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AP E ARYRGoIN AT FEYol REGFO G AL A B U
A 2R g 1A ol @ BYL AFHA F2 ol FU 45 AYEY
SRR o ol 499 WHYRY L WD FEAVY AR AW
& Wabgol Y 241 9% /P8R %0 WA oA o F9) Y& (Nelson) F
AU Rs 2329 7187] A o fotel 23 FL Az, 19) F2H HAL T
Btk R2ER FHF) QA Y} Y2LEE HEST, A RZHSY A5l
BHZE 2oUUE Fol ALY Piel A9A 43 49 2ok £@, 499 o
NoAe) YR ALE S WYL 2PeT 2AF] FAEYLEE THYT

1. M8

Azl ek HolBel A EXAFS] Bav) oM NG TIEoR WBHE A
o vxel MBS 2HSAG Bk f 7o) U AHEAR G SAA ol TA
%2 3% & W3} Al (change-point problem)2} 3cl. M3 H FAle 7L £ A+
#ol ne} of$ ThtH o2 AFHo] Rk WRoY BAre) WHH R, HARY <) A
HEA, 1% & (hazard rate)ol] e VP Y Fo] A2 Aol MM e 24 R ¥
24A B ol At Wi Fo] vk M Ao e dA Q] =2 = Page(1954),
Chernoff9} Zacks(1964), Bhattacharyya$} Johnson(1968), Hinkley(1970), Pettitt(1979) &
S #ag F5loH, B AT e AFol Y &) £ AT dFH e AGE o
g R EAE =28

FEU=FFIL f)oln BERFILFO)L W, AEE M) E

A(t) = F(O)/{1 - F(t)}

9} Zro] A ojdct. 3, 74 98 T4 (cumulative hazard function) &
At) = /t AMu)du = —log{l — F(t)}
0
ojth. FAHARET A@t)S EXFHF F(1)He] A

F(t)=1—¢2® (1.1)

*o] =R 19969 % §Z A FAGY AFFEANA @ T o st AFHUS
t (609-735) BAMA] FHF FAAF 4430, FAEw FAGH w4
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ol dH T AP E WU EF Y 5P AFEA o A5 4y, B0l tha) v A A
TP ol BH)E VIELR

At = {

9} o] REH = B 7oA o] F 9] BXZLrIt AFEE L) iAo g2
4 9}o]E-5 ¥ (one parameter Weibull distribution)2] ¢} 8 &l th3 A H w3y e

m-l <7

. ﬂ ’ =

/\(t)_{ %;t%_l, o (1.3)
2

, LT
t>T1

-

(1.2)

8

s} o] YErd 4 9t

AFHA Y AT dRE 4 (1.2)9 HHEY S 7HY 3t 3 $F% (maximum
likelihood estimation) & $-%=4] 7 3 (likelihood ratio test)©] | = AT}, Yao(1986) & H$-
F7 X 9] dA]/J(consistency) @ A = E(asymptotic distribution)E =2} 8% 31, Nguyen,
Rogers and Walker(1984) < t(n_1) < 7 <t(m) BF B2 =t(n)— 7012 7 - t()°|H $EF
47} ¥] 77 (unbounded) & A H &t o] 42 BAHE WA Al 7 < tn-Q!
2 e gty oz HFd 32t [r, n|W A HFH Yol =odr.

a5y S ole A £3] YElYe FE= P (censored) TEX|E W L3l 73 $-l
© Mg o] A FH Foll d XA o] BAHA gornz AAE FE=HYD tlolEld =
A P S FEeted B Aol mErt WY S AFdd FYF BEFFUA =
e Azt dojve A= M2 02 EX g, HelE e 23S 23 JaAdE
o A EERE, HEY ojdde AFEEE 207} H3LY o] Fole go]lERTE wE
© H3H 2ol ofd At o] diojete] i W3l FEAlde 5V 24 S
712 e durAQ v RSy W H 2ol vttt AV EH e dYdF=EA
(random censoring), A 1% (Type I) 2 A|2F (Typell) =G 5o g2 FEAT) A1F
FEAGL JoF=EYY 5EH3 F L2 FE £ eBE UM E deFEdgS
7+ gt

W& (Nelson) 3 #F2 FEHG dlojE 9 +HJEEFE FFsted o] vl$ %
g AoE dejA Utk E AFdAde Fxd T dolele] JFES 53 Jy 2 1y
2] g3 sy olHF o] F o] I FHYRTESF FHF] 7187 AE o] &8t v By
2 U3 A FS A, FH T H2H A I X e =9 stax} ot

