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b½. ÏLé\��.¥�ëê({¡\�ëê)?1�O, �±¢yØÓAåY²m�ê

â=�.

3�¬Æ·Á��ÚO©Û¥, NõÆöÑb½ÉÁ�¬�Æ·©Ù®�, Ù¥¹k

��ëê. ÏLé��ëê?1�O, ?
¼��¬�Æ·A�. ù«®�©Ùa.�©

Ùëê����., ¡�ëê�.. ëê�.3Æ·©ÛÚ��5µ�+�u�
­�

�^, ��2��'5. Wang� [6]©O3�ê©ÙÚWeibull©Ùb½e, Äu¶-êâ

é·éXÚëê�.?1
ÚOíä. XuÚTang [7]3ParetoÆ·©Ùb½e, é��¶

-êâ?1
��d©Û. �éÚ?Aå\�Æ·Á�, M¡*� [8]æ^�êÆ·©Ùé

½���GéXÚ�¶-êâ?1
ÚO©Û. ±þïÄþb½�¬�Æ·©Ù®�, ,


3ó§¢S¥, k
�¬�Æ·©Ù´���, ~X#.�¬�Æ·©Ùa.. XJb

½�Æ·©Ùa.Ñy �, ò¬��Ø�5�©Û(J, d��ëê�.äk�Ð��

J [9]. PolpoÚPereira [10]3�\��/eé¿éXÚ?1
�ëê��d©Û, ¿��


��Ý¼ê����O; Ü�u [11]æ^�ëê�{, ©O3��êâÚ��êâ�/eé

ð\Á��\�ëê?1�O, ¿ïÄ
ëê�O��
ÚO5�. Hu� [12]æ^�ëê

�{éÚ?Aå\�Á�Æ·êâ?1©Û, �Ñ
~AåY²eÆ·\È��VÇ��

&þ., ¿éæ^�'~��Ç�.?1
[Üu�. �é\�Æ·Á���ëê��d

©Û, ChristensenÚJohnson [13]�@æ^DirichletL§k�é�5\����.?1
ï

Ä. ��, Ø�ïÄöæ^�ëê��d�{é�5\��.?1©Û, Yuan� [14]�Ñ·

ÜWeibull-DirichletL§\�Æ·Á���ëê��d�{; Yang� [15]3��©Ùb½e

éëê¦^DirichletL§k�?1
��d���O.

±þïÄþÄu�5\��.. �éÆ·êâ�3��5=�'X��/, �©ïá

�¼ê\��., æ^DirichletL§k� [16, 17]éð\Á�?1�ëê��d©Û. ù�Ø

��±ÿÐð\Á�©Û�·^��, 
�U
(Ü�õ�k�&E, l
���\�&

�(J. d	, �ëê��d©Û�{ö�{ü, BuO�Å¢y, äk­��A^d�. ©

Ù12Ü©ïá�¼ê\��.¿é\�ëê9A�IXê�þ?1�O; 13Ü©�Ñð

\Á�eÆ·©Ù���d��©Ù9�O, ¿y²���O���5; 14Ü©é��¢

~?1©Û; ��, (ØÜ©é�©?1o(, ¿JÑ�
¢SA^¥A�5¿�¯K.

§2. �¼ê\��.

�Äk�\�AåY²S1 < S2 < · · · < Sk (k > 2)e�ð½Aå\�Æ·Á�, ~Aå

Y²S0 < S1. éz�AåY²Si, ?�ni��¬?1Æ·Á�, ��kri��¬�����

Ê�Á�, 1 6 ri 6 ni, 1 6 i 6 k. eri = niK���êâ, eri < niK���êâ. P*

ÿ��êâ�{(til, δil)}, i = 1, 2, · · · , k, l = 1, 2, · · · , ni, Ù¥tilL«3AåY²Sie*ÿ
��1l�¢SÆ·½��êâ, PTil�*ÿ���¢SÆ·, δil�«5¼ê, δil = 1L«
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*ÿ�¢SÆ·êâ, d�Til = til; δil = 0L«*ÿ���Æ·êâ, KTil > til. o�É

Á���ên =
k∑
i=1

ni.

�éð\Á�e�Æ·©Ù?1�ëê��d©Û, ·�é�.?1Xe·��b½:

2.1 Ä�b½

1. ØÓAåY²e�¬���Æ·©Ùa.�Ó [11]. ��¬Æ·T3AåY²Se�

©Ù¼ê�F (t |S), �òØÓAåY²Si, Sje�¬Æ·©Ù¼ê�'XL«�Fj(t |Sj)
= Fi(a(t, Si, Sj) |Si), ∀ t > 0, Ù¥a(t, Si, Sj)�AåY²SiéSj�\�¼ê, {P�aij , A

O�Si = S0�, Paj = a(t, S0, Sj).

2. b½\�¼ê´�mCþ��¼ê, =éÜn��S?¿ü�AåY²Si, Sj , k

a(Si, Sj) = α(Si, Sj)t
β(Si,Sj), α(Si, Sj) > 0, β(Si, Sj) > 0,

�Fj(t |Sj) = Fi(α(Si, Sj)t
β(Si,Sj) |Si). Pαij = α(Si, Sj), βij = β(Si, Sj), αj = α(S0, Sj),

βj =β(S0, Sj), K\�ëêαij , βij÷v: αj =αiα
βi
ij , βj =βiβij , �kβji=β−1ij , αji=α

−βji
ij ,

½lnβji = − lnβij , lnαji = −βji lnαij .

