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An Optimum Design of Ramp Test with Stress Loading from
Use Condition and Upper Bound of Stress

Young Rok Chun

Division of Information & Communication Engineering, Kyungnam University

Abstract

The common accelerated life test(ALT) consists of test methods applying a
constant stress, higher than the use condition stress, to items. There are, however,
situations for which a progressive stress ALT, in which the stress on a test item
is continuously increased with time, is more convenient to perform testing and
simpler in analyzing data than a constant stress ALT. When a product under

constant stress s follows a Weibull distribution with parameters #(s) and 8,
maximum likelihood(ML) estimators of parameters involved in the model are
obtained and their asymptotic distributions are derived under stress bounded ramp
tests in which the stress is increased linearly from use condition stress to the
stress upper bound. The optimum test plans are also found which minimize the
asymptotic variance of the ML estimator of the log mean life at design constant
stress. For selected values of the design parameters, tables useful for finding
optimal test plans are given. The effect of the pre-estimates of design parameters
is studied.
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AE) AAYRZFS AN AZ sdol @ Ausl Hasy, o AsiA
RN (life tes) e FABT 2 AF o] Bobxol me FHARe

8% Aze] GUHo2 wolsd 4 G TF e ZA HAY ol A% dgt
£ Az oluel] AFY AgEANA FHANPLR ool U ARE Ar AL
BASHAY B @ gel £adn. o2l HAH drge] TR A AL

2784 o g3 243 A AFsE 7HE 5 A 8 (accelerated life tests)7?) &
®o|] o] &gttt

H&EFPAP e AFE AIRRAGAY 2EHA — o2 59, 2%, AY, 4
e ogY 2 T — & ¢ 4% FFEOE HIFAA £ g RS 2w
Ai, 74 BVEHHE ASZHE AIEZRANMY FHE FE23Y /MEFEAY
% 2 E

FRAE AYABA 2EG2E Ase PR 0 AHE2ARG FL AEHAE
YA Jhehe 4P A, Adel me 2EALE ARYOR WAL AR
Y AY, 23 A B dEHoE FMAE gAY Aol Ak 58 #3
Y 2EY2 AY FIA 2EALE A me 4FHeE FANTE AP

ZA g (ramp test)et g}t ZFEFE A g 7K dFE F2 Y NE
g ZolRom, Nelson(1990)2 7t& A E A5 FA a9l HHAEHA o
3 AFAAY JdFES Y4A8Y AES FHoE 44 AY - Adgsn Qo A Y

o 2E# 2 F£Fo] ¥ae AdFoY AAY 2EH: AP Afd 2EHS
TRt AFFE A ] dF 7ol B3, Nelson(1980)2 2E )
FEAZY g MR A A =% 3 (cumulative exposure model)< A oHa}
AFTHo] JolEEXE WE2x S Ay Agd U 5A4 FE EA
%t} Shaked$} Singpurwalla(1983)= ZZ 3 mfRHAC ZAS AEHA F

g7} e wAE 28-S Aoksla, Nelson(1980)8 FH=ZH o] 159)
= PE B HRY AEE dAY Aol v FHx

12 M4 2B 2 S48 A RS oy #
& 2R davt Q(IAZ AP Bl 25F o)A 2E
ZEYEE AESA FUIAIA HEZ IZAEE F2 A
Atk Yin# Sheng(1987)2 FH=ZFE g ZAst A
g o, APHoZ FIAIE 2EHA A
AZFS F39 Lin® Fei(1991)& ¥
g3t A tFAeq, Bai9t Chun
(1993)% L1nJJr Fe1(1991)«] A3 & Prandom censoring)® 72 -$¢ tFa
9ol Qe A2 #FAsdo. 28l Bai $(1996,1997)& A= Aoy 2E
2.0 J‘l%ﬂré(fallure mechanism)2] W 3}7} S‘llo T
1 3 AFFH] AFEELE a2 F 49
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¥E wEts Z A4 d&siAd sHEEY F9FAY JHAFLEA EAS
CAEEY 2E5A4(1996)2 AFEEY A did gAY, A9, IXF
ANde AAdA N i v - 2
q Ao i AF7A9 dFE AR 2EY2E 00N AFHoR FIHA
Aotk 23U 2EHAE 0dA F7HAIE HEYH AL 2EH2TT 09
FFo] o= AEJAE FofslE Fo] oHE& Bx ol JsHor 2E{
2 FFE 007 wesd 22 v go] £td = 9on, A ARE At
A NFAFo] e 2EY 2 F& FE Al AFAHoR FH HMS T
AA7F Atk olE st AGE(1999)2 7E] HZAIH ol FAE FEE
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7k F7AA of 2Eds FHAA NG AGSHE BTY AEsIAEE A

ata, o]@l 3 AlY StollA ¥ FHAEES TAHOE EHste HHE AXSHTH

o) wEAAL Bai 5199619979 A7 2EA2E AFRAANARY Aot 4
¢z g3%Yg, dAXEYE FFEANA AFY FHo| Jo|EEEE W21, 2EHS
o FHo] GAEAF(inverse power law)el Al glom, FHEEHol THFH
otz 7pg s A2 AE o] E=EAA Adss AZAFGEXNE HFsta, o A
oMo FHEEE REL Fr3d A3HAME FHYEXY HLFAFHS FAHZe
ATRIEE T3} A4doME o] =EA msE EFHATEY HHAE A
AEE Aoratn, AHANY AARE AN, AFHAAE Fed AM&dte BFE
of 3t AAHAFAHA UPEE BT

