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Optimization control of demand-driven conveyor-serviced production
station with changeable service rate
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Abstract: The optimal control of demand-driven conveyor-serviced production station with changeable service rate is
concerned in this paper. We focus on modeling the stochastic control problem and providing solutions. First, the vacancies
of the buffer and the bank are jointed to be viewed as the system state, and the look-ahead range and service rate are
viewed as the control variable. Then we set up in detail a semi-Markov decision process for the optimal control problem.
As a result, policy iteration can be used to obtain the optimal look-ahead range and service rate under either average or
discounted-cost criteria. Furthermore, to avoid the disaster of dimensionality and the difficulties of modeling in numerical
optimization methods, we also propose a Q-learning algorithm combined with simulated annealing technique to derive
the approximate solutions. Simulation results are finally used to validate the effectiveness of our established model and
proposed optimization methods.
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1 ÚÚÚóóó(Introduction)
3y¢)��E�¥�3�ad)�¥%Ú�È

¥%|¤�)�XÚ,cö�kk�Nþ��À¥,
^u��lDx�þ�1��\óó�,�È¥%�
kk�Nþ�¤¬¥^u��)�¥%\ó�¤¬,
¿����I¦ÑÖ.Ú¡da)�XÚ�ÄuI¦
°Ä�Dx���\óÕ(conveyor-serviced produc-
tion station, CSPS)[1–2]. §u±4A)����L

�ó�)�gÄzL§,�2�^3.Í¶�k?
è�¥[3]. éuDÚ�=äkü�\óÕ�CSPS
�`z��,t³���Ç�ïá
�«�ê��Å
ûüL§(semi-Markov decision process, SMDP)�.,
¿o(
ØÓ���ªe�CSPSXÚÔn�.[1, 3].
(Üù
ó�,©z[4]JÑ
Äu5U³�3�üÑ
S��{,±)ûüÕ:CSPSXÚÄu�ý½*ÿ
êâ��`��¯K.�ù
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¬¥NþÃ��,=�`)���¿��Ä�È�¹.
�X²L�uÐ,3)�øAó+n(supply chain
management, SCM)��,¢�)��U¬4�/É�
½|�K�[5],ù¿�X3Ø(½��I¦��¹e,
)�¥%�)�NÝAT�Ä�È¥%�¥�+n.
¤±,I¦°Ä`z��3SCM��C�7���ä
káÚå[6–8].
3y�)��E�¥,ÄuI¦°Ä�CSPSXÚ

�À�ë��È¥%�)�¥%,¦+T)��ª3
SCM�µe�5�Ê9,�´8c��,'uT�.
�ïÄé�. t³���Ç3��NÝ�.¥1�g
?Ø
T�.,�5òÙuÐ�+nÆ��.[1, 9]. ,
,cãïÄÑ´b�)�¥%�ó�ÑÖÇ´�½
�,æ^�½ÑÖÇ�)��ªØ|uu�]�
�Z¦^�Ç,~X,pÑÖÇ)�ò��ó�Õö
�Å�(½ó<)NÄrÝ�,Åì�Ñp,E¤���
o¤�O\,$ÑÖÇ)�Ø|uJp)����|
^Ç,¿K��È¥%�øÀ.Ïd,�â¢�)��
È�¹Ä�æ��C�ÑÖÇ?1)�,3y�)�
�E�¥®w«ÑÙ7�5,�'ïÄCc5�Úå

ó�ó§½��+�Æö�'5[10–11]. ©z[12]ï
Ä
ÑÖÇ�C�¡�¾üC�(assemble-to-order,
ATO)XÚ,��â¢S�¹Ä�/ÀJÑÖÇ,¦X
Ú��N5U�`. ©z[13]òÑÖÇ��XÚ��
���Cþ,ïÄ
ÑÖÇ�C�üÕ:CSPSXÚ
�`z��.(Ü©z[13]Ú©z[14]�cÏó�,�
©Ì�nÜ�Ä��I¦�Å��ÚÑÖÇ�Ä�

¢�Cz�¹e�CSPSXÚ,�âXÚó��ªÚ
ûüÅ��A:,éÙ�`��¯K?1�ê��Å
ûüL§ï�,?�Ñ�'`z�.Ú�{.