3. b½\�ëêäk/ª: αij = exp(ATZij(ϕ(Si), ϕ(Sj))), A�IXê�þA = (α0,

α1, α2)
T, ¼ê�þZij(ϕ(Si), ϕ(Sj)) = (1, ϕ1(Si), ϕ2(Sj))

T, {P�: Zij ; βij = exp(BTZij),

A�IXê�þB = (β0, β1, β2)
T, ϕi(S), i = 1, 2, . . . , k, �®��'uS�¼ê, AO�

ϕi(S) = 1/S�, =Arrhenius�., �ϕi(S) = lnS�, =_�Æ�..

4. b½AåY²Sie��¬Æ·5g�ÅVÇÿÝ�m(R∗,B, Pi), R
∗ = [0,+∞), B

�R∗¥��m8)¤�σ�(σ�ê), �PiäkDirichletL§k�, P�Pi ∼ DP (M). =é

R∗�?��ÿ©�A1, A2, . . . , Ak, Ñk�ÅVÇÿÝ�þÑlDirichlet©Ù:

(Pi(A1), Pi(A2), . . . , Pi(Ak)) ∼ D(M(A1),M(A2), . . . ,M(Ak)),

Ù¥M(·)��½�(R∗,B)þ�k�ÿÝ [17].

2.2 ØÓAåY²m© ê�'X

�\�AåY²Sie��¬Æ·��ÅCþTi, i = 1, 2, . . . , k, Ù���gSÚOþ�

Ti(1), Ti(2), . . . , Ti(ni), ���*ÿ��ti(1), ti(2), . . . , ti(ni), ÏLgSÚOþ�±½Â��p

© ê [18], =

Tip = Ti([nip]) + (ni + 1)
(
p− [nip]

ni + 1

)
(Ti([nip]+1) − Ti([nip])),

ò��*ÿ��\�����© ê���:�O:

T̂ip = tip = ti([nip]) + (ni + 1)
(
p− [nip]

ni + 1

)
(ti([nip]+1) − ti([nip])). (1)
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AåY²Sie�¬Æ·oN©Ù�© êξip�d��© ê?1�O: ξ̂ip = T̂ip, KØÓ

AåY²mÆ·©Ù�p© ê�3±e'X:

½n 1 �ØÓAåY²Si, Sje���Nþ©O�ni, nj , �¬Æ·©Ù�3'X

Fj(t |Sj) = Fi(αijt
βij |Si), ∀ t > 0, 0 6 i, j 6 k, oNp© ê©O�ξip, ξjp. eAåY²

Si, Sje�éêÆ·Yi = lnTi, Yj = lnTjäk�u"�VÇ�Ý¼êg(yl |Sl), l = i, j, o

Np© êln ξip, ln ξjp���g3p© êylp = ln ξlp?ëY,��p© ê�lnTip, lnTjp, K

k

(i)

ln ξip = lnαij + βij ln ξjp, (2)

AO�i = 0�, ln ξ0p = lnαj + βj ln ξjp.

(ii) emin{ni, nj} → ∞�,
√
ni/nj → Qij (~ê), KlnTip, lnTjp©O´ln ξip, ln ξjp�r

�Ü�O, �

lnTip = lnαij + βij lnTjp + εijp, (3)

Ù¥�ÅØ��εijpì?Âñu��©Ù, =
√
niεijp

L−→ N(0, σ2ijp), σ
2
ijp = p(1 − p)

/[g(ln ξip |Si)]2 +Q2
ijβ

2
ijp(1− p)/[g(ln ξjp |Sj)]2.

y²: ky(i), dp=Fi(ξip |Si)9p=Fj(ξjp |Sj) =Fi(αijξ
βij
jp |Si), ��ξip =αijξ

βij
jp ,

ü>�éê���±��ª(2), i = 0áuSi��~AåY²��AÏ�¹.

2y(ii), déêÆ·©Ùp© êln ξip, ln ξjp����, �nij = min{ni, nj}�, lnTip

´ln ξip�r�Ü�O, lnTjp´ln ξjp�r�Ü�O
[18], �â��© ê�ì?��5�

�:
√
ni(lnTip− ln ξip)

L−−−−−→
nij→∞

N(0, σ2ip),
√
nj(lnTjp− ln ξjp)

L−−−−−→
nij→∞

N(0, σ2jp), Ù¥σ
2
lp =

p(1 − p)/[g(ln ξlp |Sl)]2, l = i, j. -εip = lnTip − ln ξip, εjp = lnTjp − ln ξjp, du3Aå

Y²Si�Sje?1ð\Á�¼����´Õá�, Ïdεip�εjpÕá. d(2)ª��lnTip −
εip = lnαij+βij lnTjp−βijεjp,Pεijp = εip−βijεjp,klnTip = lnαij+βij lnTjp+εijp¤á.

d
√
niεip

L−−−−−→
nij→∞

N(0, σ2ip),
√
njεjp

L−−−−−→
nij→∞

N(0, σ2jp), ��
√
niεijp

L−→ N(0, σ2ijp). �

2.3 \�ëê����¦�O

éuü�ØÓAåY²Si < Sje�*ÿêâ{(til, δil)}, l = 1, 2, . . . , riÚ{(tjl, δjl)},
l = 1, 2, . . . , rj , À�gSÚOþ��S�{pm = zm/nij}��§���Ópm© ê, Ù

