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∫ ∞
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∫ ∞
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� � ( � +� 6 �� 6 +� � � n

Ii,j(µ, ν) =

∫ ∞
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I = ((Ii,j(µ, ν)))(i,j)∈E×E À = , � � t

(
ri

riµ + ν

)

i∈E

,

% � � n

I = À ( Y − � ) + � L I

I = ( Y − � L )−1 À ( Y − � ) .

± �� h� ¼ ~ ª xy ~ ½| x~ z k ª � l
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D% �� R(n) = N(T (n))c � � ( �% 6� # # + # (R(n), Z(n))� # +� r � ��e % " � , , �� �" � F �% 6� # # s

�" � 6 � A 6% J ( � � #� , � #� � � K + A� 6% J J � xi(Si) − xi(0)c

D% �� � = , � � t (S∗
i (φi(ν)))��

Mi,j(ν) = E(e−νR(n) ¾ {Z(n)=j} | X(0) = i, T (0) = 0) ,

�� % � #n

� =
( � L )n

.

± �� h� ¼ ~ ª xy ~ ½| x~ z k ª � �
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D% �� J(T )� � � % J K � � , � # � +� # ,B +� � 6v � u� � , � � ��e % " � � � � J ( # 6% � � �� + , �� # �B �� � � � " �� � �

[0, T )c � � � � (% + � n

J∗
i,j(z, t) =

∫ ∞

0

e−st
E

(
zJ(t) ¾ {X(t)=j} | X(0) = i

)

, s ,

(Λ + s Y ) Ã ∗ = z (Λ + § ) Ã ∗ + Y ,

Ã ∗(z, s) = (s Y − z§ − (z − 1)Λ)
−1

.

F �� �2 �J (� � � (% + � � � � % J K � � J % $� � n

E Ã (t) =
∞∑

n=0

tn

n!

n−1∑

p=0

§ p (§ + Λ)§ n−p−1 .

± �� h� ¼ ~ ª xy ~ ½| x~ z k ª � �
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�% ,` � � # , � � � �� #J � # #�% � " � , A% n d � � � # � 6e � �� �� � � �� � � � � � �� � o0 I I0 pc

� � " � , A% � +J A � � m +� � #� 6% � #� �� + A� 6% J J � +� b + � , � � AJ � # ( �� +� � #% + � 6� o r #� � " � + � s p �� 6v �J � � A ( � � � � � A #� � + � 6% � #% J J A ( �� � � r 6� � � � � s c

F� + #� � + � # m +� #� �% � #% � � A� A � K% � , A� #n_ 6% J K � � � , � � �J ( # (% + � � A� A 6v �� t � � +� � " � , A% ´_ 6% J K � � � , � � � # #% + � 6� # (% + � % K� � � � � +� � �J ( # ,% � � A ´_ m +� � � � ( �% K � K � � �� A m +� � � 6� � � � � ( � � � � � , � �CB �" �� 6� ´_ 6% J K � � � , � � � # #% + � 6� # (% + � +� � ( �% K � K � � �� A ,% � � A� ´

� ¨ ¨i ~} j x~ z k ª � �
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� � ( �% 6� # # + # , + , A K �� , � # (% � � K� � ��� � � � � � � � � � , � +2 " �� � + � # r1 < r2c

� � #� � " � + � 6v % � #�� ,B � � " % $� � � + , A K �� d �" � 6 r1 ≤ d ≤ r2c

D% �� CT (d)� � m + �� � �� A� � �� #J � #� q � � , �� � T �" � 6 +� , A K �� d � r1 < d < r2c

r1

r2

d

T

� ¨ ¨i ~} j x~ z k�� È y j k ª ¨ z y x {ÉÊ ~ { © z � �



� � #� � �J ` � � q +� ( �% 6� # # + # � � � �� �" � 6 , A K �� 6 � »� � = 1n

CT (d) = r1 T + (d − r1) N(T ) .

1 �� 6 +� , � #� � �� # '% �J A� # , � � � (� � 6�

∫ ∞

0

e−θx

∫ ∞

0

e−sT
P{N(T ) > x} , T , x

=
1

m1 + m2

{
m2

s(s + θ)
+

θ(1 − G∗
1(s))(1 − G∗

2(s + θ))

s2(s + θ)2(1 − G∗
1(s)G

∗
2(s + θ))

}
.

m1,m2n J % $� � � � # , � # ( A � �% , � # � � �� � � c

F � +� #B % K� � � � � A t �� �J � � � �" � 6 � � 6 �� 6 +� J �� � � 6� � � , � # � �� F � m + � #� t A� A � �� � #� � + 6 � # , �

(� + #� � + � # A� �� # , + 6 �� �� c

� ¨ ¨i ~} j x~ z k�� È y j k ª ¨ z y x {ÉÊ ~ { © z � �



→ 6 �� 6 +� , � J % J � � � # �
­ � � (CT ) = T 2 m2

1v2 + m2
2v1

(m1 + m2)3
+ O(T ) .