2. BglERE ) =3

AFE g AHEY (1.2)9) (1.3)F d3lsid 58S d5-9 & 71334 g
M) X (t)E WA

o), t<r
At) _{ Aa(t), t>7 1)
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o} zro] vebE 4= ik wh, A () # A2() olth ¥3kH 2 (2.1)2 AFRE 4 golEF

¥ uk olye}l aute] Rz At S Tt IRt ¥t 718 X &
Z‘i’i”‘ﬂ ML 3, CE dYFEHT Aol 3 THAIE X, ¢ Ciol Had, F,
T, = X;AC7F 513, A Fed T dolH e (T,8),i=1,2,--- ,n, & Zo] AHAG. 6,
ZoAdd 3% 0, 28X ¥ AF 18 2eth F, 64 = Iix,<cp o1t A 1,9 &4
EAFS tg) <t < <ty S B Yeh 3 olol &= = 6,8 ;) 2t 8tAk T8 X,
2 Col = —‘?—E?{}*’F% zZyz} F, G & 313}

zoAT dolete] A FAAETSF A g de FHF

rlo

e

Aty =Y n_"(i")+ - (2.2)

tiy <t

st zo] Helgth.

2.1. HI@+A BigIA FAE

e n M Esd 3P 4 Y2
el ol B WES fALE
Begel 7187 45 ol 8A ohe

Dn(t) — w(t) {An(n) _ An(t) _ An(t) _ AH(O)} (23)

n—t t

Chang, Chen¥} Hsiung(1994)2 314 23 (1.2)
By i3] =olstdnt. AnkE el Wsly 2 (2.1)9
oz 838 ¢ Uk nAFY AH 18 AFde] deF
A

NE
=

o Beojatat w, w(t) =P, 0 < p < 1, & 7FEA 0|1, & HolE el g =& P(T; >
n) ~ 0.01 (Chang, et. al.(1994))8+ o] 23 €t} o] W, t& ¥l F =4 P (uncensored) &
A3 1,59 ’Q? T, = {tl(l)," tl(m)} dA WaElE Aoz A me HFEEY
Az el A4 E dehdth AeEF e v FEdad dAgAT FEE Ze ADH
7 (step funCtlon)°]—‘— p>1/22 A T2 [t i-1),t ()N F7HEFolc). uwheka] H et
7] ¥l B4 A A=A FL

Ty = argmax,er, [Dn(t)] (2.4)

o} 2t} 7] & argmaxer, |Dn ()] [Da(t)| S N E 8= ¢ 3h-& T3Th Carlstein(1988) 3
Dumbgen(1991)& F BX 50 38 o] &8 v B5a ¥y FHFE AL v ot

22, BISHY EE20| IR
W3ld 24 2 olel A Y (martingale)ol] 3t 7122 A& AHEA}L 715 Ni(t) =

Al
Iix, o)t A Ci), Ri(t) = Lor () 2ol Fel3ta N(t) = 32, Ni(t), R(t) = 3, Ri(t) e} 3t
2L 2 (2.2)0 FE An()E

An(t) = /0 R(s)"'dN(s) (2.5)
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o Zo] HdE F Ut} vlEAYE o83l FHFY HI2AH AL F=37] sl
M. ()& ,
- / R(s)A(s)ds
0
9} Zo]l FOoRH, M, ()= 7I1EHS vl AL & o] &1} o] o, t}-34]
tAt(n)
Anlt Atny) — At A b)) = / R(s)~1dM,(s)
0
7 00] 3 Al FA £715(square integrable) 3t v1E) Al d o] "t} Chang, et. al.(1994)2
2] (2.4)° B @ v EFA U FAF I 2 2 FAEEE FE3d e F8
A3E goFsld o Fel o Zrh
BXA2 2.1 7HFE HH 2o &) HIAFHF 7€ O3 AR S E3)
Ty =T = Op(n'l)

SEEE 2.2 p>1/2% AF AT 25NA

ZFEE YRR, T o 2833 (limit process) 2 HHZE dl& 3+

He

s 4
W g=o) o}

o

3. EAER %

A dolE (T:,8),i = 1,2,--- ,n, ol the X2E3] AXEF (resampling) H A&
rts] A B} Akritas(1986)= T A dlo|El oA 71& -vlo]o] (Kaplan-Meier)
23 3 e B AEY UMY S Efron(1981)7} Reid(1981)2] B 2EY A X3 W
E}E‘r Ztzt TR 1 AR E o Bal =98ttt Efron(1981)9] RAEY A X WY

