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Inventory control in a fluctuating demand and return environment
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Abstract: With the increase of fluctuations in demands and returns, it is now a very difficult problem for retail managers
to control their inventory effectively. Under the condition that the inventory level process is expressed as a Markov-
modulated LWvy process, the stationary distribution of the inventory level, as well as the expected cycle cost and time
functions are derived by utilizing level crossing and multi-dimensional martingale theories. Subsequently, the functions are
employed to develop the long-run average cost rate model. Finally, we compare the system performance for three kinds of
order policies when the demand rates and the status parameters are varying, and investigate the impact of the returns on the
optimal control policy. Consequently, some important management insights are obtained.
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1 ÚÚÚóóó(Introduction)
�X½|¿��\ìÚ/ÔUÃndòÀ0�¤

ö�Ã�o{�¢�,·I"Èè�¡����I¦
ÚòÀÅÄ.X�c/V��0Cp�üF�È��
L350·�,Ó'O�85%. �d��´p�25%�ò
ÀÇ,Ü©û[$���40%. 3d�¸e,eæ^(
½�©Ù¼ê£ãI¦ÚòÀ,ÃÀþ�Cz,K¬
Ï�����,ØUk��N§�é¥��K�.
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�C, Huang�[14]qïÄ|^�?½|?nõ{òÀ.
,	,�éòÀ�¸e¥�Cz�üN�A:,3æ
^ÙK$Ä£ã¥�Y²Ä�CzÄ:þ, Karaka-
yali�[15]ÚBerman�[16]©OïÄ
òÀ�?nÚ¾

ü���¥�¯K; Yao[17]ÚWu�[18]�Ñ¥�Y²

��3,�«m��`üÑ. Cadenilias�[19]�ò¥

�CzÿÐ�þ�£EL§,ïÄ¥�Y²ªC�½
8I�¯K.,,þã¤Jþv�Ä�¸éòÀþ
��K�.

o�,|^ykïÄ¤J,éJk�)ûI¦Úò
ÀÅÄ�¸e¥���¯K.

�â#�¸e¥�$1�A:,�©3©z[4]Ä
:þ,éÙ�Xe¢�í2: 1)ò¥�Y²��mC
z, lMarkovN��5¼êÿÐ�MarkovN� Lévy
L§; 2)l¥�+n¢SÑu,O\�;Nþ��.8
�´,(½Ñ�`¥���üÑ.�d,�©|^Y²
B�Úõ��nØ,Ì�ïÄ¥����.��ï,
¿�ÑT�¸ek'¥�+né«.

2 ¯̄̄KKK���£££ããã(Description of the problem)
�"Èû�È,«�¬,¿«ì^rØ÷¿�ò

À.�ò£�¬Ã"�,²u�Ú�C�?n�?
\¥�,�#�¬��^u÷v�5^rI¦.

É½|�¸K�,^rI¦ÚòÀþu)�ÅÅ
Ä.US.L«,ò�¸CzéA��Ø��ëY�
mMarkovóJ = {J(t), t > 0}�G�=£. ùp, b
�Jk2�G�,�J(t)�u1(2),L«�mt�È/³

Ð(�). d�,^rI¦Ç�µ1(µ2);òÀ��Ç´ë
ê�λ1(λ2)�EÜPoissonL§. ���)Û),�z
1òÀêþÑlÕá�ëê�υ1(υ2)��ê©Ù.
J3G�1(2)þÏ3�mÑlþ��γ−1

1 (γ−1
2 )��ê

©Ù.U¥�+n���{,�"Èû�¾Àþ��
¸G��',=�¥�Y²ü�0�,eG��1(2),
K¾Àþ�q1(q2). �JcÏþ�0. ,	,XÚ$1Ï
m,eòÀ��¥��Ñ�;NþC,K"Èûò�Ñ
Ü©�ò½=$�Ù¦A�È,?n�m�ÑØO.
�ü òÀ¤(�)�¬¤�!u�Ú��C�¤
^)9òÀ?n¤©O�crÚcd;ü �¬3ü �m
¥�¤�ch; �½Ú�C¾À¤©O�cπÚco. (½
¾Àþq1Úq2,¦"Èû��§²þo¤^Ç��.