¥nij = max{ni, nj}, zm = 1, 2, . . . , rij − 1, rij = min{ri, rj}. d½n1¥(3)ª, ��'u

lnαij , βij�rij − 1����5£8�§. Ïd, |^���¦{�±��\�ëê��O:

l̂nαij = ln tip − β̂(Si, Sj)ln tjp, (4)
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β̂ij =
( rij−1∑
m=1

(ln tipm − ln tip)(ln tjpm − ln tjp)
)/ rij−1∑

m=1
(ln tjpm − ln tjp)

2, (5)

ª¥,

ln tip =
1

rij − 1

rij−1∑
m=1

ln tipm , ln tjp =
1

rij − 1

rij−1∑
m=1

ln tjpm .

d���¦{�O�5���, l̂nαij , β̂ij´lnαij , βij��`�5Ã �O, �Ù���

Var (l̂nαij) =
(
σ2ijp

rij−1∑
m=1

ln2 tjpm

)/
(rij − 1)

rij−1∑
m=1

(ln tjpm − ln tjp)
2, (6)

Var (β̂ij) = σ2ijp

/ rij−1∑
m=1

(ln tjpm − ln tjp)
2. (7)

2.4 A�IXê�þ��O

db½3\�ëê�/ªαij = exp(ATZij)9βij = exp(BTZij), é�ªü>�éê¿

òlnαijÚlnβij^�g�OO���ü�£8�§:l̂nαij = α0 + α1ϕ1(Si) + α2ϕ2(Sj) + εij ;

l̂nβij = β0 + β1ϕ1(Si) + β2ϕ2(Sj) + ωij ,
(8)

ª¥, E(εij) = E(ωij) = 0, Var (εij) = Var (l̂nαij), Var (ωij) = Var (l̂nβij). éuk�AåY

², �i = 1, 2, . . . , k, j = i, i + 1, . . . , k, d�§é(8)���ü|�¹C2
k + k��§��§

|:

Xα = ZA+ ε, Yβ = ZB + ω, (9)

Ù¥A, B�b½3¥�A�IXê�þ, (C2
k + k)× 3�Ý
Z = (Z11, . . . , Z1k, . . . , Zii, . . .,

Zik, . . . , Zkk)
T, Zij = (1, ϕ1(Si), ϕ2(Sj))

T, PXij = l̂nαij , Yij = l̂nβij , KXα = (X11, . . .,

X1k, . . . , Xii, . . . , Xik, . . . , Xkk)
T, Yβ = (Y11, . . . , Y1k, . . . , Yii, . . . , Yik, . . . , Ykk)

T, ε, ω©O

��Xα¥i, j�éA�Ø��εij , ωij���þ. �âõ����¦�O{����Ã �

O:

Â = (ZTZ)−1ZTXα, B̂ = (ZTZ)−1ZTYβ, (10)

ª¥, Â = (α̂0, α̂1, α̂2)
T, B̂ = (β̂0, β̂1, β̂2)

T. Ó�, ��A�I�þ�O����Ý
Σ
Â

= Var (εij)(Z
TZ)−1, Σ

B̂
= Var (ωij)(Z

TZ)−1.

§3. Æ·©Ù��ëê��d©Û

ÏLé\��.ëê��O�±òAåY²Sje�Æ·êâ=��Sie�Æ·êâ,

l
��AåY²Sie�nj�=���*ÿ�, =

t̃il = α̂ijt
β̂ij
jl , (11)
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Ù¥, 0 6 i 6= j 6 k, l = 1, 2, . . . , nj , α̂ij = exp(ÂTZij), β̂ij = exp(B̂TZij). db½4, �

½(R∗,B)þ�k�ÿÝM , (ÜAåY²Sie�*ÿêâ9d(11)ªL��Ù§AåY²

e�=�êâ, �±éSie�Æ·©ÙFi(t |Si)9A�?1�ëê��d©Û.

3.1 DirichletL§k�

3¦^DirichletL§éÆ·©Ù���©Ù9�Oíä�L§¥, k�ÿÝMu�


�~­���^, ��K�X��©Ù�ÿÝëê��O°Ý, ù�:l©z[16]¥�½

n1915Ü©�(3)ª�±wÑ. Ünk��k�ÿÝ´|^DirichletL§k�?1��d

©Û�'�. 3éõ©z¥, k�ÿÝÑ´Ì*À��½�ëê©Ù, ë�©z[14, 15], ù

¦���©ÛN´É��õÌ*Ï��K�. 
3ð\Æ·Á�¥, \�AåY²e�ê

â�ÚOíäJø
'��*�k�&E. ·�¦^\�AåY²e���*ÿþ��k

�ÿÝ, òAåY²Sie�Æ·êâ��5g©ÙFi(t |Si)�Õá��, é��©ÙÚ�O

?1©Û.