A1 X9 XS] FHA FLH SFEHEGAZL GO BXFS G,S 73 39 F,o
i FE BB X, XpS BE9FE9n, 22 8oz o9 EYPHoRE G,02 FH
RECy,- ,CrE BYFE2H ol 0, UG BAEY FEL

E*Imin{X;,C;}, 5Z=I{T,-"=X‘-‘}7 i=1,-~- ,

o} o] Fel@tt. £3|, Efron(1981)°)] &3t F,, G,°] F+E@-nlolo] S ol A$ <
oA A7fE ol o3 RAEY FELS %“E@q Hel¥ (T;,8), i = 1,2,--- ,n, oA
B4FE8te= A 5Lt A7, F,2 2¢€ FHF A, 02 RE B4 ( ) o ¢
TG 2 WPLR Ge T8 7 Utk Sl A HoH R2EY 3 & B wkE
of dojdl R2E BRE2RH WA F32 O b=1,--- B, & F8ta, FH3
o} F¥X2%¥ #H7AF LA (mean squared error: MSE) 9} ¥ 2 9] 5= (percentile) E & A

i o o =°.‘5
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t}. vtE 32 Bo] A7)0 3 A FH L AT A4 A E = digel] wet B8
Aoz AAHATH oo thd v A g AFE Efrond} Tibshirani(1993)el Z 142} St

Aalen(1978)-2 887 2 E(stochastic integral) & o] &3td & ARHF FHFS €
w3} 3} 7 ¥ 2§ 714 (empirical process)e] A Ao & =2 st ol T AAZREH, &
3 + 298 3AS 34 2] YRA (consistency) D H 24 & 74 (asymptotic normality)o]
APath BAER TR AT FAES 715 +3 NA BH3AL & €9, N (t) =
Iix: )t ACP), R () = Lo\ (1), Ay, DR (1)} Zo] UEHE & Stk +3F R2E
Byo AoA AL 42317 Yl 4

Zi(@) = N*(r+ =) = N*(7)

2 &t Fol F2AY HolH (T,,6), i = 1,2,--- ,n, o] el 2BH o2 o F7}
44 gt

BEHD| 3.1 Zi(z) S Z(z), Z(z)E EotsAFolM 0<z < 0% AF Z(x)d ZERS
E f(rH)(1-G(n), ~Z(-z)9) ZEZFFE f(r-)(1 - G(r))olth. & {Z(z)|z € [0,a]} 2t
{Z(z)|z € [~a,0]} © M Z FHo|T}

B AYC 2 ASAFEY APl T 1) P29 r(z) € Col 3l

a

/_a r(z)dZ%(z) > r(z)dZ(z) (3.1)

—a

o] & wo|d "}l 7|4 71 & B & %4 (weak convergence) < YEIATE. r(z)7} D&
4 (simple function)d @ 4] (3.1)°] AHFE Rolm o|R& YA A&F4+=E A3}
A Hch 1A f3d BXE Z2e Zi(z)ol el o] & BEolA —a<z <z, L0y <
y2 < a W) F7F (7 + 22, 7)ol A oj@ sRA ] FHo] FolF &E pi.2

P = Plr+ 2 <X <mX;<Cjl
= {Fa(r) = Falr + Z)H1 - Gu(r + 7))
= {Fa(r) = Falr + M1 - Galr) +0(2))

e wos P2 (r+ 2,7+ 2, (nr+ 8], (r+ 7+ 8] o4 $70] ol &E

Pan = P[r+%2- <XP<T+ %,X{‘ <y

= (Bl + 2 = Falr + Z)H1 - Galr) +0():

n

t
o

pin = Plr<X’<t+ %,X{ <y

{Fa(r+ L)~ Fu(n}1 ~ Galr) + o)}

n
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ol1,
Pin = P[T+%1 < X7 <T+ 2 X1 <07

= B+ ) -+ %)}{1 ~ Ga(r) + o)}
o 2ol e, SRR
P(Z}(21) = =b1, Zy(x2) — Z7(21) = —b2, Z; (1) = d1, Z,(y2) = d2]