2 XXXÚÚÚ|||¤¤¤���ûûûüüüLLL§§§ (Composition and
decision-making process of the system)
ÄuI¦°Ä�CSPSXÚ�w�´d)�¥%

Ú�È¥%|¤�ü¥%�.,Ù«¿ã�©z[14]
¥ã1¤«. )�¥%�\óÌNagent�±Ä�/u
ÿDx�þi�½��S´Äkó���,¿P¹ó
���
 ^&E,Xó� �Ú�Ý.b�Dx�
´!�$Ä�,KDx�þ�cÀål�ò�¤�m
5�dL«. TXÚ�;.ó�L§Xe: 3ûü�
�, agent�â�À¥Ú¤¬¥��{NþÀJ�ãc
Àål,XJcÀålSkó�, agentò����1
��ó���z�:,¿òÙ�1��À¥¥. ÄK,
agentòl�À¥¥�Ñ��ó�¿±���C�Ñ
ÖÇu ∈ [umin, umax]?1\ó. \ó�,?Û6²z
�:�ó�Ñò¿�,\ó��¤¬��\¤¬¥¿
Jø���.3���1½\ó�L§¥,���Å
���È¥%. b�z����l¤¬¥¥�r��
¤¬,XJ¤¬¥��,��ò6�.ùp,)�¥%

�cÀålÚÑÖÇ�À���½öûüCþ.
3�©¥,\ó!�1ö�~��õ«a.)��

d,X���d!�À¥Ú¤¬¥��;�d!\ó�
d�. `z��8I´é����`üÑ¦XÚ3²
þ5UOK½öò�5UOKe���Ï"�d�

�. �
Bu`²,XÚ��
�ëêCþXL1¤
«.

L 1 ëê`²
Table 1 Parameter specification

Cþ Ôn¿Â

λa ó��Ñt6��Ç

λc ���Ñt6��Ç

u )�¥%ÑÖÇ

S(t, u) ü�ó��\ó�m©Ù¼ê

umin ��ÑÖÇ

umax ��ÑÖÇ

û �½ÑÖÇ��(umin+umax)/2
N �À¥�Nþ

K ¤¬¥�Nþ

n �À¥��{Nþ

k ¤¬¥��{Nþ

vSk,n
cÀål,^�d�mL«

lmin ��cÀål

lmax ��cÀål

k1 ü��\óó��ü �m¥��d

k2 ü �m\ó�d

k3 ü �m���d

k4 \ó���ó��=��Å,^KêL«
k5 ü �ÝcÀål�=��d

k6 ü�¤¬�ü �m¥��d

k7 ÈÑ��¤¬�=��Å,^KêL«
k8 \ó�ÑÖÇ l�½��ü �m�d

½Âk∈Φ1 ={0, 1, · · · ,K}�¤¬¥G�, n∈
Φ2 = {0, 1, · · · , N}��À¥G�, Sk,n�XÚ�é

ÜG�,G��m�Φ = Φ1 × Φ2. 3G�Sk,ne,X
Úæ��1ÄL«���|(vSk,n

, uSk,n
),dG��

'�cÀålvSk,n
ÚÑÖÇuSk,n

|¤.