3.2 Fi(t |Si)���©Ù��O

��òDirichletL§��
5�A^uð\Á�©Û, �±��AåY²Sie©

ÙFi(t |Si)��
5�. ��B�ã, Äk�Ñ·ÜDirichletL§�½Â [19]:

½Â 2 (X ,A )´��ÿÝ�m, (U,B, H)´��VÇÿÝ�m½¡��I�m,

�M�¦È�mU × Aþ�=�ÿÝ. XJé¤kK = 1, 2, . . ., Xþ�?¿�ÿ©�

A1, A2, . . . , AK9�ÅÿÝP÷v:

P{P (A1) 6 y1, P (A2) 6 y2, . . . , P (AK) 6 yK}

=

∫
U
D(y1, y2, . . . , yK |M(u,A1),M(u,A2), . . . ,M(u,AK))dH(u),

D(y1, y2, . . . , yK |M1,M2, . . . ,MK)�äkëê(M1,M2, . . . ,MK)�Dirichlet©Ù¼ê, P

L«VÇ, K¡�ÅÿÝP�ÿÝ�m(X ,A )��I�m(U,B, H)þ©ÙHm�·Ü

DirichletL§, P�F (P ) ∼MDP (M(u, ·), H(u)).

3��êâ�/e, �â©z[16]��k:

½n 3 3kk�AåY²S1, S2, . . . , Sk�ð\Á�¥, AåY²Sie�*ÿêâ�

{(til, δil)}, i = 1, 2, . . . , k, l = 1, 2, . . . , ni, n =
k∑
i=1

ni. �TAåY²e�Æ·�mþ��

ÅÿÝPi ∼ DP (M), Æ·Ñl�©Ù¼êFi(t |Si) = Pi([0, t]), M��½�k�ÿÝ. e

δil = 1, i = 1, 2, . . . , k, l = 1, 2, . . . , ni, Kk:

(i) Pi���©Ù�

Pi | ti1, ti2, . . . , tini ∼ DP
(
M +

ni∑
l=1

Itil

)
,



1 6Ï 4R, �: �¼ê�.eð\Æ·Á���ëê��d©Û 623

AOkFi(t |Si) | ti1, ti2, . . . , tini ∼ DP (Mi) ≡ Beta(Mi((0, t]),Mi((t,∞))), ª¥, Mi

= M +
ni∑
l=1

Itil , Itil�ü:ÿÝ.

(ii) Fi(t |Si)3²���¼êe�����d�O�

F̂i(t | ti1, ti2, . . . , tini) =

M([0, t]) +
ni∑
l=1

Itil([0, t])

M(R∗) + ni
.

NeathÚSamaniego [20]QïÄ
õÜ�¿���Ø��êâ�/e�ÅÿÝ���©

Ù. éuüAåð\Á���êâ, ·�k:

½n 4 3½n3¤ã^�e, P��Æ·*ÿêâ�{(til, δil)}, i = 1, 2, . . . , k, �l =

1, 2, . . . , ri�, δil = 1; �l = ri + 1, ri + 2, . . . , ni�, til = ti,ri , δil = 0, Til��tiléA���

¢SÆ·. �A1, A2, . . . , AK (K = 1, 2, . . .)�R∗þ�?¿�ÿ©�, {ζil, l = 1, 2, . . . , ni}´
���k'��pÕá��ÅCþ, Ù©Ù¼êP(ζil ∈ Ai(l)) = P(Til ∈ Ai(l) | (til, δil)),
Ai(l) ∈ {A1, A2, . . . , AK}, Kk:

(i) Pi���©Ù

Pi | (ti1, δi1), (ti2, δi2), . . . , (tini , δini) ∼MDP
(
M +

ni∑
l=1

Iζil ,P(ζi1, ζi2, . . . , ζini)
)
.

=

(Pi(A1), Pi(A2), . . . , Pi(Ak) | (ti1, δi1), (ti2, δi2), . . . , (tini , δini))

d
=

Kni∑
1

P(ζi1 ∈ Ai(1), ζi2 ∈ Ai(2), . . . , ζini ∈ Ai(ni))

×D
(
M(A1)+

ni∑
l=1

Iζil(A1),M(A2)+
ni∑
l=1

Iζil(A2), . . . ,M(AK)+
ni∑
l=1

Iζil(AK)
)
, (12)

Ù¥P(ζi1 ∈ Ai(1), ζi2 ∈ Ai(2), . . . , ζini ∈ Ai(ni)) =
ni∏
l=1

P(ζi(l) ∈ Ai(l)) =
ni∏
l=1

P(Ti(l) ∈

Ai(l) | (til, δil)), P(Ti(l) ∈ Ai(l) | (til, δil)) = M(ζil ∈ Ai(l)) = M(Ti(l) ∈ Ai(l) | (til, δil)).

(ii) éu?��½�:T = t, b½��Ý¼êRi(t) = P ((t,∞)) ∼ DP (M), KRi(t)��

�©Ù�·ÜBeta©Ù:

Ri(t) | (ti1, δi1), (ti2, δi2), . . . , (tini , δini)

∼
ni−ri∑
ñ1=0

P(ñ1)Beta(M((t,∞)) +m1 + ñ1,M((0, t]) + ni −m1 − ñ1), (13)

ª¥m1 =
ni∑
l=1

I{Til>t|til,δil=1}, ñ1 =
ni∑
l=1

I{Til>t|til,δil=0}. et 6 ti,ri , P(ñ1 = ni−ri) = 1;

et > ti,ri , Kñ1�Ñl��©Ù��ÅCþ: ñ1 ∼ B(ni − ri,P(Ti,ri+1 > t | (ti,ri+1,

δil = 0)), Ù¥P(Ti,ri+1 > t | (ti,ri+1, δil = 0)) = M((t,∞))/M((ti,ri+1,∞)).
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(iii) Ri(t)3²���¼êe���d���O�

R̂i(t) =
M((t,∞)) +m1 + (ni − ri)P(Ti,ri+1 > t | (ti,ri+1, δil = 0))

M([0,∞)) + ni
. (14)

y²: ky(i), dP(ζil ∈ Ai(l)) = P(Til ∈ Ai(l) | (til, δil))9�ÅCþ{ζil, l = 1, 2, . . .,

ni}��pÕá5, ��P(ζi1 ∈ Ai(1), ζi2 ∈ Ai(2), . . . , ζini ∈ Ai(ni)) = P(Ti1 ∈ Ai(1), Ti2 ∈
Ai(2), . . . , Tini ∈ Ai(ni) | (ti1, δi1), (ti2, δi2), . . . , (tini , δini)). d©z[16]�½n1�,

P(Pi(A1) 6 y1, Pi(A2) 6 y2, . . . , Pi(AK) 6 yK |Ti1∈Ai(1), Ti2∈Ai(2), . . . , Tini ∈Ai(ni))

= D
(
y1, y2, . . . , yk

∣∣∣M(A1)+
ni∑
l=1

ITil(A1),M(A2)+
ni∑
l=1

ITil(A2), . . . ,M(AK)+
ni∑
l=1

ITil(AK)
)
.

�(ti1, ti2, . . . , tini)�éÜ©Ù¼ê�G(ti1, ti2, . . . , tini), Kéni��mR
∗ni = [0,∞)1× [0,

∞)2 × · · · × [0,∞)ni�?¿�ÿf8C, k
∫
C P(Ti1 ∈ Ai(1), Ti2 ∈ Ai(2), . . . , Tini ∈ Ai(ni) |

(ti1, δi1), (ti2, δi2), . . . , (tini , δini))dG(ti1, ti2, . . . , tini) = P(Ti1 ∈ Ai(1), Ti2 ∈ Ai(2), . . . , Tini

∈ Ai(ni), (ti1, ti2, . . . , tini) ∈ C). du3(Ti1 ∈ Ai(1), Ti2 ∈ Ai(2), . . . , Tini ∈ Ai(ni))^�

e, {(ti1, δi1), (ti2, δi2), . . . , (tini , δini)}¿�Jø�õ�&E, ÏdP(Pi(A1) 6 y1, Pi(A2) 6

y2, . . . , Pi(AK) 6 yK |Ti1 ∈ Ai(1), Ti2 ∈ Ai(2), . . . , Tini ∈ Ai(ni)) = P(Pi(A1) 6 y1, Pi(A2) 6

y2, . . . , Pi(AK) 6 yK |Ti1 ∈ Ai(1), Ti2 ∈ Ai(2), . . . , Tini ∈ Ai(ni), (ti1, ti2, . . . , tini) ∈ C). -

Ai(l)�H{A1, A2, . . . , AK}, l = 1, 2, . . . , ni, Kk∫
C

Kni∑
1

P(ζi1 ∈ Ai(1), ζi2 ∈ Ai(2), . . . , ζini ∈ Ai(ni))D
(
M(A1) +

ni∑
l=1

Iζil(A1),

M(A2) +
ni∑
l=1

Iζil(A2), . . . ,M(AK) +
ni∑
l=1

Iζil(AK)
)

dG(ti1, ti2, . . . , tini)

=

∫
C

Kni∑
1

P(Ti1 ∈ Ai(1), Ti2 ∈ Ai(2), . . . , Tini ∈ Ai(ni) | (ti1, δi1), (ti2, δi2), . . . , (tini , δini))

×D
(
M(A1) +

ni∑
l=1

ITil(A1),M(A2) +
ni∑
l=1

ITil(A2), . . . ,M(AK) +
ni∑
l=1

ITil(AK)
)

× dG(ti1, ti2, . . . , tini)

=
Kni∑
1

P(Pi(A1) 6 y1, Pi(A2) 6 y2, . . . , Pi(AK) 6 yK , Ti1 ∈ Ai(1), Ti2 ∈ Ai(2),

. . . , Tini ∈ Ai(ni), (ti1, ti2, . . . , tini) ∈ C)

= P(Pi(A1) 6 y1, Pi(A2) 6 y2, . . . , Pi(AK) 6 yK , (ti1, ti2, . . . , tini) ∈ C).

Ïdk(12)ª¤á, (i)�y.

2y(ii), �K = 2, A1 = (t,∞), A2 = [0, t], KRi(t) = P (A1)�(i)¥�AÏ�/,

kM(A1) +
ni∑
l=1

Iςil(A1) = M((t,∞)) +
ni∑
l=1

Iςil((t,∞)), M(A2) +
ni∑
l=1

Iςil(A2) = M([0, t]) +
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ni∑
l=1

Iςil([0, t]), �â(i)��

Ri(t) | (ti1, δi1), (ti2, δi2), . . . , (tini , δini)

∼
2ni∑
1
P(ζi1 ∈ Ai(1), ζi2 ∈ Ai(2), . . . , ζini ∈ Ai(ni))

× Beta
(
M((t,∞)) +

ni∑
l=1

Iζil((t,∞)),M([0, t]) +
ni∑
l=1

Iζil([0, t])
)
. (15)

ÏLCþC�ñ1 =
ni∑
l=1

I{ζil>t}−m1 =
ni∑
l=1

I{Til>t|(til,δil=0)},K�t 6 ti,ri�, P(ñ1 = ni−ri) =

1; �t > ti,ri�, �ÅCþñ1Ñl��©Ù: P(ñ1) = C ñ1
ni−riP

ñ1
1 (1 − P1)

ni−ri−ñ1 , P1 =

P(Ti,ri+1 > t | (ti,ri+1, δil = 0)). u´�ò(15)ª=z�(13)ª.

