =

{
1,3= k PBB i �BB j,

0,_(,

ykk′ =

{
1,AF k [7&AF k′ ��,

0,_(,
yk0 =

{
1,AF k 40M��AF,

0,_(.

3.3 1a$^
3(, -6+�/>LEC�5�,4�	
��
 - 23<.+�01 (ISPDP) .=8-��:

min Z =
∑
i∈N

∑
h∈H

θihqih + w
∑
i∈N

∑
j∈N

∑
k∈K

dijxijk + f
∑
j∈N

∑
k∈K

x0jk (2)

s.t. tck,h = tsk,h + bh

∑
i∈N

xikqih, ∀k ∈ V, ∀h ∈ H (3)

tsk,h = tck,h−1, h ∈ H\ {1} , ∀k ∈ V (4)

tsk,1 ≥ e0, ∀k ∈ V (5)

tck,|H| ≤ l0, ∀k ∈ V (6)

tck,|H| ≤ tdk, ∀k ∈ V (7)

tck,|H| ≤ tsk′,1 + M(1 − ykk′ ), ∀k, k′ ∈ V (8)∑
k′∈V ∪{0}

ykk′ = 1, ∀k ∈ V (9)

∑
i∈N0

∑
k∈V

xijk = 1, ∀j ∈ N (10)

∑
j∈N0

∑
k∈V

xijk = 1, ∀i ∈ N (11)

∑
i∈N0

xijk −
∑
i∈N0

xjik = 0, ∀j ∈ N, ∀k ∈ V (12)

∑
j∈N0

xijk ≤ xik, ∀i ∈ N, ∀k ∈ V (13)

∑
i∈N

qixik ≤Q, ∀k ∈ V (14)

∑
j∈N

x0jk ≤ |V | , ∀k ∈ V (15)

∑
k∈V

tdkxik < ti ≤ li, ∀i ∈ N (16)

ti = max{ai, ei}, ∀i ∈ N (17)

{ti + si + Tij(0, ti + si)} − aj ≤ M

(
1 −

∑
k∈V

xijk

)
, ∀i, j ∈ N0 (18)

θih = ρh ·
[
ti − 1

2

∑
k∈V

(tsk,h + tck,h)xik

]
, ∀i ∈ N, ∀h ∈ H (19)

xik, xijk, ykk′ , yk0 ∈ {0, 1}, ∀i, j ∈ N0, ∀k, k′ ∈ V (20)

100 (2) V[��/.,03, �Q$%Æ+��
��;A�233=D$.,�)U.,. L
�0 (3)∼(9) 4$%�
0�L�, �!0 (3) V[AF
SQ�
S.��,; 0 (4) V[6AF


SQYYZ�
; 0 (5) � (6) V[S AF��
��F���,	68Æ��23!P��
�,4<
;; 0 (7) V[M)\AF23^%�3=7 �JAFS $%
�
+�M]4��23; 0 (8) V

[SQAF��
���,L�; 0 (9) V[SQAF�F2��. L�0 (10)∼(18) 4$%230�L�,

�!0 (10) � (11) V[S BB�.;D6�U2; 0 (12) V[3=BB�3=+.$%Æ+M@^N
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�JBB; 0 (13) V[3=��92`_�AF$%BB4)23; 0 (14) V[X=323�
>�	

R03=_�; 0 (15) V[230�!I$�3=>�	R03=/>; 0 (16) V[BB�1%���T

U2��,4<;; 0 (17) V[BB$%Æ+����T	N&JBB�,4����T; 0 (18) V[2

33=\=BB��TV=0, 6��^723>9�-4"��:K>; 0 (19)V[$%Æ+�%[


���;A [17]; 0 (20) V[/��/�a`.

3.4 $^2b
�E�/>LEC�5�,4�	
� ISPDP.=8--/949L01, �$%�AF92 (batch

allocation problem, BAP)�	6AF,��
52 (batch scheduling problem, BSP)"F6AF$%�23

Z2, �5�,4��/])R01 (time-dependent traveling salesman problem with time-windows, TDT-

SPTW). (_ BAP � BSP 1&M (�1&7 xik � ctk,|H|), '01�#=4;< TDTSPTW, �R 2(a)

S[; X BAP � TDTSPTW 1&M, �`&75�,4��/3=>?01 (time-dependent vehicle

routing problem with time-windows, TDVRPTW) <RÆ7, '01�#=4;< BSP, �R 2(b) S[.