3 ���...���ïïïááá(Establishment of the model)
â¯K£ã�,eÐ©Y²�x0,�eg¾Àc,

¥�Y²L§X = (X(t))t>0�MarkovN�LévyL
§,=

X(t) = x0 − V (t) = x0 −
2∑

j=1

w t

0
Vj(τ)1{J(τ)=j}dτ.

ùp,éAG�j�LévyL§Vj(t) = µjt−
Nj(t)∑
n=1

Sj
n.Ù

¥: Nj(t)�ëê´λj�PoissonL§,L«òÀ��
1g; Sj

1, S
j
2, · · ·�Õá�ëê´υj��ê©Ù�Å

CþS�,L«z1òÀêþ. �Bu(½òÀ?n
þ,e¡,©Û�{¥��mL§W = (W (t))t>0. Ï
�ÑNþC�òÀ�?n
,�TL§�L«�
30:��MarkovN�LévyL§W (t)=W (0)+V (t)
+ L(t),ùp: W (0) = C − x0,

L(t) = − inf
{06η6t}

{W (0) + V (η)}−

�ÛÜ�mL§,L«��mt�òÀ?nþ. G�

jþÛÜ�mL§�L�Lj(t) =
w t

0
1{J(s)=j}dL(s),

L(t) = L1(t) + L2(t).
âLévyL§�rMarkov5�,��L§(J,W )´

MarkovL§,�W�´���#L§. �#:�ÀJ

�1�W�uq̄1 = C − q1(="Èû3G�1�¤¾
À)éA�:. Ì�±Ï�u���#:m��m. L
§Wl�#:q̄1ÑuÄg��Y²C(éA¥�Y²
�0)�,�â�¸G�ØÓ,Ì�kü«�¹: �´e
G��1,K"Èû¾À�W��Y²q̄1,�gÌ��
¤;�´eG��2,K"Èû¾À�W��Y²q̄2 =
C − q2,,�,L§WlY²q̄2m©$1,�§2g�
�Y²C�,eG�E�2,KWÕáuL�lY²

q̄2#m©. Xd�ÅE$1,����Y²C�

G��1,d�¹e,"Èû�¤¾À�W��Y²

q̄1,�gÌ�â(å. ã1Úã2©O�Ñ�gÌ�
X(t)ÚéAW (t)�;.��´».

ã 1 �gÌ�X(t)�;.��´»

Fig. 1 A typical sample path of X(t) in one cycle

ã 2 �gÌ�W (t)�;.��´»

Fig. 2 A typical sample path of W (t) in one cycle
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½Â3G�jL§WlY²q̄jÑu,Äg��Y
²C��m�τj ,éAG��i�VÇ�θji,=

τj = inf {t > 0,W (t)=C|W (0)= q̄j, J(0)=j},
θji = P (J(τj) = i), i, j = 1, 2.

âã2�,e½ÂW3�¤¾À�,lY²q̄2Ñu,
��Y²C�$1L§���fÌ�,@o,�gÌ�
�USiõ�fÌ�.efÌ�ê�N ,KâLévyL
§�rMarkov5�, NÑl*Ð�AÛ©Ù,=k
P (N = 0) = θ11; P (N = n) = θ12θ

n−1
22 θ21, n = 1,

2, · · ·.�fÌ��Ï"êE[N ] = θ12/θ21.

Ïd,�gÌ��Ï"�m

E[T ] = E[τ1] + E[τ2]E[N ] = E[τ1] +
θ12

θ21

E[τ2].

e¡,Äu�#�Å½n,�â�gÌ�¥�$1
�¹,�ïXÚ�§²þ¤^Ç�.,�)¥�!ò
À!?nÚÖÀ¤^.

1) ¥�¤^: w,, X½´�#L§. �â�#L
§4�½n�, X�²�Ý¼êf(x)�3���.
��gÌ�¥��Ï"¤^�

E[CH] = ch[
w C

0
xf(x)dx]E[T ].

2) òÀ¤^: ÏòÀ���EÜPoissonL§,�
ü �m²þòÀþ,�uz�G�þ²þòÀþ�
TG���§�m'~¦È�Ú,=

λ1

υ1

γ2

(γ1 + γ2)
+

λ2

υ2

γ1

(γ1 + γ2)
.

K�gÌ�òÀ�Ï"¤^�

E[CR] = cr[
λ1

υ1

γ2

(γ1 + γ2)
+

λ2

υ2

γ1

(γ1 + γ2)
]E[T ].

3) ?n¤^: ÏWlÌ�ÚfÌ�Ñu��Y

²C,3�G�þòÀ?nþØÓ.e½Â�mτjS3

G�iþòÀÏ"?nþ�`ji,K`ji = ELi(τj),�
i, j = 1, 2. ��gÌ�òÀ�Ï"?n¤^�

E[CD] = cd(E[L(τ1)] + E[L(τ2)]E[N ]) =

cd[`11 + `12 +
θ12

θ21

(`21 + `22)].

4) ÖÀ¤^: efÌ�ê�N ,@o,�)Ì�(
å�éAG�1�ÖÀ,�gÌ�"ÈûÖÀoê
�N + 1. ��gÌ�ÖÀ�Ï"¤^�

E[CO] = cπ + coq1 + (cπ + coq2)E[N ] =

cπ(1 +
θ12

θ21

) + co(q1 + q2

θ12

θ21

).