→ 6 �� 6 +� , � , A K �� # A m + �" �� � � � #n (% + � q ∈ [0, 1) ,% � � A �� �% +" � � γ� � � m +�

P{C(d) ≥ γT} ≥ q .

� ¨ ¨i ~} j x~ z k�� È y j k ª ¨ z y x {ÉÊ ~ { © z � �
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1 � # � ��e % " � � � c D% �� N1(T ) �� � m + �� � �� A , � � � J ( # ( � # # A � � 1 , �� # �B �� � � � " �� � � [0, T )c

� � #J �� � � 6� # 6 � � � 6� A � � #� � m +� # #% � � n

§ =

(
−α α
β −β

)

À −1 =

(
µ + ν 0

0 µ

)
,

∆ = L =

(
0 1
1 0

)
, � =




α

α + µ + ν
0

0
β

β + µ


 .

� ¨ ¨i ~} j x~ z k ª� ± �� hÍ � © x j xª � �
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G � +� � � � # �� � �B A m + �� �% � m + � ,% � � � ¿ �% � � n

¿ =
1

(µ + β)(µ + ν + α) − αβ

(
µ + β α

β µ + ν + α

)
.

�� " � � #� � ( � � � � ( (% �� q ν� #� , � � � 6� n
∫ ∞

0

e−µT ,
, qP(N1;S1(T ) ≤ q,X(T ) = 1) , T = e−αq e−µq exp

(
αβq

β + µ

)
.

Ï �� " � � #� � � � µc

� ¨ ¨i ~} j x~ z k ª� ± �� hÍ � © x j xª � �



�" � 6 � � #� � K� � # , � � � �� # '% �J A� # , � � � (� � 6� o D ( � � t � � o ) / * 3 p p �% � % K� � � � � , � � � 6� �J � � � � � #

, � � #�� A #n
qij(x) =

,
, xP(N(T ) ≤ x, X(T ) = j|X(0) = i)

q11(x) = e−αT δT (x) + e−αx e−β(T−x) I1(f(x))

√
αβx

T − x

¾ {T≥x}

q12(x) = αe−αx e−β(T−x) I0(f(x)) q21(x) = βe−αx e−β(T−x) I0(f(x))

q22(x) = e−βT δo(x) + e−αx e−β(T−x) I1(f(x))

√
αβ(T − x)

x

¾ {T≥x} ,

�� f(x) = 2
√

αβx(T − x)c

� � # '% � 6� �% � # , � , � #� � � K +� �% � P(N(T ) ≤ x, X(T ) = j|X(0) = i) #B � � # + � " � � � ( � �

�� � A t � �� �% � � +J A � � m +� c

� ¨ ¨i ~} j x~ z k ª� ± �� hÍ � © x j xª � £
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1% � #� , A �% � # � � � � 6� + � � ,B +� � " � , A% 6% J J � +� ( �% 6� # # + #b + � , � c

ÐÑÒ Ó ÐÑÒ ÓÔ Ô Ô ÔÐÒ ÕÖ×ØÙ
Q(t)

T0 T1 T2 T3

Ú
X(t)

� ¨ ¨i ~} j x~ z k�� ÛÉ} x| yÉ {É Ê ~ { © z � l



Ü� �� � ,% � � A� +� � � � �� #J � # #�% � ( �� K� % 6 # q , A K �� 6% � #� �� � � m +� � � � � #� � � ( �% K � K � � �� A ,B +�

r � �� � t � s ´
PLAYPLAYPLAY FFFF

Failure

Q(t)

w5w3w2w1

4D

3D

2D

D

R(t)

w4

� ¨ ¨i ~} j x~ z k�� ÛÉ} x| yÉ {É Ê ~ { © z � �
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g W TQ ] Z W W ZU ]� N W Z^ ÝV\ Q W �% � # � �J �� � # o� �J ( # � � # ( � 6� p � � # $J (� % � � m +� #

� +� % 6% � � A� �� �% � # �J AJ % � � �

4 � � � # ,B �� � � � � � ´ F � � �2 �J (� � (% + � � � Þß àáâ ß ãä , � � � MMPP/GI/1 �

å ∗(s) = s(1 − ρ) ° [s Y +§ − (1 − H∗(s))Λ]−1 ,

% �

° = °&æ � � æ =

∫ ∞

0

�2 ( ((§ − Λ + Λæ )x) , H(x) .

ç| É ª x~ z k ª � �
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, �

¿ (µ, ν) = ( Y − � ∆)
−1 À ( Y − � )

# �" % � � , A � �" � � � � ν = 0�� µ = 0c

d % � � � # o 1 v � � � % � c c c p � t � �� , � # , A" � �� �% � # � �� 6 c

g W TQ ] Z W O \ � X [ ^ ÝV\ Q W 1 �� 6 +� # $ #� AJ �� � m +� , � , � #� � � K +� �% � # ( �� � � " � � #�% � , � � � �� # '% � �

J A� # , � � � (� � 6� ,% + K� � #c

ç| É ª x~ z k ª � �
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