_ bl bz d1 dz 71— bl bz—dl—d
= PinP2nP3nPanPsn

Psn = 1= DPin —DP2n —P3n — Pin
= 1= (Falr+ ) - Bl + )1~ Galr) +0(2))
oItk ©1714 Fo(t), Ga(DE 22 F(1), GO #8532 Zolb e xel Te3 S

FEoHE U KA 2ATH L o) £ o)) 23E AL 5 vk Wb, Z,(a)7
QS faated B 3ol Felel Anrt 4P Bk, i

%ol Ze FolA dol¥ (T,6:), i =1,2,--- ,n, o] sl Ao, o]e} 2 33
o] A RE REF (for almost all sample sequences)°ll thal JH 3t} SE)E ;) BE
el & o oS A2 E de

n{AL(r+ 2) — AL(1)} 5 ST (1) 2(@)
B9 #AY (2523

T T+ *
nitir+ D -nmy =57 0zE+ [ (ED T s o)

Fo17 dlol8 (T3,8:),4=1,2,--- ,n, ol thal ale] 3 HA g 222 3.1 o) ¥
Eogsinz TuA gl 0 HEETE Holw Bo.

sup
[~a,a]

[ ED s

N e B Y L R )
< Jmaxg =R (EEER 5o | v+ ) - - 2,

A B4 R A G 0o SRR T AA G BP0 oo 2E5Y
o B At HREE L 5 Aok LY AL A9 BE EE HoE D] i)
AHoz JYste Aot

x=
0
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olth &, W(z) = zu — vZ(z)°l &, u, vE 7 R 9] o FFolth
B9 D)9 B2 ¥E WA
D(t) = Ax (P (n— 7" = Ay (Ot (n — 1P
o] 4gstue
AlDy(r+2) = Dan)] = mAL{G + 2P =7 =P =P = )P
A7+ 2P =7 = DT =P = )P

AT+ 2) = AN+ 2P = = )P

A71A L{tP(n — t)p~'} = P71 (n — )P {pn — 2p7 + 7} BAE °|&3E, n — o
o A L EA e It £HEA H3 o F ke L qudl FEIT & u=
Ay Y(n — T)P~2{pn — 2pr + 7} — nA(T)TP2(n — T)P72(n - 27)(p — 1) °ITh. EF FA
suroa uzAL 3228 A AR go] vZ(z)ol 44Y e A B 3t &,
v=nrP~(n—7)P"1871(r) o]t} 0

gal 3.2 u >O,p2 %oé. KH, 7—]'.4 Ei‘;: E%% (E)éz)a’L: 17"' » Ty oﬂ tHiH n(’f-;; _‘T—n) _d’
To 7t AR ST &, Toe B8 3.1004 Fold TN W(z) = zu —vZ(z) & HNE &
£ zgkelth

=0 A 3.17 k5P th§ A4 A3 2] (continuous mapping theorem)oll &] 3] 7 2]
Wes 858 4 glon, AM e =% FAE Chang, et. al.(1994)2] FE T FAMS B
o= AME) 0

MEAD| 3.1 Ad & ERD (T,6),i=1,,n, o Bel 71 — 7 = Op(n~1) 7+ 43
gt

4. QO|AMEAE X OIX

4.1. ROAIE A

orol A =oly Waly 2o oA HAL HES g8l =T #FA 9 Hl g,
Wl el 9% o B¥3sel ol whet e 2L noddAYE AL F U |
92 (1.3)dA Z5atel wat v 2ol 374 A 2Pk

A 1 B =20, B2 = 1.0, 71 =72 = 1.0, 7 = 1.20%) AFEFNA AFEEL2e| A
A2E
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ARl 2: By = 2.0, B2 = 1.0, 71 = 1.0, 72 = 2.0, 7 = 1.20%] A FEFI A Jo]BEEXZ
o ¥slY R

A 3: 81 =20, B2 = 1.0, 11 = 2.0, 72 = 0.5, 7 = 1.10%] o] ER XA o] EEE

EORLE R AL

T3 FEAUEIE dYREE M FEAY TEA 9 vl Eo] 20% L 40%<
AS-E negit). 2o d@AE e WY = A dolEolA Wl X7} oF 45 W)
oo 52 AahA Aolth. 2 4.1 - 23 4.3 A AY Al 1 - A 3914
AP dojed gt A& F+H AP F4 FE el H S D] ol wtet (a) 20%
(b) 40% S o2 FE&ATH

(0)20% (b)40%
[o] 1 2 3 4 o] 1 2 3 4
Time Time

a3 4.1 FHAEE (AR

(a) 20% (b) 40%

ph)

0

Hoowrd
15

0.0 1.0 2.0 0.0 1.0 2.0
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(a) 20% (b) 40%

38 4.3 FRAAR T (AE3)

EEAVE n = 10022 dgon BAEY vrEL 3000ME £33 FoiZ Hol
Blo] oig Wl v RsA 2%+ RAEY 3 Fo| W F A F 22 (mean squared
error:MSE) & ¥ 214 (0.5%, 2.5%, 50%, 97.5%, 99.5%)< & 4.1 - & 4.3¢ Jvehiict.