Ïd,XÚü �m��§²þ¤^�

TC(q1, q2) =
E[CH]+E[CR]+E[CD]+E[CO]

E[T ]
.

w,,�¦�`�q1Úq2,Ik(½Ì�Ï"¤^

Ú�m�¹��Ý¼êf(x),±9VÇθji!òÀ?n

þ`jiÚ�mE[τj]¼ê, i, j = 1, 2.

4 kkk'''¼¼¼êêê���(((½½½(Determination of relevant
functions)
e¡,©üÜ©(½þã¼ê. 11Ü©ÄuY²

B�nØ,(½¥�Y²��Ý¼ê;12Ü©æ^�
�nØ,(½Ù{¼ê.

4.1 ¥¥¥���YYY²²²²²²©©©ÙÙÙ¼¼¼êêê���(((½½½(Determination
of the stationary distribution of the inventory
level)

4.1.1 ©©©ÙÙÙ¼¼¼êêê������...���§§§(Model equations of
the distribution function)

d¯K£ã�,¥�Y²X(t)∈[0, C]. �Bu^
Y²B��XÚ:{(½�©Ù,âXÚ�G
�,òX(t)©)�X1(t)ÚX2(t). ùp,

{Xj(t), t > 0} = {X(t) ∈ [0, C], t > 0} ∩
{J(t) = j, t > 0}, j = 1, 2.

^f(·)L«X(t)�VÇ�Ý¼ê. �A�, fj(·)L«
Xj(t)�VÇ�Ý¼ê.

|^PASTA�K9Y²B�nØ,ÏL¦¥�Y
²�XÚ:({¡XÚ:);,,?\Úlm3�f�
mþÀJ«���Ç��,�ï�X�²ï�§.

Äk,�éX1(t)∈[0, q2),�ï�§Xe:

µ1f1(x) + γ2

w x

0
f2(ω)dω =

µ1f1(0+) + γ1

w x

0
f1(ω)dω +

λ1

w x

0
e−υ1(x−ω)f1(ω)dω, x ∈ (0, q2). (1)

ª(1)�>�XÚ:?\«m[0, x)�o�Ç.Ù¥
11�L«I¦��XÚ:lþ?\«m[0, x)��
Ç;12��G�l2=£�1,E¤ u«m[0, x)X
Ú:?\��Ç.ª(1)m>�XÚ:lm«m[0, x)
�o�Ç.Ù¥,11�L«I¦��¥�Y²�0�,
Ï¾ÀÚuXÚ:lm«m[0, x)��Ç;12�L«
G�l1=£�2,E¤ u«m[0, x)XÚ:lm�
�Ç;13��òÀ��Úu u«m[0, x)XÚ:l
m��Ç.

Ón,�éX2(t)∈[0, q2),�ï�§Xe:

µ2f2(x) + γ1

w x

0
f1(ω)dω =

µ2f2(0+) + γ2

w x

0
f2(ω)dω +

λ2

w x

0
e−υ2(x−ω)f2(ω)dω, x ∈ (0, q2). (2)

Ùg,�éX1(t)∈[q2, q1),�ï�§Xe:

µ1f1(x)+λ1

w q2

0
(e−υ1(q2−ω)−e−υ1(x−ω))f1(ω)dω+
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γ2

w x

q2

f2(ω)dω =

µ1f1(q2) + γ1

w x

q2

f1(ω)dω +

λ1

w x

q2

e−υ1(x−ω)f1(ω)dω, x ∈ (q2, q1). (3)

ª(3)�>11�L«I¦��XÚ:lþ?\«m
[q2, x)��Ç;12�L«���òÀTÐ¦ u«
m(0, q2)XÚ:,?\«m[q2, x)vkþBY²x�

�Ç;13�´G�l2=£�1,E¤ u«m[q2, x)
XÚ:?\��Ç.ª(3)m>11�L«I¦��X
Ú:lelm«m[q2, x)��Ç;12�L«G�l1
=£�2,E¤ u«m[q2, x)XÚ:lm��Ç;
13�L«òÀ��,¦ u«m[q2, x)XÚ:lm�
�Ç.

Ón,�éX2(t)∈[q2, q1),�ï�§Xe:

µ2f2(0+) + λ2

w q2

0
(e−υ2(q2−ω) −

e−υ2(x−ω))f2(ω)dω + µ2f2(x) +

γ1

w x

q2

f1(ω)dω =

µ2f2(q2) + γ2

w x

q2

f2(ω)dω +

λ2

w x

q2

e−υ2(x−ω)f2(ω)dω, x ∈ (q2, q1). (4)

ª(4)�>11�L«3G�2I¦��¥�Y²�0,
Ï¾ÀÚuXÚ:?\«m[q2, x)��Ç.Ù{�ë
�ª(3)ØJ)º,�òÙ�Ñ.