XÚ$1�,XJ�À¥Ú¤¬¥Ñ�÷, agent
ò����,��k�����È¥%¿l¤¬¥¥
�r��¤¬,,�âm©#�ûüL§. d�¹e,
Ø���5,�-vS0,0 ≡ 0, uS0,0 ≡ û. XJ�k¤¬
¥�÷��À¥Ø��,b�agentØ�ó�?1\
ó,�o��ó���z�:ù�¯�u)¿?1�
1,�o��k�����È¥%�r��¤¬ù�
¯�u),âéÄe�ûü±Ï.d�¹e,�-vS0,n

≡ ∞, n = 1, 2, · · · , N − 1,�uS0,n
≡ û. XJ�k

�À¥�÷,KvSk,0 ≡ 0, k = 1, 2, · · · ,K . ��À
¥���, agentò�����kó���z�:¿�
1��À¥¥,¤±vSk,N

≡ ∞, k ∈ Φ1. éuÙ¦�
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�
;.ó�L§,k vSk,n
∈ [lmin,lmax], uSk,n

∈
[umin, umax]. u´,XÚ¤kcÀål�8Ü�D =
[lmin,lmax]∪{0,∞},²üÑ�V = {(vSk,n

, uSk,n
)|

vSk,n
∈ D, uSk,n

∈ [umin, umax], Sk,n ∈ Φ}.
b�3��üÑV�^e,XÚdÐ©ûü��

T0 = 0m©?1G�üz,ÙG�L§P�Xt, t

> 0. 3ûü��Tm,eXÚG��Sk,n,PXTm
=

Xm =Sk,n. �âüÑV ,æ�1Ä(vSk,n
, uSk,n

),XJ
agent¢Sæ���Ä�,P���mP�$m,Ke
��ûü��Tm+1 =Tm + $m. ;.�¹e, Tm+1

�XÚ=£�G�Xm+1 =Sk′,n−1, k′∈{k, k + 1,

· · · ,K}. ����A~,�Xm = S0,n(n 6= N )�,
±�½VÇ=£�Xm+1 = S1,n.
��,XJvSk,n

��Svkó�, agentò±ÑÖ
ÇuSk,n

\ól�À¥¥�Ñ�ó�.��yûüL§
�ÃPÁ5,½ÂTm+1 = Tm + τm + $m,ùp, τm

�ÑÖ�m, $m = max{vSk,n
− τm, 0}´���m,

¿�Xm+1 = Sk′,n+1, k
′ ∈ {k − 1, k, · · · ,K}.

3 XXXÚÚÚ`̀̀zzz������êêê������ÅÅÅûûûüüüLLL§§§���...

(Semi-Markov decision process model for
system optimization)
dþ!©Û��,XÚG�L§Xt´ëY�m�

ê��ÅL§, {X0, X1, · · · , Xm, · · · }´��i\�
ê¼ó[15]. PüÑVe�Ï3�m©ÙÝ


F V (t) = [FSk,nSk′,n′ (t, (vSk,n
, uSk,n

))]Sk,n,Sk′,n′∈ Φ,

Ù¥FSk,n,Sk′,n′ (t, (vSk,n
, uSk,n

))L«XÚ3G�
Sk,neæ�1Ä(vSk,n

, uSk,n
)¿=£�e��G�

Sk′,n′�Ï3�m,3ÑÖÇ�C�XÚ¥,Ùúª3
/ªþ�ÑÖÇ�½��/aq[14],É�Ì��,d
?Ø2Kã. PXÚ�i\ó=£Ý
�

P V = [PSk,nSk′n′ (vSk,n
, uSk,n

)]Sk,n,Sk′,n′∈Φ,

Ù¥PSk,nSk′,n′ (vSk,n
, uSk,n

)L«XÚ3G�Sk,ne

æ�1Ä(vSk,n
, uSk,n

)=£�e�G�Sk′n′�VÇ.
Äk,k




PS0,0S1,0(vS0,0 , uS0,0) ≡ 1,

PS0,nS0,n−1(vS0,n
, uS0,n

) =
λa

λa + λc

,

PS0,nS1,n
(vS0,n

, uS0,n
) =

λc

λa + λc

,

n = 1, 2, · · · , N − 1.