BSP .1&UAF��
Z2����,, <&RT/��SQ-/�, 	�&V[, �����7$%2
3E
>L��/
�, IBB$%]J�HI [16] ^a#?23�,�BB�,44)�A, _\�I�

.7 BSP +�Æ7, �]JU2 TDVRPTW !�FL�UK.  TDVRPTW 4`-��*.=01, -

"`ab *�'3.�4);<, ��.�$%AF_	U2 BSP �L�UK. �(, #?R 2(b) S[

J ISPDP 9<4 TDVRPTW � BSP �EL:014)GH;<.

批次间的生产排序
( )

订单批次分配
( )

同批次订单配送顺
序( )

(a)

批次间的生产顺序
( )

订单批次分配
( )

同批次订单配送顺
序( )

( )

(b)

' 2 ISPDP 3cd45*6e

BB i $%Æ+�%[
 h ���;A θih -9<4Ea9, ��
+.M�N23�, (t1i,h) �;

` θ1
ih �$%23�, (t2i,h)�;` θ2

ih,�! θ1
ih = ρh

∑
k∈V

[tdk − 1
2 (tsk,h + tck,h)]xik, θ2

ih = ρh(ti−
∑

k∈V

tdk · xik).

*B), S BB$%Æ+�/���;A-9<4 ∑
i∈N

∑
h∈H

θ1
ihqih �

∑
i∈N

∑
h∈H

θ2
ihqih. �(, -J ISPDP <

O4��EL:01:

TDVRPTW:

min Z1 =
∑
i∈N

∑
h∈H

θ2
ihqih + w

∑
i∈N

∑
j∈N

∑
k∈K

dijxijk + f
∑
j∈N

∑
k∈K

x0jk (21)

s.t. (10) ∼ (18)

θ2
ih = ρh

(
ti −

∑
k∈V

tdk · xik

)
(22)

BSP:

min Z2 =
∑
i∈N

∑
h∈H

θ1
ihqih (23)

s.t. (3) ∼ (9)

θ1
ih = ρh

∑
k∈V

[
tdk − 1

2
(tsk,h + tck,h)

]
xik (24)
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4 !]78

'01 ISPDP9<M� BSP4:* 0-1;/8-,�$%AFFO�-$9P&� (branch and price)

C8;<,  TDVRPTW 4 NP-hard 01. '01 ISPDP b TDVRPTW �bQ, �a& NP-hard 01,

;8F?�]J� W��,Wc6b1<, ! !$DD0C8;601�UV<. TPR 2(b) S[, -

c;U TDVRPTW�<, R;6�B� BSP�<, GM/$107>0 (21) � (22)�<��4)b�;

!0Cc++ TDVRPTW �<, 'CbGH;<, "	���<��. 47��<Y,�QJ>:, -`

S9 �dQJ40�')C8�;< TDVRPTW. 71C8�`a�&4=;e, !0�c
X�b

���T�QÆ�/d�UQ��<���()')�?QJC8, Td

eB$&�*.=01, �/67ff�>�. �(, ,H8.7():*
71C8 (hybrid genetic algorithm, HGA) $&;< ISPDP, �R 3 S[.

4.1 9:;V<=f>?@A
47V[/> W�3=��D$>�	1&, �Æ�c
X�Æc�

/d, ,H!$ELO�D4 |N | �:d�c
X4)[g. :d 1 4 1 ∼
|N | �	Hb>G>, V[BB��?2h. :d 2 4>?[\2h (�$

%AF[\), U2�[�/�4 1 ∼ |V | �^V>G>, �BV[:d 1 *

62�[�BBSa�>?. :d 1!6(>?��BB�2h!Ub�F
2,V[J3=g0BB�cMZ2. G�,38��23!P 5LN1%

�BB,233=>4 2,H�.c
X4 (5 - 2 - 3 - 1 - 4︸ ︷︷ ︸
ihWe 1

| 1 - 2 - 1 - 1 - 2︸ ︷︷ ︸
ihWe 2

),

<&:d 2 � 1�3 � 4 [D4 1, :d 1 �B[X4 5�3 � 1, V[�C
BBD<3= 1 4)23, Z24 5-3-1;6�, BB 2 � 4 D<3= 2 4)

23, Z24 2-4.

8)d;84 popsize,#?�EÆ0�?
� 1Uc
X,ieU:>

开始

染色体编码
初始化种群

确定订单所属批次
及其配送开始时间选择操作

交叉操作 计算

变异操作

是
否

染色体重组

满足停止准则

结束

计算

计算个体适应值

' 3 HGA B,'

?�_U23=_�L�; HU2, (J��T)d; _(, H��. 1 Uc
X. ���.�-)c
X>
=�)d;84Y.