��,�éX1(t)∈[q1, C]ÚX2(t)∈[q1, C],©O
�ï�§Xe:

µ1f1(0+) + λ1

w q1

0
(e−υ1(q1−ω) −

e−υ1(x−ω))f1(ω)dω+µ1f1(x)+γ2

w x

q1

f2(ω)dω=

µ1f1(q1) + γ1

w x

q1

f1(ω)dω +

λ1

w x

q1

e−υ1(x−ω)f1(ω)dω, x ∈ (q1, C], (5)

µ2f2(x) + λ2

w q1

0
(e−υ2(q1−ω) −

e−υ2(x−ω))f2(ω)dω + γ1

w x

q1

f1(ω)dω =

µ2f2(q1) + γ2

w x

q1

f2(ω)dω +

λ2

w x

q1

e−υ2(x−ω)f2(ω)dω, x ∈ (q1, C]. (6)

4.1.2 ¦¦¦)))���...���§§§(Solution of the equations)
�¦f1(x)Úf2(x),IòþãÈ©�§z��©

�§. �d,½Â�©�f〈D〉 =
d
dx

.

©Oéª(1)(3)Ú(5)$^〈D〉〈D + υ1〉�
µ1f̈1(x) + (µ1υ1 − γ1 − λ1)ḟ1(x) +

γ2ḟ2(x)− γ1υ1f1(x) + γ2υ1f2(x) = 0. (7)

©Oéª(2)(4)Ú(6)$^〈D〉〈D + υ2〉�
µ2f̈2(x) + γ1ḟ1(x) + (µ2υ2 − γ2 − λ2)×
ḟ2(x) + γ1υ2f1(x)− γ2υ2f2(x) = 0. (8)

-gj(x)= ḟj(x), j =1, 2.½Ây(x) = [f1(x) f2(x)
g1(x) g2(x)]T,Kª(7)–(8)�L«�Ý
/ª:

ẏ(x) = Ay(x), (9)

Ù¥:

A =




0 0 1 0
0 0 0 1

γ1υ1

µ1

−γ2υ1

µ1

z1 −γ2

µ1

−γ1υ2

µ2

γ2υ2

µ2

−γ1

µ2

z2




,

z1 =
−µ1υ1 − γ1 − λ1

µ1

, z2 = −µ2υ2 − γ2 − λ2

µ2

.

eA��é�zÝ
,ÙA��ÚéA�A��
þ©O�δiÚφi = [ψ1i ψ2i ψ3i ψ4i]T, i = 1, · · ·, 4,
Kàg�©�§|(9)�Ï)�

y(x) = Ψe∆xy(0). (10)

ùp: Ψ = [φ1 φ2 φ3 φ4], ∆ = diag{δ1, δ2, δ3, δ4}
�é�
, y(0)��½~ê��þ.

Ïd,�éþã3�«m,Ù)�L«�

f̄(x) = (Ψ){1,2}e∆xa, x ∈ [0, q2), (11)

f̄(x) = (Ψ){1,2}e∆xb, x ∈ [q2, q1), (12)

f̄(x) = (Ψ){1,2}e∆xc, x ∈ [q1, C]. (13)

ùp: f̄(x) = [f1(x) f2(x)]T; (Ψ){1,2}L«dΨ�1

1Ú21���¤�2×4�Ý
; a = [a1 a2 a3 a4]T,
b = [b1 b2 b3 b4]TÚc = [c1 c2 c3 c4]T�3��½~
ê��þ.

e¡,(½�þa, b, c¥�¹�12���©þ�.

Äk,òª(11)–(13)�\ª(1)–(6),2ÏL'�
e−υjx(j = 1, 2)��Xê,��e�6��§:

ψj1a1

δ1 + υj

+
ψj2a2

δ2 + υj

+
ψj3a3

δ3 + υj

+
ψj4a4

δ4 + υj

= 0, (14)

ψj1(a1 − b1)
δ1 + υj

eδ1q2 +
ψj2(a2 − b2)

δ2 + υj

eδ2q2 +

ψj3(a3 − b3)
δ3 + υj

eδ3q2 +
ψj4(a4 − b4)

δ4 + υj

eδ4q2 = 0, (15)

ψj1(c1 − b1)
δ1 + υj

eδ1q1 +
ψj2(c2 − b2)

δ2 + υj

eδ2q1 +

ψj3(c3 − b3)
δ3 + υj

eδ3q1 +
ψj4(c4 − b4)

δ4 + υj

eδ4q1 = 0. (16)

Ùg,âXÚ:?\Úlm«m[0, q2), [0, q1)Ú
[0, C]��Ç��,ëì�§(1)–(6),�ï²ï�§.
3dÄ:þ,òª(11)–(13)�\,�¦�=�¹��
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~ê�6��§. (Üª(14)–(16),���12��5�
'�§.