(1)

éuÙ¦�¹,3���½�1Ä(vSk,n
, uSk,n

)�^
e,�À¥Ú¤¬¥�G�=£�pÕá,cödó
���Å��û½,�öd����Å��û½. P
1Ä(vSk,n

, uSk,n
)e�À¥dG�n=£�n′�VÇ

�p̂n,n′(vSk,n
, uSk,n

),¤¬¥dG�k=£�e�G

�k′�VÇ�p̄k,k′(vSk,n
, uSk,n

),üö3/ªþ½�
�½ÑÖÇ��¹aq[14]. Ïd,31Ä (vSk,n

,

uSk,n
)e,XJagentæ��1ö�,KXÚG�=£

VÇ�



PSk,nSk′,n−1
(vSk,n

, uSk,n
) =

p̂n,n−1(vSk,n
, uSk,n

)× p̄k,k′(vSk,n
, uSk,n

),

k = 1, 2, · · · ,K − 1; n = 1, 2, · · · , N − 1.

(2)

eagentæ�\óö�,KXÚG�=£VÇ�




PSk,nSk′,n+1
(vSk,n

, uSk,n
) =

p̂n,n+1(vSk,n
, uSk,n

)× p̄k,k′(vSk,n
, uSk,n

),

n = 1, 2, · · · , N − 1.

(3)

u´,O��ê��ÅØ[15]

QV (t) =

[Q(Sk,n, Sk′,n′ , (vSk,n
, uSk,n

), t)]Sk,n,Sk′,n′∈Φ,

�

Q(Sk,n, Sk′,n′ , (vSk,n
, uSk,n

), t) =

PSk,nSk′,n′ (vSk,n
, uSk,n

)×
FSk,nSk′,n′ (t, (vSk,n

, uSk,n
)).

w,,duXÚ�G��md�À¥Ú¤¬¥��{
Nþ|¤,1ÄdcÀålÚÑÖÇ|¤,G�–1Ä
éé�,éN´�XÚE¤�ê/. Ó�duXÚG
�Lõ,G�=£'�E,,XÚ�G�=£Ý
í
�Ú�Ï�XÚÝ
�d?n¡����O�(

J[15] ,Ïd�XÚ�5�½�ï�J¯K.

-fV = [f(Sk,n, (vSk,n
, uSk,n

), Sk′,n′)]�XÚ5
UÝ
,Ù¥f(Sk,n, (vSk,n

, uSk,n
), Sk′,n′)L«XÚ

3G�Sk,næ�1Ä(vSk,n
, uSk,n

)=£�e�G�
Sk′,n′�cXÚü �mS¼��Ï"�d. b�X
Ú3G�Xme,æ�1Ä(vXm

, uXm
),¿=£�e�

�G�Xm+1,XÚ������=£< Xm, (vXm
,

uXm
), Xm+1, ωm, τm >,Ù¥: τm´ÑÖ�m, ωm´

Tm�Tm+1��mm�,=ωm = Tm+1 − Tm. XÚ3
,��m:½�mm�SòGÑ�«��/ª��

d,XcÀål�d,©O3[Tm, Tm+τm]Ú[Tm+τm,

Tm+1]�m«mSÈ\�ÑÖ�dÚ���d�. ,
	,3ÑÖL§¥,XJÑÖÇ l�½�,�ò¬�
)�A�d. ¤kù
�d��dò�¤[Tm, Tm+1]
���mãS�ü �m�df(Sk,n, (vSk,n

, uSk,n
),

Sk′,n′),�[�=�L§�ë�©z[14].

u´,XÚ�`z8I´é?¿ò�Ïfα > 0,
Ïé���`üÑ¦�e�ò�5UOK



ηV
α (Sk,n) =

E[ lim
M→∞

M−1∑
m=0

w Tm+1

Tm

αe−αtfXm
dt|X0 = Sk,n],

Sk,n ∈ Φ.

(4)
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����. ùpfXm
= f(Xm, (vXm

, uXm
), Xm+1).

