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Abstract: A prize-collecting-vehicle-routing-problem (PCVRP) based multi-objective model is formulated for solving
hot rolling batch planning planning problems in this paper. Firstly, the hot strip rolling batch planning is mdelled by consid-
ering the production process program constraints, users’ requirements and production integration objectives. Weighted-sum
approach is then used to transform the multi-objective model into a single objective one. An ant colony optimization (ACO)
algorithm embedded with single-direction-insert and 2-opt local search procedures is also designed to solve it. Finally, tak-
ing a practical hot strip rolling lot planning problem as instance, the model and algorithm are tested for effectiveness and
efficiency. Computational results show that the model and algorithm are satisfactory.

Key words: hot strip rolling batch planning; PCVRP (prize-collecting-vehicle-routing-problem); multi-objective; ACO
(ant colony optimization); local search procedure
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1 ÚÚÚóóó(Introduction)
9W�g´gcè��¬��|¤Ü©, 9

W�g)�+n���Ì�?Ö´?�W�1þ

Oy. du9W�g)�L§�pÝE,5, W�
Oy�Ð���K��¬�þ!WD¤�Ú)�

�Ç�. Ïd, W�Oy`z¯K��áÚX¯õ
�öÚÆö�ïÄÚ'5.8cïÄÌ�©�W�
ü�Oy`zÚW�1þOy`zü��¡. 3
W�ü�Oy`z�¡, Ì�´ÄuÀ1û¯K
�.ïá9Wü�Oy`z�.[1∼4]. 3W�1þ
Oy`z�¡,Ì�Äu�ý´»¯K�.(vehicle
routing problem, VRP)[5∼7]ÚõÀ1û¯K�.ïá

`z�.[8]. �©Äuø7Â8�ý´»¯K(prize-
collecting-vehicle-routing-problem, PCVRP) �.ï
á
9W�gW�1þOyõ8I`z�.,�O

¬+�`z(ant colony optimization, ACO)[9,10]�

{?1¦).

2 êêêÆÆÆ���...(Mathematical model)
9W�g)�±�.��á�, ²L\9!o

W!°W!�6e%!ò�Ú°��óS\ó�/¤

9Wgò.9W�g��¬�þÌ�d°WÅ|ë
W��y.°WÅ|��d6∼7�Åe|¤,z�Å
e��þeü�ó�DÚü�| D. dup§!
p�W�,WD��é�,��y�g��þ,I�

ÂvFÏ: 2005−02−01;Â?UvFÏ: 2006−06−05.
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½Ï��.��ü�ó�D�mW���.¡��
�W�ü�,õ�W�ü��¤��W�1þ.
�����W�ü�d5DáÚÌNáüÜ

©|¤,ü�¥��.?ü3°Ýþ¥/VF/(
�0[3]. 5DáÌ�^u\9WD, ¤I�.êþ
�!�¬�þ�¦$!N´?�, Ïd, Ø3�©`
z���S.
ÌNá�.´W�ü��Ì�|¤Ü©,?�

Oy�Ï~�÷v±e5§: 1)�.3MÝÚþÝ
þ�¦²Cz; 2)�g°ÝoNþ¥4~Cz(#
NÛÜ4OCz),¿�äk�Ó°Ý��gëYW
��ÝØU�L,���; 3)��W�ü�oW�
�ÝA�uWD��W��Ý.
9W�gW�1þOy`zL§Ò´�âW�

5§�å, é���.?1ÀJ!àaÚüS�L
§.ÀJL§Ò´�âÜÓ�ÀÏÚÜÓ�.A5
5À½�?\Oy��.;àaL§Ò´òÀ½�
���.©a¤eZ�W�ü�;üSL§K´é
z�W�ü�S��.,�â�.á5?1üS,±
~�WD��!Jp�¬�þÚ)��Ç. 3��
`zL§¥,�.�°Ý!þÝ!MÝ±9ÜÓ�À
Ï�A5´I�:�Ä�Ï�.
9W�g�W�1þOyéu�¬�þ!��

¤�!)��ÇÑå��~'���^. Oy?�
L§�J¦p�Ç!p�þ!O��À!$¤�!

$UÑ�õ�p�gñ�8I,´��;.�õ8
I`z¯K.�©�é9W�gW�1þOy¯K
ïá
õ8IPCVRP�..