��,¥�Y²©Ù¼ê��÷ve�IO^�w C

0
f(x)dx =

w C

0
f1(x)dx +

w C

0
f2(x)dx = 1.

(17)

òª(11)–(13)�\ª(17),¿��þã?��§,��
�=¹��~ê�12��5Ã'�§. ¦T�§|,
��12���©þ�,=¦�¥�Y²²�Ý¼ê.
þã�§P���¡,�Ä�m��,òÙ�Ñ.

4.2 ÙÙÙ{{{¼¼¼êêê���(((½½½(Determination of other func-
tions)
Ï¥�Y²Ä�Cz�MarkovN�LévyL§,�

æ^DÚ�{éJ(½�¦�¼ê. Kella-Whitt�´
)ûk'LévyL§¯Kék�óä. e¡,�Ñ{�
`²,�[
)�ë�©z[20].

�V (t)´��MarkovN�LévyL§, {Y (t)}t>0

´��·AuV (t)�3k��mSäkk.�C�
L§,-Z(t) = V (t) + Y (t),K

M(α, t) =
w t

0
eαZ(s)1J(s)dsF (α) + eαZ(0)1J(0) −

eαZ(t)1J(t)+α
w t

0
eαZ(s)1J(s)dY (s)

(18)

´ 0þ�(1)�þ�. ùp, 1j´1 j�©þ�1,
Ù{�0�n�1�þ. F (α) = Q + diag{ϕ1(α), · · ·,
ϕn(α)}�L§V (t)�Ý
�ê,Ù¥: Q�J�G�

=£�ÇÝ
; ϕj(α)�Vj(t)�Lévy�ê.

âPerron-FrobeniusnØ�,é?�¢êα,Ý

F (α)�3��¢Ü��¢A��κ(α),ÙéAmA
��þ�h(α),=F (α)h(α) = κ(α)h(α). �Ä�÷v
T^��A��þkÃ¡õ�,�§�m=����
�ê,��|^J�²©Ùπ = [π1 · · · πn],ÏL
πh(α) = 1òh(α)IOz.

,	,½Âk =
d
dα

(h(α))|α=0. â©z[20]¥í

Ø2.5ÚíØ2.8(P313)k

κ̇(0) = lim
t→∞

V (t)
t

=
n∑

j=1

πj(µj − λj

υj

), (19)

E[V (t)] = κ̇(0)E[t] + E[kJ(0)]− E[kJ(t)]. (20)

Äuù
(J,e¡,�Ñ�¦¼ê�²ß/ª.

ÚÚÚnnn 1 L§W (t)3G�jlY²q̄jÑuÄg

��Y²C�,éAG�i�VÇθjiÚòÀ?nþ`ji,
±9�mE[τj]�äN/ª©O�

[θj1 θj2 `j1 `j2]T = B−1ε, (21)

E[τj] =
1

κ̇(0)
[qj − `j1 − `j2 − kj +

(k1θj1 + k2θj2)]. (22)

ùp:

B =




eα1Ch
[1]
1 eα1Ch

[1]
2 −α1h

[1]
1 −α1h

[1]
2

eα2Ch
[2]
1 eα2Ch

[2]
2 −α2h

[2]
1 −α2h

[2]
2

eα3Ch
[3]
1 eα3Ch

[3]
2 −α3h

[3]
1 −α3h

[3]
2

eα4Ch
[4]
1 eα4Ch

[4]
2 −α4h

[4]
1 −α4h

[4]
2


 ,

ε = [eα1q̄jh
[1]
j eα2q̄jh

[2]
j eα3q̄jh

[3]
j eα4q̄jh

[4]
j ]T,

Ù¥αm, h
[m]
j Úkj(j = 1, 2;m = 1, · · · , 4)þ�~ê,

Ù�3y²L§¥�Ñ.

yyy e�Y (t) = L(t),ÏL§L(t)=3W (t) =
0�âO\,�ª(18)�{z�

M(α, t) =
w t

0
eαW (s)1J(s)dsF (α) + eαW (0)1J(0) −

eαW (t)1J(t) + α
w t

0
1J(s)dL(s). (23)

|^ª(23),éÊ�τjA^�`Ä�½n�

E
w τj

0
eαW (s)1J(s)dsF (α) + EeαW (0)1J(0) −

EeαW (τj)1J(τj) + αE
w τj

0
1J(s)dL(s) = 0. (24)

Äk,�â¯K�£ã,ØJ¦�

Q =

[
−γ1 γ1

γ2 −γ2

]
,

ϕj(α) = log EeαVj(t) = µjα− λjα

υj + α
,

Ù¥j = 1, 2. �Ý
�ê

F (α) =

−γ1+µ1α− λ1α

υ1 + α
γ1

γ2 −γ2+µ2α− λ2α

υ2 + α


 .