éu(iii), ²���e���d�O�u��©Ù�Ï", éRi(t)3��©Ùe¦Ï

"��:

R̂i(t) = E(Ri(t) | (ti1, δi1), (ti2, δi2), . . . , (tini , δini)) =
ni−ri∑
ñ1=0

P(ñ1)
M((t,∞)) +m1 + ñ1

M([0,∞)) + ni

= Eñ1

(M((t,∞)) +m1 + ñ1
M([0,∞)) + ni

)
=
M((t,∞)) +m1 + E(ñ1)

M([0,∞)) + ni

=
M((t,∞)) +m1 + (ni − ri)M(Ti,ri+1 > t|(ti,ri+1, δil = 0))

M([0,∞)) + ni
. �

3ð\Á�e, òÙ§AåY²�Æ·*ÿêâd(11)ª=��Sie���gSêâ

{(t̃i1, δ̃i1), (t̃i2, δ̃i2), . . . , (t̃ini , δ̃ini), t̃i1 6 t̃i2 6 · · · 6 t̃ini}, Ù¥δ̃il�t̃il=�c�éA�δil�
Ó, ni = n− ni. é∀ (t1, t2] ∈ B, ½Âk�ÿÝM((t1, t2]) = M((t1,∞))−M((t2,∞)), |

^Kaplan-Meier�O, -

M((t,∞)) =


ni, t < t̃i1;

ni
∏
t̃il6t

( ni − l
ni − l + 1

)δ̃il
, t > t̃i1,

(16)

�â½n39½n4, �éAåY²Sie�Æ·©Ù?1��©Û��O. AO, 3��êâ

�/e, kF̂i(t | ti1, ti2, . . . , tini , t̃i1, t̃i2, . . . , t̃ini) = Fn(t | ti1, ti2, . . . , tini , t̃i1, t̃i2, . . . , t̃ini), Ù

¥Fn(t | ·)�²�©Ù¼ê.

3.3 ��Ý¼ê���O���5

d½n4¥(iii), �±éAåY²SieÆ·���Ý¼ê?1���O. O\ð\Á�

¥���NþÚ��*ÿêâêþ, =�ni →∞, ri →∞�, �	���O���5.
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½n 5 3ð\Á�¥, e lim
ni→∞

ri/ni = pi (~ê), P
(

lim
ni→∞

|P(Ti,ri+1 > t | (ti,ri+1, δil

= 0))−Ri(t)| < ε
)

= 1, Kª(14)¥�R̂i(t)�AåY²Sie��Ý¼êRi(t)�r���O,

=P
(

lim
ni→∞

|R̂i(t)−Ri(t)| < ε
)

= 1 (∀ ε > 0).

y²: d(14)ª, éu?��½�:T = t9∀ ε > 0, k

P
(

lim
ni→∞

|R̂i(t)−Ri(t)| < ε
)

= P
(

lim
ni→∞

∣∣∣m1

ni
+
(

1− ri
ni

)
P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)

∣∣∣ < ε
)

= P
(

lim
ni→∞

∣∣∣ ri
ni

(m1

ri
−Ri(t)

)
+
(

1− ri
ni

)
[P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)]

∣∣∣ < ε
)
.

d²�©Ù¼ê�r�Ü5 [21], é∀ ε > 0, P
(

lim
ni→∞

|m1/ri −Ri(t)| < ε
)

= 1, Ïd

P
(

lim
ni→∞

∣∣∣ ri
ni

(m1

ri
−Ri(t)

)∣∣∣ < piε
)

= 1

¤á. �â½n¥P(Ti,ri+1 > t | (ti,ri+1, δil = 0))��Ü5^�, k

P
(

lim
ni→∞

∣∣∣1− ri
ni

[P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)]
∣∣∣ < qiε

)
= 1,

Ù¥qi = 1− pi. nÜ±þ, (ÜVÇ$��5�, �±í�:

P
{

lim
ni→∞

∣∣∣ ri
ni

(m1

ri
−Ri(t)

)∣∣∣ < piε

� lim
ni→∞

∣∣∣(1− ri
ni

)
[P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)]

∣∣∣ < qiε
}

= P
{

lim
ni→∞

∣∣∣ ri
ni

(m1

ri
−Ri(t)

)∣∣∣ < piε
}

+ P
{

lim
ni→∞

∣∣∣(1− ri
ni

)
[P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)]

∣∣∣ < qiε
}

− P
{

lim
ni→∞

∣∣∣ ri
ni

(m1

ri
−Ri(t)

)∣∣∣ < piε

½ lim
ni→∞

∣∣∣(1− ri
ni

)
[P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)]

∣∣∣ < qiε
}

= 1,




P
{

lim
ni→∞

∣∣∣ ri
ni

(m1

ri
−Ri(t)