4.2 CgDE1
TDVRPTW !@ 3=_�L�0 (14) �BB�,4L�0 (16), 47j?M;QJa`, ��<

��, �	-)<4)f6, J�92#=4f6f�T107> Z1, I Z1 /4 Z ′
1, � Z ′

1 = Z1 +

α1 · ∑
k∈V

max{ ∑
i∈N

qixik − Q, 0} + α2 · ∑
i∈N

max {ai − li, 0}, �! α1 � α2 4f6�>. 6�, � BSP !

$%AF52.U2L�0 (5)∼(7), �&^-	-)52Æ7, --!0�ZL�0 (6) � (7) 6�U2,

IL�0 (5) 	4gU2, �(JL�0 (5) #=4107> Z2 �f6f, I Z2 /4 Z ′
2, � Z ′

2 =

Z2 + β · max{e0 − tsk,1, 0}, β 4f6�>.

eh�EL�UKM, c
X�B ISPDP <�107>4 Z ′ = Z ′
1 + Z ′

2. �^Vc
X P , 107>

� Z ′ �.CQ[��:

Step 1 c
X P <g.>?<* R = {r1, r2, · · · , rm}, i�>?0\4 k = 1;

Step 2 1&>? r1 �3=0<N���23!P��, tdk, I3=23U2BB�,4��N�N
�,0O. �! tdk �.CQ[�� (&] T−1

ij (dij , Tij) 4 Tij(0, t) �C7>, ( tdi = T−1
ij (dij , tj) V[P i

)U3 j �3=�= j ��,4 tj �3=0<N�Y i ��,);

Step 2.1 #>?f2.C3=,-4�X7
Y j ��,4=4)1%�, 0<N��(
Y i ��

,, � tdi = T−1
ij (dij , t

l
j), tlj 4%/0<�=X7
Y��,, tl0 = l0. tdi �.C��:

T−1
ij (dj , t) =

{
tpri + T−1

ij (dj + dpri, t − tpri), dj + dpri < dij

(dij − dj)/vij(t), dj + dpri ≥ dij

(25)

0!, dj V[ t �T3=V
Y j �VN; tpri V[PX7�5��� t �Tk0��,, � tpri = t− Tl−1
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� t ∈ [Tl−1, Tl); dpri V["X7 t �T���)U tpri �,-)U�>�, � dpri = tprivij(t).

Step 2.2 jX7
Y4 i, .C0<�=JY��, tli = max{min{li, tdi − si}, ei};
Step 2.3 X7
Y4>?L�
Y 0 �, tdk = tl0, # Step 3; _(, # Step 2.1;

Step 3 X k < m �, k = k + 1, # Step 2; _(, -c6S >?3=0<N�23!P��
, (td1, td2, · · · , dd

m), # Step 4;

Step 4 TP (td1, t
d
2, · · · , dd

m), .C BSP �<. 47��6C>:, �(!$��DD0C84);<:

Step 4.1 .CS $%AF�
0�S.��, PTk =
∑

i∈N

∑
h∈H

bhqihxik, "F�
+.M�N%[

�,���;A Uk =
∑
i∈N

∑
h∈H

ρhqihxik;

Step 4.2 � tdk �#g24)52, 3852��4 (tdk1
, tdk2

, · · · , tdkm
), jX7AF ki = km, .CA

F ki �
���, tski,1
= tdki

− PTki , "F�
+��, tcki,|H| = tdkm
;

Step 4.3 j ki = ki−1, X i = 0 �, # Step 4.4; _(.CAF ki ��
���,4 tski,1
=

min{tdki
, tski+1,1} − PTki , "F�
+��,4 tcki,|H| = tski,1

+ PTki , gEM)JQ[;

Step 4.4 TP52 (tdk1
, tdk2

, · · · , tdkm
) jS $%�
+.�,94 m Lh,, #? Step 4.1 !� Uk

�, j�
+.�,�6(h,=�$%AF#� Uk �<3�?�Z24)�
H52, ++AF��

���+.�, tsk,1�tck,|H|, ��3=N���23!P�, tdk = tck,|H|;

Step 5 92TP tdk � tsk,1 �.C TDVRPTW �107>� Z ′
1 � Z ′

2, ( ISPDP �107>

4 Z ′ = Z ′
1 + Z ′

2.

4.3 hFGi
!$bh�lTm�n0i�TÆ0�TjB���c
XI.�(H)d.