�âdet(F (α))=0,¦�4��αm9÷vF (αm)h[m]

= 0�m��þh[m] = [h[m]
1 h

[m]
2 ]T, m = 1, · · ·, 4.

Ùg,�ª(24)¥α = αm�m¦h[m],��

eαmq̄jh
[m]
j − eαmC(θj1h

[m]
1 + θj2h

[m]
2 ) +

αm(`j1h
[m]
1 + `j2h

[m]
2 ) = 0, m = 1, · · · , 4. (25)

��,¦)ª(25)�¤��§|,=�ª(21).

555 1 e-1 = [1, 1]T. ÏF (0) = Q,�âJ�Ø��

~��Markovó�, F (0)�A��Ø�u0. qÏQ1 = 0,¤

±, κ(0) = 0´det(F (α)) = 0����, �éAA��þ

h(0) = 1. Ø��ù���α1,@o,éA§�m��þh[0]

= 1. òÙ�\ª(25),kθj1 + θj2 = 1.

e¡,(½Ï"�mE[τj].
Äk,âW (t)=W (0)+V (t)+L(t)ÚE[L(τj)] =

2∑
j=1

`ji,�¦�

E[V (τj)] = E[W (τj)]− q̄j − E[L(τj)] =
qj − `j1 − `j2. (26)
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Ùg,/�©z[21]��{,(½�þk. �â

κ(α)h(α) = F (α)h(α), (27)

éª(27)ü>'uα¦�,¿-α = 0,��

κ̇(0)h(0) + κ(0)k = (Λ(µ)− Λ(
λ

υ
))h(0) + Qk.

(28)

ùp: Λ(µ) = diag{µ1, µ2}, Λ(
λ

υ
) = diag{λ1

υ1

,
λ2

υ2

}.

,â

πh(α) = 1, (29)

éª(29)ü>'uα¦�,¿-α = 0�

πk = 0. (30)

e-0 = [0 0]T,|^κ(0) = 0, h(0) = 1,¿òª(28)
~�1πk = 0,�¦�

k = (Q− 1π)−1(κ̇(0)I − Λ(µ) + Λ(
λ

υ
))1. (31)

ùpIL«ü Ý
.

��,âª(19)–(20)(26)(31),��ª(22).

5 ���ýýý999©©©ÛÛÛ(Simulation and analysis)
|^þ¡���¼ê,�ïXÚ�§²þ¤^Ç

`z�.Xe:

min TC(q1, q2) =
E[CH] + E[CR] + E[CD] + E[CO]

E[T ]
,

s.t. q1 < C, q2 < C.

w,,§´��å^����5`z�.. ÏÃ{
�ä8I¼ê]à5½üN5, ùp,|^MATLAB
��5`z^��,(½�`)q∗1Úq∗2 .

�Bu©Û,^ρL«òÀÇ,=ü �m²þò
Àþ�I¦þ�'.w,, ρ�u1. ÏÃIOêâ�ø
¦^,�Ñëê�Ä��:

µ1 = 300, µ2 = 50, υ1 = 0.2, υ2 = 0.2,

C = 150, γ1 = 0.1, γ2 = 0.1, ch = 3,

cd = 15, cr = 6, cπ = 50, co = 5, ρ = 0.2.

Äk,©ÛI¦Ú�¸G�CzéXÚ�K�.�
ée�3«¾ÀüÑ: 1)¾ÀüÑ��¸G�k'; 2)
¾ÀüÑ��¸G�Ã',=q̄∗ = q∗1 = q∗2 . òª(1)–
(6)·�Ü¿,N´�ï�.,¿¦�¾Àþq̄∗Ú¤^

TC
∗
. �u�Ì,Ø2Kã; 3) EOQ¾ÀüÑq̂∗. ùp

q̂∗ =
√

2cπD

ch

,

Ù¥D��§Ï"ÀI¦Ç,=

D =
γ2

γ1 + γ2

(µ1 − λ1

υ1

) +
γ1

γ1 + γ2

(µ2 − λ2

υ2

).

òq̂∗�\2)��.¥,�¦�éA¤^T̂C
∗
. 3Ù¦

ëê�Ä��^�e,L1�ÑéA��`(J.ùp,

∆̄=
TC

∗−TC∗

TC∗ ×100%, ∆̂=
T̂C

∗−TC∗

TC∗ ×100%.