PCVRP´VRP[11,12]�*Ð, �IOVRPØÓ�
´: PCVRP¥�z�!:�D±�½�øy�Ú¨
v�, XJ,!:��¯�, �±���T!:é
A�øy,ÄK¬É��A�¨v. ¯K´XÛ�
O�ý1¦´�¦�^����ýÑÖeZ��

�,zý�N^�ý¼�øy�u,�ý��,�¤
k�N^�ýo1¦¤^\þÏ��¯!:É��

¨voÚ��.
ò�.w�PCVRP¥��r,Ú\XeÎÒ,�

ÄuPCVRPïáW�1þOy`z�.. PV�

�Ü�.8Ü, i ∈ VéA�.i, n = |V |��.o
ê, i = 0éAJ[�., �.i�W��ÝliéA�

ré�ý�UåI¦. K�W�1þOy¥�¹�

W�ü�êþ. Vk ⊆ V�1k, k = 1, · · · ,K �W�

ü��¹��.S�. dw
ij ,dt

ij ,dh
ij©O�W�ü�S

���.m°Ý!þÝÚMÝa�¨v, K>(i, j)
��dij = dw

ij +dt
ij +dh

ij , éAW�ü�S�.^
S�i → j ��°Ý!þÝÚMÝa�¨voÚ,Ù
¥, d0i = di0 = 0, i = 1, 2, · · · , n. pi��.i�?

\Oy�¼��ø7,Ù������.i�W��

Ýli. qi��.i��?\W�Oy�É��¨v,Ù
������.W��Ý¦±ÜÓ�ÀÏ`kX

ê, q0 = ∞. B�ø7Â8e�,éAz�W�ü�
���W��Ý. Q��ýUå,éAz�W�ü�
���W��Ý. γik�1k�W�ü�S��.ië

YÓ°W���.8Ü. R�z�W�ü�SÓ°

�.ëYW��Ý��. λ�W�ü�m��N�¤

^. xijk = 1,XJ31k�W�ü�S�.j;�3

�.i�W�,ÄKxijk = 0. yik = 1,XJ�.i�?

\1k�W�ü�,ÄKyik = 0.K9WW�1þO
yõ8I`z�.£ãXe:

min Z1 =
K∑

k=1

∑
i∈Vk

∑
j∈Vk\{i}

dij · xijk, (1)

min Z2 =
n∑

i=1

qi · (1−
K∑

k=1

yik), (2)

min Z3 = λ ·
K∑

k=1

min(1,
n∑

i=1

yik), (3)

s.t.
∑

j∈Vk\{i}
xijk = yik, i ∈ Vk, k = 1, · · · ,K, (4)

∑
i∈Vk\{j}

xijk = yjk, j ∈ Vk, k = 1, · · · ,K, (5)

y0k = 1, k = 1, . . . , K, (6)
K∑

k=1

yik 6 1, i = 1, · · · , n, (7)
∑

i∈Vk

pi · yik > B, k = 1, · · · ,K, (8)
∑

i∈Vk

pi · yik 6 Q, k = 1, · · · ,K, (9)
∑

j∈γik

lj 6 R, i ∈ Vk, k = 1, · · · ,K, (10)
∑

i,j∈Vk

xijk 6 |Vk| − 1, k = 1, · · · ,K. (11)

Ù¥: 8I¼ê(1)�L�.þÝ!MÝÚ°Ýa�
¨v��;8I¼ê(2)�L�?\W�Oy�.o
¨v��;8I¼ê(3)�LW�OyS�ü���
N�¤^oÚ��;úª(4)L«3®Sü�W�O
y¥,�.i�k��k�¬�.;úª(5)L«3®
Sü�W�Oy¥,�.jck��k�¬�.;ú
ª(6)L«J[�.0�½�Sü�z�W�ü�
¥;úª(7)L«�.i�õ�U�Sü���W�ü

�¥;úª(8)L«z�W�ü�Oy���W��
Ý��;úª(9)L«z�W�ü�Oy���W�
�Ý��; úª(10)L«z�W�ü�OySÓ°
�.W��Ý��;úª(11);�Ñyf£´.
�.(1)∼(11)áuõ8I��50–1`z�

.. �©æ^�5\�{?nõ8I`z¼
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ê. Pw1,w2Úw3©O´8I¼ê(1)∼(3)��X
ê,K8I¼ê(1)∼(3)�±=�¤±e/ª:

min Z = w1 × Z1 + w2 × Z2 + w3 × Z3. (12)

¢SA^¥�W�1þOy`z¯Kõáu�

5�|Ü`z¯K,¦)(J.�©�é�.A:�
O
ACO¦)�{,|^é¬�1rL§¢y�1
)��EL§.3�{¥,�é¬D��½�U,¦
ÙU
£O)��EL§��å÷v�¹,¿|^
é¬+��ÓÅ�¢y)�?zL§.