)∣∣∣ < piε

� lim
ni→∞

∣∣∣(1− ri
ni

)
[P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)]

∣∣∣ < qiε
}

6 P
{

lim
ni→∞

∣∣∣ ri
ni

(m1

ri
−Ri(t)

)∣∣∣
+ lim
ni→∞

∣∣∣(1− ri
ni

)
[P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)]

∣∣∣ < ε
}

6 P
{

lim
ni→∞

∣∣∣ ri
ni

(m1

ri
−Ri(t)

)
+
(

1− ri
ni

)
[P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)]

∣∣∣ < ε
}
6 1,
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Ïdk

P
{

lim
ni→∞

∣∣∣ ri
ni

(m1

ri
−Ri(t)

)
+
(

1− ri
ni

)
[P(Ti,ri+1 > t | (ti,ri+1, δil = 0))−Ri(t)]

∣∣∣ < ε
}

= 1,

l
P
(

lim
ni→∞

|R̂i(t)−Ri(t)| < ε) = 1 (∀ ε > 0)¤á. �

½n5`², 3��êâ�/e, ��Ý¼ê�r���OI����^�VÇ, 
�

��^�VÇK�6u���k�^�ÿÝ. 3��êâ�/e, KØI�ù�^�, ��

5g,¤á.

§4. ¢~©Û

·�æ^Yuan� [14]J��pk»0�7á�zÔ��N>N�ð\Á�êâ?

1�ëê��d©Û. L1�Ñ
o«ØÓ>0��AåY²S1 = 7.1MV/cm, S2 =

7.5MV/cm, S3 = 7.7MV/cm, S4 = 7.9MV/cme>NÆ·���êâÚ²L?n���

êâ, Ù¥êâN+(nc)L«?n��n�3N?���êâ, Ù��êâ�*ÿ�. �Aå

Y²e���*ÿêþ©O�n1 = 35, n2 = 34, n3 = 34, n4 = 30.

L1 o«>0��AåY²e�7á�zÔ��N>NÆ·êâ

AåY²
ÂB�m(ü : ¦)

(MV/cm)

7.9

1 2 9 12 35 46 72 74 82 107

142 153 193 251 290 348 399 511 556 1 104

1 509 1 535 1 756 2 376 2 843 3 140 3 514 3 616 3 882 4 583

7.7

9 18 20 25 29 66 124 127 175 221

249 341 362 552 630 760 782 794 906 932

968 1 378 1 386 1 664 1 728 2 229 2 249 2 338 4 058 4 986

6 312+(4c) 6 400 6 847 8 474

7.5

39 40 77 247 253 299 311 633 666 830

950 1 060 1 383 1 416 1 742 1 843 1 879 1 905 2 096 2 337

2 532 2 648 3 020 3 434 3 947 4 373 4 729 5 215 5 614 6 753

9 703+(4c) 9 898 10 130 11 090

7.1

28 88 99 107 211 213 248 301 311 593

673 702 741 911 949 1 040 1 439 1 971 2 069 2 253

2 501 3 547 4 452 4 580 4 882 5 657 5 737 6 323 7 565 8 209

10 000+(5c) 11 650 15 250 21 620 25 910

3b½1^�e, ò�Ó��© êVÇpéA�ØÓAåY²e�Æ·�^ò�ã

L«Ñ5, ��ä\�¼ê´Ä÷v�5'X(ã1). lã1�±wÑ, \�¼êØ÷v�

5=�'X, Ïdæ^12Ü©¥��¼ê\��.éL1¥�êâ?1©Û. d���¦
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{�±����êâ���êâ�/e�\�ëê�Ol̂nαij , β̂ij , i, j = 1, 2, · · · , 4 (L2).

ò�Oëê�éAAåY²^ò�ãL«(ã2–3), �±w�ëê�Ol̂nαij , β̂ij3AåY

²S2?u)
²w=ò, ��Ånu)UC. �â\�ëêl̂nαij , β̂ij�AåY²mLy

Ñ�'X, À�ϕ1(Si) = ln(Si), ϕ2(Sj) = Sj , i = 2, 3, 4, j > i, d2.4¥����¦{�

O, ����êâ�/e�A�IXê�þ�OÂ = (−114.4728, 100.5307,−11.7729)T,

B̂ = (8.7332,−7.6673, 0.8979)T, ��êâ�/e�A�IXê�þ�OÂc = (−108.4992,

98.0526,−11.8905)T, B̂c = (7.9885,−7.4161, 0.9279)T. dA�IXê�þ��OÚAå

Y², �±é\�ëê?1[Ü(ã2–3). r\�ëê��O�\(3.1)ª, �òÙ§\

�AåY²e�Æ·êâ=��AåY²Si (i = 2, 3, 4)éA�Æ·êâ, l
|^½

n3¥�(ii)Ú½n4¥(iii)©Oé��êâ���êâeÆ·�©Ù¼êFi(t |Si)½��
Ý¼êRi(t |Si)?1��d�O(ã4–5). d	, d\�ëêÚA�IXê�þ��O,

��éÜn��S?�AåY²e���Ý¼ê?1�ëê��dýÿ. ·�À�A

åY²S5 = 8.1MV/cm����ýÿAåY², db½2¥�ëê=�'Xβji = β−1ij ,

αji = α
−βji
ij Úb½3¥ëêAå'XL�ªαij = exp(ATZij), βij = exp(BTZij), /ÏXê

�þ�OÂ, B̂ÚÂc, B̂c����êâe�\�ëêýÿ�α51 = 6.7905, α52 = 64.4522,

α53 = 25.6171, α54 = 5.7481, β51 = 0.6963, β52 = 0.5727, β53 = 0.7008, β54 = 0.8531±9

��êâe�\�ëêýÿ�α′51 = 10.5561, α′52 = 62.2737, α′53 = 25.3674, α′54 = 6.0683,

β′51 = 0.6641, β′52 = 0.5702, β′53 = 0.6931, β′54 = 0.8383. |^\�ëêýÿ�òð\Á�

¥�Æ·=��AåY²S5e�êâ, l
éS5e�Æ·��Ý?1ýÿ(ã6).