41 8 =20, 82=10,7 =72 =10, 7 =120 (A}#l1)

xR
MSE 0.5% 2.5% 50% 97.5% 99.5%

ofy
H
)
=)
z
o
)

20% 1.2544 .0015 1.1855 1.2001 1.2554 1.3358 1.3515
40% 1.2443 .0092 1.2443 1.2443 1.2691 1.4609 1.4609

¥ 42 B =20,8 =10, 1 =10, 72 = 2.0, 7 = 1.20 (A}22)

AL

ZAWY & T MSE 0.5% 2.5% 50% 97.5% 99.5%
20% - 1.3827 .0019 1.3827 1.3827 1.4152 1.4912 1.4912
40% 1.2211 .0014 1.2211 1.2211 1.2298 1.3501 1.4737

E 4.3 8 =20, 82 =10, 11 = 2.0, 72 = 0.5, 7 = 1.10 (A}&3)

TEDES

FEAHGH & T MSE 0.5% 2.5% 50% 97.5% 99.5%
20% 1.0588 .0151 0.9369 0.9369 1.0588 1.2312 1.2312

40% 1.1209 .0491 0.8156 0.8156 1.2990 1.4793 1.4793
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oM 2o ¥ AEEA A 3 2 A 45 Ao Uehton o)
of 3t Ml AR Y S el & 4394 MSEZF T 280 v)s] 45

metM = 1 vl Eo] F o A2 MSEZ} AA 1L
< Yehdle o AYE RoxlFe] WHol4 &
Aoz A Yol Aoz MzHET}.

4.2. 0 Xl

Aol A s W 184 Fxle] £ °]E]-(Stanford heart transplant data: Cox
and Oakes(1984))o &3t & & ZAxolr}. o] 5 a5 1195 & ZAZ1ZH 0 o] AL
o 34 44 U FHAREST FHFS Bode, B ‘3“5_‘—11°ﬂ"1 A tE WA A
H FHFL 7 =68(Y) °lth. ©] 32 Loader(1991)7} 233 Mol o8 78 68.01(L)H
TAES & 5 U} W o] A F e i3} RAEY TAIEEE U & 449 FoA U

hozord
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fime

29 44 AETAARRS

E 4.4: 79] R AEY 2 ¥Z(B=5,000)
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o] guEmal olel A Folol M Bo| ATSE ol B e AHHRFE XU
o ool Wy e AFsa] AR e EX P dgHE AUE B WpHEY L
WEHThs Aol s gdutdoz A28 & e HEFA HE Yol

B oo E RAER L 0| &5t AP YTELE REL R /A BEF M
podue B3 AWA 2478 PAsAH £, FEAD dolele] AP RYAA AF
ol gsE AA o & B8 1 ALAE 2T Wb 9] 412 9 F(confidence region)e]
g A7E B dAdA g3A Zon goz Iude dTE Hga A4
. oled 2 ¢ Z ¥ 2odd g 7129 24A PIPHe vax gorg d7H
Az FAE.
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Nonparametric Estimation of Hazard Rates

Change-Point *

Kwang Mo Jeong t

ABSTRACT

The change of hazard rates at some unknown time point has been the interest of
many statisticians. But it was restricted to the constant hazard rates which corre-
spond to the exponential distribution. In this paper we generalize the change-point
model in which any specific functional forms of hazard rates are not assumed. The
assumed model includes various types of changes before and after the unknown time
point. The Nelson estimator of cumulative hazard function is introduced. We esti-
mate the change-point maximizing slope changes of Nelson estimator. Consistency and
asymptotic distribution of bootstrap estimator are obtained using the martingale the-
ory. Through a Monte Carlo study we check the performance of the proposed method.
We also explain the proposed method using the Stanford Heart Transplant Data set.
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