3 `̀̀zzz���{{{(Optimizing algorithm)
3.1 ACO���{{{(ACO algorithm)
�uACO�{3TSP±9Ù¦|Ü`z¯K¥

�¤õA^[9,13], �©�O
ACO�{^5¦)�
.(12)(4)∼(11). �{¥, �.��é¬��¯�!
:,�.�m��Y'X��!:�m�>,>(i, j)
���dij . XJ��ü¬�.Ïäk�Ó�þ
Ý!MÝÚ°Ýa�o¨v��0, Kòa�o
¨v��������0.01. ¦)L§¥z�é¬
UìXe�{�EÀ1´»:lJ[�.0Ñu,l
�À�.8Ü¥ÀJäk��°Ý�,�¬�.

��11�W�ü�ÌNá�11¬�.,,��â
>þ&E�ßÝτij!éu`kXêηij±9�å^

��ÅÀJe�¬�.,XJT�.Ø÷vëYÓ
°W��Ý����å^�,KòT�.\\BR
LTabu¥,ÄKòT�.\\)8Ü.é¬3¼��
ø7��B�±VÇP�£å©!:0,XJduW
DW�Uå���ØUUYW�Ù§�.�,K
7L�J[�.0. ,�º�BRLTabu, m©#W
�ü���EL§. E±þW�ü���EL
§,���{�.�W��ÝoÚ�uW�ü��
�W��Ý���¤�g)��EL§.
�
�Ð/£ã�©�ACO�{,Ú\±eÎ

Ò:Pm�XÚ¥é¬�êþ; k��{¥é¬�?

Ò; kl�é¬k�c¤?�!:; τij�,�¦)G�

e>(i, j)þ�&E�ßÝ; ηij�,�¦)G�eé

¬d!:i=£�j�éu`kXê, �é¬?u!
:i(i 6= 0)�, ηij = 1/dij ; Mk(i)�?u!:i�é

¬ke�Ú�±�¯�!:8Ü, �â¯K�å(
½; α�&E�ßÝτij��é�5Ýþ; β�éu

`kXêηij��é�5Ýþ; ρ�&E��uX

ê; kgb�l�{m©�1�8c���)
�Ð)

�é¬?Ò; P�é¬3¼�ø7êþ��B��

£å©!:0�VÇ. K3�{¥, ?u!:0�é
¬klMk(i)¥À��.°Ý���,¬�.��
ÌNá�11¬�.,?u!:i(i 6= 0)�é¬k�

VÇpk(i, j)ÀJe�!:j,

pk(i, j)=





[τij]α · [ηij]β∑
z∈Mk(i)

[τiz]α · [ηiz]β
, j∈Mk(i),

0, Ù¦.

(13)

3�{S�L§¥, τij���âª(14)?1ò´�
#:

τij ← (1− ρ) · τij + ∆τij. (14)

Ù¥∆τij�&E��#þ, 3zgS��¤�, U
ª(15)O�

∆τij ={
W/fgb, XJ(i, j)�¹3é¬kgb�´»¥,

0, Ù¦.

(15)

ª¥: W�~ê, fgb�é¬kgb�)�)�8I¼ê

�,�âª(12)O�.
�©�ACO�{¦)Ú½XL§1¤«. Ù

¥, Tk�1k�é¬²L�!:8Ü; T ′k�é¬k�

c�3�E�W�ü�Oy�ÌNá�.8

Ü, T ′k ⊆ Tk; Tgb�é¬kgb²L�!:8Ü. �
`²�ÎÒ¿ÂÓc. Ú½5�ª�^���
¤maxItergÌ�.
LLL§§§ 1
1◦ Ð©z: τij := τ0, i, j = 0, 1, · · · , n, i 6=

j; Tgb := Φ;
2◦ ��z�é¬�Ñu!:�0, Tk := {0}, k=

1, · · · ,m;
For k := 1 To m Do
l�c�À�.¥À�°Ý���,¬�.�

�é¬k�¯�11¬�.;
End-For
For k := 1 To m

finish := false
Do
�#T ′k,O�é¬k�c�3�E�W�ü

�ÌNáW��ÝCLk =
∑

i∈T ′k

pi¶

If CLk > Q Then Tk := Tk ∪ {0};
If CLk > B Then�VÇP�£!:0,
=Tk := Tk ∪ {0};