4�*)d�>a�, 'kY
�ig, �c
X�U:d924)Æc�/dk-. :d 1 �?�T
Z2Æc�a9:2Æck-, "Ff2/d; :d 2 !$D\Æck-, '� 1∼2 L2�]��2�4)
�?/d, /�4TD$�3=[\.

4.4 jkHI
oC8�0?4=H>4 gen 1, �SQ gen 2 H0.�Y/=�, C8^Y.

5 JKLl
5.1 GMNm

17kY ISPDP 0@llCG, 4(,H`a VRP � Solomon 0@llCG!� R201 CGI9�
@ 50 LBBY�CG. 8��23!P�_04 [17.5, 17.5], �-�,44 [7 : 00, 17 : 00], E 10 =_�

4 300 %[�6-3=, )U.,4 1 `/km, D$(=3�[&.,4 150 `. UBB,V� 20km "=,

BB$%jk�V 1 S[, BB.;��,4� [8 : 00, 17 : 00] =/� (V 1 !�,4/�" 8 : 00 4)

�T), �,4p�4 0.5∼1.0h, UBB�1%�,D4 0.15h. 38BB$	l A�B � C 9)	
�,

�U
�.;>�1P [0, 15] �NmD\9m, %[
��
�,924 0.005h�0.006h� 0.007h, %

[
��;A�>924 0.5�1.0 � 1.5 `/h.

TPLV>L�Nl�R�/
�, J(Æ��-�,949L�5, � [7 : 00, 10 : 00]�[10 : 00, 16 : 00]

� [16 : 00, 19 : 00], 92�BN�R�J )U�l�R�5. 83=�n 	D)U��4 27km/h, 3=

�U�5=�)U��4 [27(1 − λ), 27(1 + λ), 27(1 − λ)]. o λ 92/ [0.2, 0.3, 0.4], I9U9)�/>5
�-, X mod(i + j, 3) = 0 �, >5 (i, j) 4W 3 )�-, �_@;#? mod(i + j, 3) ��92>5�-, I

9�/Æ!>L.

o TDVRPTW � BSP �EL:01!L�#=�f6�>924 α1 = 100, α2 = β = 150. :*

71C8Z>8X4: )d;8 popsize = 100, 0?4=H> gen 1 = 1500, 0.�	m/�0?%/H
> gen 2 = 300, Æcn: pc = 0.90, /dn: pm = 0.08. !$ MatlabR2014a am[��b,HC8,

� Intel Core i7 3.6 GHz CPU�8GB RAM .C?� Windows 7 	n�6).
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b 1 OPQRno
ih c� (km) ooq (A, B, C) *&� (h) ih c� (km) ooq (A, B, C) *&� (h)

1 (20.5, 24.5) (14, 15, 13) [6.4, 7] 26 (8.5, 17) (6, 8, 12) [7.1, 7.8]

2 (17.5, 8.5) (10, 0, 2) [1.3, 2.3] 27 (6, 12) (12, 10, 5) [2.9, 3.4]

3 (27.5, 22.5) (7, 13, 15) [4.7, 5.2] 28 (12, 29) (11, 6, 4) [2, 2.7]

4 (27.5, 10.0) (10, 9, 8) [6.5, 7.2] 29 (28, 19.5) (10, 2, 8) [5.7, 6.4]

5 (7.5, 15.0) (8, 15, 11) [0.3, 1.1] 30 (18.5, 23.5) (7, 9, 11) [2.1, 2.6]

6 (12.5, 15) (10, 8, 15) [3.7, 4.4] 31 (28.5, 28) (13, 9, 11) [7.1, 7.7]

7 (10, 25) (8, 7, 4) [3.2, 3.7] 32 (23.5, 8) (3, 14, 4) [0.3, 1.1]

8 (25, 17.5) (2, 9, 2) [2.1, 2.7] 33 (22, 8.5) (13, 11, 10) [2.8, 3.4]

9 (15, 12.5) (2, 13, 3) [6.8, 7.4] 34 (24.5, 5.5) (8, 1, 6) [2.1, 2.6]

10 (10, 20) (11, 1, 3) [3.4, 4.1] 35 (24.5, 21) (13, 13, 1) [2.6, 3.5]

11 (22.5, 10) (14, 11, 10) [2, 3] 36 (26.5,21.5) (9, 14, 12) [7.8, 8.6]

12 (22.5, 15) (1, 14, 11) [5.3, 6] 37 (28.5, 24) (3, 13, 9) [3.5, 4.2]

13 (17.5, 20) (8, 9, 8) [1.5, 2.3] 38 (27.5, 27) (11, 8 ,2) [3.1, 4.1]