L 1 ØÓ¾ÀüÑeI¦ÇÚG�ëêCzéA��`(J
Table 1 Optimal results for different order policies when the demand rates and the status parameters vary

µ1 γ1 γ2 q∗1 q∗2 TC∗ q̄∗ TC
∗

∆̄ q̂∗ dTC
∗

∆̂

100 0.10 0.01 51.20 36.52 401.08 38.14 403.80 0.67 38.14 403.80 0.67

100 0.01 0.10 51.59 36.61 650.93 50.45 653.47 0.39 50.45 653.47 0.39

200 0.10 0.01 71.42 36.52 454.28 41.19 462.24 1.75 41.19 462.24 1.75

200 0.01 0.10 72.86 36.56 1182.09 70.49 1190.33 0.69 70.50 1190.33 0.69

300 0.10 0.01 86.49 36.51 506.16 44.04 523.05 3.33 44.04 523.05 3.33

300 0.01 0.10 89.05 36.51 1699.73 85.94 1712.54 0.75 85.99 1712.54 0.75

400 0.10 0.01 98.58 36.51 557.36 46.71 582.33 4.48 46.71 582.33 4.48

400 0.01 0.10 101.92 36.46 2210.50 98.59 2228.66 0.82 99.09 2229.96 0.88

500 0.10 0.01 107.51 36.51 608.15 49.24 639.19 5.10 49.24 639.19 5.10

500 0.01 0.10 110.47 36.43 2717.44 107.90 2741.58 0.88 110.65 2746.73 1.07

600 0.10 0.01 112.95 36.50 658.73 51.64 698.67 6.06 51.64 698.67 6.06

600 0.01 0.10 115.03 36.41 3222.58 113.37 3256.26 1.04 121.11 3271.59 1.52

700 0.10 0.01 116.06 36.50 709.20 53.94 754.83 6.43 53.94 754.83 6.43

700 0.01 0.10 117.55 36.39 3726.92 116.41 3766.51 1.06 130.73 3799.50 1.94

800 0.10 0.01 117.98 36.50 759.62 56.14 812.71 6.98 56.14 812.71 6.98

800 0.01 0.10 119.11 36.38 4230.86 118.26 4276.54 1.07 139.70 4372.30 3.34

900 0.10 0.01 119.26 36.50 810.01 58.26 867.34 7.07 58.26 867.34 7.07

900 0.01 0.10 120.17 36.37 4734.58 119.49 4785.25 1.07 148.12 5206.31 9.96
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âL1�: 1)�µ1�O\,½ö,G�1��§�
m'~(γ2/(γ1 + γ2))O�,¾Àþq∗1Ú¤^TC∗þ
ÅìO\,¾Àþq∗2�±A�ØC; 2)G�Ã'
¾ÀüÑ�¤^TC

∗,þ�uéAG��'¾Àü
Ñ�¤^TC∗,¿�,I¦Çµ1��,=µ1Úµ2��

��,Ù¤^CzÇ∆̄���,cÙ´,3G�1�
�§�m'~���¸(ÏT�¹e,XÚ¥�Ú¾
À¤^¤Ó'~�$). ©z[4]3I¦ÅÄ�¸e
��Ó�(Ø,�©ò§í2�����I¦Úò
ÀÅÄ�¸; 3)©z[4]y²
3I¦ÅÄ�¸eG
�Ã'�`¾ÀüÑ�EOQ¾ÀüÑ(d�¹e,
I¦Ç��§Ï"I¦Ç)�Ó.L1�Ñ,�k3I
¦Çµ1½G�1��§�m'~���¹e§�â
�Ó,ÄK, EOQ¾Àþq̂∗þ�uG�Ã'¾À
þq̄∗,�A�¤^T̂C

∗
��uTC

∗. ÄÙ�Ï´,3

I¦Çµ1½G�1��§�m'~���¹e,d
u¾Àþq̂∗��;NþC����,òÀÚu¥�
�ÑNþ���VÇé�,¤±,¾Àþq̂∗Úq̄∗�~
�C.��I¦Çµ1���3G�1þ��§�m
'~�p�,d�¹e¾Àþ�õ. EOQ¾ÀüÑ
Ïv�ÄòÀÅÄÚu¥��ÑNþ��,¤±,
Ù¾Àþq̂∗�uq̄∗,(J´,duòÀ?n¤^�O
\,��Ù¤^T̂C

∗
�uTC

∗. ¿�,�XI¦Çµ1

ÚG�1��§�m'~?�ÚO�,¤^T̂C
∗
w

ÍO\,ù�±�â∆̂'∆̄�O�¯��y¢. Ù
g,©ÛòÀCzéXÚ�K�.du�éü �
m�½�òÀþ,òÀq©�1g�1þ�Ú1g
�1þ�ü«a.. �
�¡©ÛòÀêþÚa.
éXÚ�K�.3Ù§ëê�Ä���¹e,ã3�
ÑòÀÇρÚòÀ1þ1/υ1Cz,éA�Á�(J.