�αªu"�,5U�þηV
α?�©þ�4�Ñ�u²

þ�d5UOK�ηV .
ÏLO��dÃ¡�ÏfAV

αÚ�d5UÝ
fV
α ,

cã�ê��ÅûüL§�=��ëY�mê��

ÅûüL§�.(Xt, Φ, D,AV
α , fV

α )[15–17]. K`z¯
K�düÑS��{¦),=3��;.S�L§¥,
éu�cüÑVk,�O�5U³�þgVk

α ,¿?1üÑ
�#Vk+1 ∈ arg min

V
{fV

α + AV
α gVk

α }.

dunØ`z�{�6u�.,�Ú\QÆS�
{5¦)�`½ög`��üÑ.c¡ïá��ê�
�ÅûüL§�.�QÆS�{Jø
nØÄ:,�
©z[4]aq,éu*ÿ��½�ý�������=
£< Xm, (vXm

, uXm
), Xm+1, ωm, τm >,²þOKÚ

ò�OKe�Ú��©úª�

cm = f ′(Xm, (vXm
, uXm

), Xm+1)−
Tα(ωm)ηm + e−αωm min

d∈D
Qα(Xm+1, d)−

Qα(Xm, (vXm
, uXm

)). (5)

ùpQα(·, ·)´3ò��¹eG�–1Äé�Q�.-
f ′(Xm, (vXm

, uXm
), Xm+1)L«lTm�Tm+1�m

S\È�ò��d,Kk

f ′(S0,0, (vS0,0 , uS0,0), S1,0) =

Tα(ωm)× (k1N + k3 + k6K) + e−ατmk7, (6)

f ′(S0,n, (vS0,n
, uS0,n

), S1,n) =

Tα(ωm)× t[k1(N − n) + k3 + k6K] + e−ατmk7,

(7)

f ′(S0,n, (vS0,n
, uS0,n

), S0,n−1) =

Tα(ωm)× [k1(N − n) + k3 + k6K], (8)

f ′(Sk,n, (vSk,n
, uSk,n

), Sk′,n−1) =

Tα(ωm)×[k(N − n) + k3+k6(K − k)]+

k5vSk,n
× χN(vSk,n

) + e−ατmk7(k′ − k), (9)

f ′(Sk,n, (vSk,n
, uSk,n

), Sk′,n+1) =

Tα(ωm)× [k1(N − n− 1) + k6(K − k)] +

k2Tα(τm) + k3[Tα(ωm)− Tα(τm)] +

k4e−ατm + k5vSk,n
+ e−ατmk7(k′ − k + 1) +

k8|uSk,n
− û|e−ατm . (10)

þãªf¥, Tα(t) =
w t

0
e−αtdt. ,	, ηm´²þ

�dηV��c�O�,��â��;���O�.Ï
d, Q��#úª�

Qα(Xm, (vXm
, uXm

)) :=

Qα(Xm, (vXm
, uXm

)) + γ(Xm, (vXm
, uXm

))cm,

(11)

ùpγ(Xm, (vXm
, uXm

))´ÆSÚ�.
DÚ�QÆSÏ~æ^ε-greedy�{,�eε��

Ø�,Kk�U4�{?\ÛÜ�`,�
�Ñù«
(J,�Ú\Äu�[ò»�QÆS�{(simulated
annealing Q–learning, SA–Q),Ù�[L§�ë�©z
[14],�©Ø2Kã.

4 ���ýýý(((JJJ(Simulation results)
�ý¥,�ó�ÑÖ�mÑl(L, u)�Erlang©

Ù[4],XÚÔnëêÚ�{ëê���XL2¤«.

L 2 ëê��L
Table 2 The value of parameters

λa λc umin umax N K lmin lmax L k1 k2 k3 k4 k5 k6 k7 k8 û

1 0.8 3.5 4.5 5 6 0 1 4 0.1 5 1 –10 0.1 0.01 0 1 4

ã1´üÑS��{�`z�,Ù¥^n�/
ãII5��L«²þOKe�`z�,Ù{
´ò�Ïfα = 0.01�±e3�AÏG��`z
�:G�3,�À¥��{þ�2,¤¬¥�÷;G�6,
�À¥�÷,¤¬¥��{þ�1;G�8,�À¥�
�{þ�2,¤¬¥��{þ�1.