14 (20.5, 18.5) (8, 0, 3) [1.6, 2.3] 39 (7.5, 23.5) (12, 3, 2) [1.5, 2.5]

15 (15.5, 26) (6, 7, 2) [2, 2.5] 40 (7, 18.5) (12, 6, 8) [1.2, 2.2]

16 (26.5, 26) (11, 3, 13) [0.4, 1.2] 41 (14, 9) (2, 5, 11) [3.1, 4]

17 (20, 12.5) (11, 7, 3) [3.2, 4.1] 42 (13, 26) (2, 4, 1) [2.5, 3.4]

18 (12, 6) (7, 2, 5) [1, 1.5] 43 (13, 17.5) (10, 5, 1) [6.8, 7.5]

19 (6.5, 26) (11, 4, 1) [7.4, 8.2] 44 (7.5, 9.5) (3, 10, 12) [6.9, 7.8]

20 (23.5, 23.5) (0, 10, 1) [5, 5.8] 45 (11, 11) (7, 0, 14) [0.2, 1.1]

21 (13.5, 21.5) (6, 8, 11) [1.8, 2.7] 46 (9, 12) (2, 13, 10) [7.3, 8.1]

22 (18.5, 15.5) (4, 7, 9) [3.7, 4.4] 47 (11, 13.5) (8, 5, 2) [5.5, 6.2]

23 (28.5,14.5) (3, 2, 1) [5.8, 6.4] 48 (12.5, 10.5) (14, 7, 2) [5.5, 6.1]

24 (16, 6) (13, 13, 14) [4.1, 4.8] 49 (10, 13) (9, 3, 5) [3.3, 3.9]

25 (18, 13) (6, 4, 8) [8.1, 8.8] 50 (9, 9) (12, 10, 10) [8, 8.7]

47pp?[.C��, "V 1!�7 20LBBI.�CG4G, C86) 5F,	D6)�,4 49.5s,

0.���Sr0��R 4 S[, -"LUC8� 130HdeTSr�0.<o�, MÆk0J� 100H�

QJqUda0., VsC89 ff�Sr��QJ40. 0^;6�107>�4 1547.4 `, 
��
;A�4 580.2 `, �B��
23Æ7�R 5 �V 2 S[.
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' 5 pqWX - YZ[f

b 2 \]^QRWX - YZ[f
qn Æ-&r #��r*& (min) Æ-�r*& (min)

1 0-3-20-1-0 298.4 330.6

2 0-12-4-9-19-0 368.0 399.3

3 0-14-11-17-6-0 152.7 188.0

4 0-5-18-2-8-10-0 47.7 78.5

5 0-16-13-15-7-0 78.5 109.1

b 3 g\_`Sabc+5
st%u "s*& (s) st%u ov*& (s)

10 26.3 60 282.4

20 48.6 70 332.5

30 108.0 80 405.3

40 156.2 90 526.9

50 231.1 100 589.4
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5.2 dGef
#? 5.1 
�CGI90�jBB>�jh� 100 L, �C84=H>�)d;8	/�@;�, sF

;<	6;8�CG, .C�,�V 3 S[. -"LU, ��BB>��j?, C86)�,'	�BB>�
oD>iO, VsJC89 Ff�.C�4.

5.3 ghijjrkst2b
�(9:	���/� (38"3=�n 	D)U��)U) 6���
 - 23Æ7 (pp “wtÆ

7”)��/>L!M)�BB1%�,4�U2@;. #? 5.1
SEÆ0I99)�/F�sFiF�>
L, � λ sF/ [0.1, 0.2, 0.3]�[0.2, 0.3, 0.4]� [0.3, 0.4, 0.5]9�>P, 
��>;�B&]4 “>; 1”�“>

; 2”�“>; 3”. <V 1 !�BB>P, I9 10 L	6;8�CG (BB>P 5 ��sFi� 5, �� 50),

.CUCG�wtÆ7�9)�/>;�M)�BB�,4�U2@;, ���R 6 S[.

-"LU,��1%BB>��i�,9)�->L�8Æ1%�,4�BB>�+XDo�gtu,�

!UbO�qr�<&s�BB>��i�, uT�233=>� Si�, I6a9>?BB1%�,/

6pe. (\, X1%*6>��BB�, >L��/
��F, (8Æ1%�,4�BB>��>, �8Æ

1%�,4�BB>��>L�/F�o�gtu.
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479:
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 -23Æ7��,o%[
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t, '30.Æ7�.,/=@;. � λ / [0.2, 0.3, 0.4] I.��/>L!, "1%V 1 !7 20 LBB4

G, ���R 7 S[. -I, ��%[
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