ã 3 òÀÇÚòÀ1þCzéA��`(J

Fig. 3 Optimal results for varying the return rates and the return batches

âã3�,�1/υ1�½�,� ρ�O\,¾Àþ q∗1
Úq∗2Åìü$,¤^TC∗ªuO�;�ρ�½�,�
1/υ1�~�, q∗1ÅìO\�ªu½, q∗2A�ØC,
TC∗�Czª³�q∗1TÐ��,=Åìeü�ª
u½. ÄÙ�Ï´,�òÀ1þ1/υ1�½(�,
1/υ2��½)�,�òÀÇρ�O\,òÀ1gλ1Ú

λ2ÅìO�,�Ò´,ÀI¦Çªu~�,¤±,¾
Àþq∗1Úq∗2Åìü$. qÏ¥�¤^�~�Ø-ò
À¤^�O\,�XÚ¤^TC∗ªuO�.�òÀ
Çρ�½�,ÏI¦Çµ1�½(�,µ2��½),¤±,
ÀI¦ÇØC.ù�,�1/υ1�~�,G�1þ�òÀ
a.ªu1g�1þ�. 3ù«�¹e,��òÀ
�ÑNþ���?n�VÇÅìü$,Ïd,¾À
þq∗1ØäO\. ¤^TC∗�ÏòÀ?n¤^�ü$
ªu~�. �1/υ1���½§Ý�,��òÀ�Ñ
Nþ���?n�VÇ�~�,Ï,¾Àþq∗1Ú
¤^TC∗�±A�ØC.qÏG�1þòÀa.C
z,ØK�G�2þòÀ?n�VÇ,�q∗2�±A�
ØC.

,	,3òÀÇρÚòÀ1gλ1�½�¹e,e
I¦Çµ1Úü �m²þòÀþλ1/υ1Ó�u)C

z,@o,�µ1�O\,��¡ÚåÀI¦ÇO�
(Ïρ�u1),�¾Àþq∗1ÅìO\;,��¡q��
òÀ1þ1/υ1O�,l,E¤¥��Ñ�;Nþ�
��VÇØäJp,�q∗1O\�ª³~�,���
±A�ØC.¤^TC∗��ÀI¦Ç�O�O\.
�ã3�q,ÏG�2þ¾ÀþØÉG�1þòÀ1
þCzK�,�q∗2�±A�ØC.�u�Ì,Á�(
J�Ñ.

��,ÏòÀ�Ø���,�^rI¦þ�÷v,
�òÀ¤crÚ�C¾À¤coCz,éq∗1Úq∗2ÃK�.
¥�¤ch!�½¾À¤cπÚ?n¤cd,éXÚ�K
�,ÎÜ<�ýÏ,=�chO\�, q∗1Úq∗2þ~�;
cπO\�, q∗1Úq∗2þO�; cdO\�, q∗1~�, q∗2
A�ØC(ÏTG�þòÀ?nVÇé�). ¿�,�
þãëêO�,¤^TC∗þO\. �Ä�m��,O
�(J�Ñ.
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6 (((ØØØ(Conclutions)
duI¦ÚòÀÅÄ�¸e¥�Cz,Ø��

�üN5,�ØU^(½��ÅL§£ã. l,
E¤|^DÚ�{éJ�ï�.. Ïd,T�¸e
¥���¯K,3nØþ�"y7�ïÄ.

�©3ò¥�Y²Ä�CzL«�MarkovN�
LWvyL§Ä:þ,|^Y²B�nØÚõ�Kella-
Whitt��{,Ì�ïÄ
ü �mXÚ�§²þ¤
^�.��ï,¿|^T�.,ÏL�ýÁ�,��
e���¥�+né«: 1)�é3«¾ÀüÑ,G
��'¾ÀüÑ`uG�Ã'¾ÀüÑ,G�Ã
'¾ÀüÑq`uEOQ¾ÀüÑ(d�¹e�I¦
Ç��§Ï"ÀI¦Ç); 2)I¦ÇÚ�¸G�C
z,Ì�K�TG�þ��`¾Àþ,éÙ§G�
þ��`¾ÀþK�é�; 3)æ^EOQ¾ÀüÑ,
�±O�XÚ�`¾ÀüÑ.��I¦Ç����
�,¬E¤¤^��O\; 4)òÀÇ�½^�e,�
XòÀ1þ�O\,�`¾ÀüÑÚXÚ¤^þu
)��Cz.

3dÄ:þ,��ÿÐïÄ: 1)JcÏØ�0�
¹e¥���¯K.T¯KØ��(½¾Àþ,
�,��(½¾ÀY²; 2)Ø�ê©Ù	,òÀ1þ
������©Ù,X��ê©Ù½�ã©Ù�.
ÏL?�ÚïÄ,±Ï�Ð÷v¢SI¦.
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