If
∑

i∈Mk(kl)

pi < B Then Tk := Tk∪
{0}, finish := true;

Else
[�âª(13)ÀJe�!:kl;
If kl÷vëYÓ°W���,�CLk+
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lkl 6 Q Then Tk := Tk ∪ {kl};
�#Mk(kl);]

While ( NOT finish )
End-for
3◦ A^ÛÜ|¢L§`z�é¬�E�);
4◦ For k := 1 To m Do
�ª(12)O�z�é¬�E)�8I¼ê�;
End-for
XJ�c�`)��U?,K�#Tgb;
�éz�l(i, j),�ª(14)�#&E�ßÝ;
5◦ If÷vª�^�ThenÑÑTgb; Else=Ú2◦.

3.2 ÛÛÛÜÜÜ|||¢¢¢LLL§§§(Local search procedure)
�
U?�{�$1�J, �ö3ACO�{¥

i\
ü«ÛÜ|¢L§—-ü��\Ú2-optÛÜ
|¢L§. ü��\ÛÜ|¢L§Ò´ò�Sü
��.\\�®Sü�Oyü�¥5é)?1

U?. Ps�é¬�E�), M����¯�!:

8Ü, N�s¥�!:ê(3ÛÜ|¢L§¥Ä��
#),Kü��\|¢L§6§Xe:
LLL§§§ 2
For i := 1 To |M |

For j := 1 To N

[Ifò!:i�\s¥� �j÷vü���W

��Ý��ÚëYÓ°W��Ý��,¿
é)sk¤U?

Thenò!:i�\s¥� �j;]
Return s.
2-optÛÜ|¢L§Ò´éü��\ÛÜ|¢L

§U?��)¥�z�W�ü�,A^¦)TSP�2-
optÛÜ|¢�f,éz�W�ü�S�.�ü�^
S?12U?.

4 ¢¢¢���(((JJJ(Experimental results)
�
ÿÁ�.��{�`z�J9�m�Ç,±

,gcè�216�¢S�.��©êâ, A^�©
�{?�9W)�1þOy. �{A^Java�ó
?�,$1u¦^Windows 2000ö�XÚ�Pentium
IV(2.6G/512M)PCÅþ.
4.1 éééììì���{{{(Comparative algorithm)
¢�¥, �é�©�.�O
{ü¢D�

{[14]5¦)Ó�¯K��é'. �{æ^VóL
?è�ª,�NI = (π, l)d�Eg,êóLπ =
(e1, e2, . . . , en)Ú�Eg,êóLl = (j1, j2, · · · ,

jn)�¤. óLπ¥1i�ÄÏei = 0 �L�.iØ�

?\W�ü�Oy, ei = k, k = 1, 2, · · · ,K�L�

.i�?\1k�W�ü�Oy.óLl¥�ÄÏ��

�.?Ò,ÄÏ �éA�.3W�ü�Oy¥ü

��k�^S. )èL§´�â�.3óLπ¥é

A�ÄÏ�kÚ3óLl¥�ü�^S/¤eZ�

W�ü�Oy.XJ,�NÏL±þ)èL§��
�W�ü�Oy÷v�å(8)∼(10), ¡Ù��1�
N,ÄK¡Ù�Ø�1�N.½ÂØ�1�N�·�
�0,�1�N�·��âeªO�:

f(I) = fmax − Z(I). (16)

Ù¥: fmax��c��«+¥¤k�1�N)è�

���W�1þOy�âª(12)O��8I¼ê�
����, Z(I)�d�1�NI)è����W�1

þOy�âª(12)O��8I¼ê�.
¢D�{���ÚCÉ�f�OXe:éuó

Lπæ^�:���f,CÉ�f´�CÉVÇ�Å
UC�ÄÏ�.éuóLl,æ^¦)TSP¯K�2�
A^�Ü©����(PMX)�fÚ2-opt�f. ÀJ
�fæ^Ó�Ù�ª?1.
4.2 OOO���(((JJJ(Computational results)
�.ëê��Xe: Q = 67, B = 60, R = 15,

λ = 2000. ACO�{ëê���{Xe: 3¢�Ð
©�ã��w1 = w2 = w3 = 1/3, m = 20, P = 0.01,
τ0 = 0.02, maxIter = 100, ïÄ�{ëêα,β,ρé
¦)�J�K�. ��α = {2, 3, 4, 5}, β = {2, 3,