ÏL*	ã1�±wÑüÑS��{Âñ�Ý
é¯,¿�ÏLüÑS��{XÚ�±���`c
ÀålÚÑÖÇ,3ò�OKe�`z�´�p
©l��©Ù3²þOK`z��üý. 3G
�3�,¤¬¥�m©´÷�,XÚ�)�ò�6Ê
��k�������È¥%¿l¤¬¥¥�r�

�¤¬,ù�L§ò���À¥��;�dÚ��
�dO�,¤±G�3�`z�3ã1��þ¡.
d	,3G�7�,�À¥�m©´÷�,ù�agent
Ø^�cw,±�½�ÑÖÇÑÖ��ó�,�¬
�Åò¬á=�),Ïdo�\È�d~�,ùÒ
)º
��oG�6�`z�3ã1��e¡. 3
G�6�,XÚÆS�1Ä�(0, 4.5),ùL²,3�
À¥�÷�, agentØI�cÀål,¿�±���
ÑÖÇ?1\ó,�¢S)��¹ÎÜ.

ã2´²þOKe,ÑÖÇ�½ÚÑÖÇ�Ce
�`z�.lã¥�±wÑ,éØÓ�k8,ÑÖÇ
CzeXÚ�²þ�dþ�uÑÖÇ�½�XÚ�
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²þ�d,�¢�¥,�XÚÑÖÇCz�,XÚ¬
�)�½��d,¤±�Xk8�O�,XÚ�²þ
�dÅìO�.�{m©�XÚ�²þ�d��,
`²d�XÚ�ÑÖÇ��½ÑÖÇ����,�
´�XÆS�?1,XÚ�â�À¥Ú¤¬¥�¥
��¹Ün/ÀJÑÖÇ,¦XÚ��ª�d~�
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ã 1 ²þOKÚò�OKe�üÑS�`z

Fig. 1 Policy iteration under average- and discounted-criterion

ã 2 ÑÖÇ�½�ÑÖÇCz�`z�
Fig. 2 The optimization plots under fixed and changeable

service rate
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'¦^“ε-greedy”�{?1&¢�DÚQÆS�{

3ÆS�ÝÚ5Uþ�k`³.

ã 3 ²þOKeSA–Q�{`z�

Fig. 3 The optimization plot of SA–Q under average criterion

ã 4 ò�OKeSA–Q�{`z�
Fig. 4 The optimization plots of SA–Q under discounted

criterion
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�XÚ²þ�d�uÑÖÇ�½�u = 4.5��²
þ�d,¤±�âXÚ�¢S�¹Ün/ÀJ)�
¥%�ÑÖÇ,�±¦XÚ��N5U�`.

ã 5 ÑÖÇ�½�ÑÖÇCz�ü �m)�Ç
Fig. 5 The production rate per unit time under fixed or

changeable service rate
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L 3 ÑÖÇ�½�Cz�¹eXÚ�5U�
Table 3 Performance values under fixed or changeable service rate

ÑÖÇ üÑS��{ Äu�[ò»QÆS�{ ���m ü �m)�Ç

ÑÖÇ�½u = 3.5 –2.1656 –2.0154 1.6431 0.6080
ÑÖÇ�½u = 4 –2.8041 –2.7669 1.4892 0.6715
ÑÖÇ�½u = 4.5 –3.3635 –2.2582 1.3481 0.7418
ÑÖÇCzk8 = 0 –3.3198 –3.1899 1.3545 0.7383
ÑÖÇCzk8 = 1 –3.1640 –3.0442 1.3829 0.7231
ÑÖÇCzk8 = 2 –3.0102 –2.8913 1.3924 0.7182

ã 6 ÑÖÇ�½�ÑÖÇCz�XÚ���m

Fig. 6 The waiting time under fixed or changeable service rate
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