L2 \�ëê��O9IO�(��êâ���êâ)

S1 S2 S3 S4

Para. Est. Std. Para. Est. Std. Para. Est. Std. Para. Est. Std.

S1

l̂nα11 0(0) 0(0) l̂nα12
1.2971 0.2878

l̂nα13
-1.4769 0.2704

l̂nα14
-3.3808 0.3670

(1.0562) (0.3384) (-1.6416) (0.3037) (-3.8865) (0.3526)

β̂11 1(1) 0(0) β̂12
0.8225 0.0379

β̂13
1.0665 0.0356

β̂14
1.2318 0.0483

(0.8586) (0.0472) (1.0913) (0.0424) (1.3120) (0.0492)

S2

l̂nα21
-1.5771 0.3980

l̂nα22 0(0) 0(0) l̂nα23
-2.9027 0.2973

l̂nα24
-5.0872 0.3481

(-1.2301) (0.4253) (-2.6212) (0.3448) (-5.0686) (0.3961)

β̂21
1.2158 0.0529

β̂22 1(1) 0(0) β̂23
1.2621 0.0395

β̂24
1.4658 0.0463

(1.1647) (0.0591) (1.2199) (0.0479) (1.4672) (0.0550)

S3

l̂nα31
1.3847 0.2025

l̂nα32
2.2999 0.1610

l̂nα33 0(0) 0(0) l̂nα34
-1.5906 0.2687

(1.5043) (0.2126) (2.1488) (0.1921) (-1.7474) (0.2912)

β̂31
0.9376 0.0304

β̂32
0.7923 0.0241

β̂33 1(1) 0(0) β̂34
1.1419 0.0403

(0.9164) (0.0341) (0.8198) (0.0308) (1.1748) (0.0468)

S4

l̂nα41
2.7445 0.1864

l̂nα42
3.4707 0.1278

l̂nα43
1.3930 0.1823

l̂nα44 0(0) 0(0)
(2.9623) (0.1554) (3.4547) (0.1390) (1.4874) (0.1834)

β̂41
0.8118 0.0305

β̂42
0.6822 0.0209

β̂43
0.8757 0.0300

β̂44 1(1) 0(0)
(0.7622) (0.0275) (0.6816) (0.0246) (0.8512) (0.0324)

5: ( )S�êâ����¹e�ëê�O9IO�.
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L2�¥�ëê�Oäk���IO�, 2(Üã1¥���© ê­�, �±w�À

^�¼ê\��.¢yØÓAåY²mÆ·êâ�=�´T�Ün�. 3��êâ�/

e, �AåY²�u�uS2�, ã2Úã3¥ëêlnαij , lnβij�[Ü�JwÍ, `²b½39

À�ϕ1(Si) = ln(Si), ϕ2(Sj) = Sj�Ün5. lã4Úã5���Ý¼ê�O­��±w�,
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���&E��, Ïd��êâ�/Ú��êâ�/e���Ýýÿäk����O.

§5. ( Ø

Äu�5\��.�ð\Á�ÚO©Û��~�, du\�Æ·Á���Ån�E,

5, ØÓAåmÆ·êâ�=�Ï~LyÑ��5A�. �©æ^�¼ê\��.éð\

Á�?1ÚO©Û, ^���¦{�O
\�ëê, ¿ïá
\�ëê�AåY²m�=

�'X, ?
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\�ëêØC, ù�âU��k��©Û(J.
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Nonparametric Bayesian Analysis of the Constant Stress

Accelerated Life Test with Power Function Model

LIU Bin1,2 SHI Yimin1 CAI Jing1 WANG Ruibing1

(1Department of Applied Mathematics, Northwestern Polytechnical University, Xi’an, 710129, China)

(2School of Applied Science, Taiyuan University of Science and Technology, Taiyuan, 030024, China)

Abstract: The linear accelerated model is often used to the statistical analysis of constant stress

accelerated life test, whereas it does not relate well with the facts. By adopting the power functional

accelerated model, the relationship of sample quantiles among different constant stress levels is obtained,

which can lead to the estimations of the parameters in accelerated model and the characteristic coefficient

vectors by virtue of the least square method, then the life-time data transformation between different stress

levels can be operated. For complete data and censoring data, a Dirichlet process prior is introduced to

gain the posterior distribution and the nonparametric Bayesian estimation of the reliability function,

meanwhile, the consistency of the posterior estimators is proved. Finally, a real life example of Metal-

Oxide-Semiconductor capacitors is analyzed to illustrate the effect of our model.

Keywords: constant stress accelerated life test; power function; nonparametric Bayes; Dirichlet

process; censoring data
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