4, 5}, ρ = {0.10, 0.15, 0.20, 0.25, 0.30, 0.35}.34 ×
4 × 6 = 96 «ëê|Ü¥�z«|Üe�{
$110g, é²þ8I¼ê�?1é'. (JL
², α,β,ρ 3�ëê��é�{�¦)�J�uy
5Æ5�K�. 96|(Jw«, �{3α = 2, β =
5, ρ = 0.3�ëê��e¼�
�Ð�¦)�J.
�±w1 =w2 =w3 =1/3, τ0 =0.02, maxIter=

100, α = 2, β = 5, ρ = 0.3�ëê��, ïÄë
êm,Pé�{¦)�J�K�.��m = {5, 10, 15,

20, 25, 30}, P = {0.01, 0.1}, 3m,P�z|��
e�{$110g, (JL²: �m = 20, P =
0.01�, �{$1�J�Ð. 3$1�Ç�¡, P =
0.01�$1�Ç�p.
éuÛÜ|¢L§é�{¦)�J�K�ïÄ

uy:i\ÛÜ|¢L§�ACO�{�vki\Û
Ü|¢L§�ACO�{3¦)�Jþ�k���U
õ,�cöÂñ�Ý�¯.Ïd,|^i\ÛÜ|¢
L§�ACO�{¦)�.��±ÏL~�S��ê
5 á�{�$1�m.
3ACO�{�¢D�{�é'ïÄ¥, ACO�

{ëê���α = 2, β = 5, ρ = 0.3, τ0 = 0.02,
maxIter = 100, m = 20, P = 0.01. ¢D�{
ëê��Xe: «+5��20, S��ê�100, �
�VÇ�0.95, CÉVÇ�0.05. �
ïÄûüöé
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`z8I�ØÓ ÐéW�Oy�þ�K�, ¢
�¥�O
õ|8I�Xê|Ü, ü«�{3z
|8I�Xê|Üe$110g, �z|�Xê|
Üe10g�Ð�$1(J?1é', (JXL1¤
«. L1¥11∼3�´ûüö�Ñ�6|8I�Xê
|Ü, 14∼9�©O�Ñ
ACO�{���W�O

y¥�¹�W�ü�ê!W�ü�?Ò!�W�

ü��¹��.ê!�W�ü��W��Ý!�W

�ü�Ï�.W�°Ý/MÝ/þÝa�É��
o¨v!Ï�?\W�Oy��.É��o¨

v.L1¥110∼15��14∼9��éA,´¢D�{
¦)����ÚO�.

L 1 ü«�{¦)�Jé'

Table 1 Comparisonal results of the two algorithms

�Xê|Ü ACO¦��Oy GA¦��Oy

w1 w2 w3 units No. slabs rl p1 p2 units No. slabs rl p1 p2

0.5 0.3 0.2 3 1 65 66.1 1803 1413.1 3 1 64 65.2 1853 1541.1
2 66 66.5 1870 2 65 65.2 1890
3 65 65.7 1857 3 65 65.5 1876

0.5 0.2 0.3 3 1 66 66.3 1989 1338.5 3 1 64 65.2 1993 1466.5
2 65 65.7 1954 2 65 65.9 1968
3 65 65.9 1907 3 65 65.5 1952

0.3 0.5 0.2 3 1 65 65.5 1901 1315.1 3 1 65 65.2 1943 1379.1
2 67 66.8 1912 2 66 67.8 1957
3 66 66.4 1993 3 66 65.5 2005

0.3 0.2 0.5 3 1 66 66.3 2087 1253.8 3 1 66 67.4 2102 1445.8
2 67 66.9 2012 2 65 65.6 2053
3 67 66.5 2096 3 66 66.3 2128

0.2 0.5 0.3 3 1 66 66.1 2028 1314.6 3 1 65 65.3 2056 1442.6
2 66 66.4 2030 2 66 66.9 2070
3 67 66.5 2041 3 66 65.5 2068

0.2 0.3 0.5 3 1 68 66.8 2102 1244.9 3 1 66 65.7 2139 1436.9
2 67 66.5 2058 2 67 65.8 2091
3 68 67.0 2082 3 67 66.2 2102

dL1��:ØÓ�8I�Xê|Ü¬Ú��
{�ØÓ`z Ð, l�ûüöJø�õ�À
J.ü«�{'�,ACO�{�¦)�J`u¢D
�{. �Ï3u: ACO�{3é¬�E)�L§¥
éÐ/?n
�å(8)∼(10). �'�e, ¢D�{
?n�å(8)∼(10)�w�Luf5,ù´d¢D�
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