2 23
NHEEEAY Az BAH 2AS ddNE 22U £ES £33 BAE Y
B 283 2ef 2 £39 Ast AESLYA nxE Z9E d9sie 2¥9)
gastth o el o wEoA nests AZALY Fg AsdE 712AY

NREE Asn, YEAY Sl AF FHREE FEIT

21 A8 Az
o] mEoA mEsts LAY AE e 2,
D nAe NPAES AE2A s, A 712718 k2 8o AP FANIE

Axy 2Edx gelA @B

@ 2EH2 $Fo 4% sy F, A r=sy/kol 2V, 2EY2E o] FFOR 1
Hatel mlel A7 BEFEAH 7ol APL FAB

<ad 1>2 o] Agel AEdA £F9 Az HE WS 2HLE debd Aol
% <28 1@>E 7189 BEAPES dehd AL, < Lb)>E o EFIA 1
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of AFlAE e MRS FHR Bk
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EIg WEY §, 2EHE FF sdAMY AFF
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F*(t;s)=1~—exp{—(—t——)ﬁ}, t=( (1)

log (s) = ay+ a, log(sp/s) 2)
dE MRS 23 e 2EH2 5 Ao dAHG
@ AFY nFAAL 2EH: F£F9 H3 g Bt G A Lo Mlstr e
@ FH=ZEYo| FHIr}
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e 3 s(t) 2 HAZ W) FH=ER 9 71A o)
=3 ZH(Yin®} Sheng(1987)).
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0 (0P t<0
F(t)= l—exp{—( lp ) } 0<t<{r (5)
1—exp{~(Z2)) rzice
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a;+1

otk @, 7N J(O)=A+1~Dt/r, d=salsr, 2®=[¢®O] " =27,
2() =1+ (a1 + DA =Dt = D/r= 2", p=exp(ao)(a;+ (1= D)/ celeh. O

B a0, 89 F8& A4 F-FARE 2@ H9
717 Ag B oyt 2 deEid Y] HAIEXE o83 EFEY FF
A3 7HdAAR S #9E = dde A3

31 H3AEH H-5:A ¢ugdF .
Dy, D;E 47 D= {t|0<t<z}, Dy= {t[c<t{p}e} 3}z, u;=u;(t)=1Ip (1), i
1,2, uz=us(t)=1—u;(t) —uy(t)& 3tA 9714 L (x)e FL9 A g1

1WG0=g; Sefe ae

Y 2 s(D)3tlA BE2F o] #AFA tof W dFESE=dsE

£ (ag, a1, Bit)o<c(u; +u)(— apf+ log B— (B—1) log (e +1)) D
+u,a;log @(t) + (B— 1), logz(t) +uylogzy(t)) — L Q(t)

o)tk &, 971X Q) =ulz; (1)]1?+uslz, (1)1 +uslz, (D%l ek A(7
a, B A dR|ulEsn, BE BZH o] WA dstd 002 & A AH s

o
t
0
S
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il %EHW*W T F 3 HAeFAAE o] =AY HEA T & e
, TAHLYE o) &eH I T £ Yo FESAAN HLFAXNE Tee
%iﬂl% o HalMe HFE(1999)E Fadty] wie.
SRR FTEE
EH-*r EFTMNE ap a, B HAA olzET £ H[RZFAlI (—1)& Fs,
ts 26 )4 Q%%E%— 2 FEWETE 3 7 Jldkel sty #EX)d o
& AR EFE FI=Fl(ay, o), Y 927t FH3, ne #3He g Y03

g Flp= FIo—nFI~n(fu)3x . 2EBE 34 FI,9 94 f;, i,ij=1,2,38 &
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BEEX(6)e AAZA(mild regularity condition) 31, /é=(/\0, 2, B =
A&7 o 2 (asymptotically) &= (ay, a1, 8)’ & IAFAF]H, lim n(0— @)= =z
n—oo

ZHog Fuuy (, FRAYL FI7'd iz AFEEE BE8d IRAgL
AT FI gy e, 89 #5388 4@ FI=Fl(a, a;, B)
@t dwtHos mpo] B FEAME FAxAs A Fljo dAFARoR &
A4 o, 47 #E TE & At BEPlobserved)RRFY O F AHg2h Ol

& dYsta, BE #FX0 e g A
2 AIB1999)0] A8}
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oo
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4

E(-1)& F3 olxuu B o] H92A %k
S 92 = gHoln} A(N2RY T PP Ole 9
A},

= YAEF gu=logl(sy), d=EF 0=1/8
EWAy 2 AFAzHE 2 ARES

2 + ek
D B4 pg,0 Y A 1000 HEAF y,, A% yool49 AHE R'(v,)) B934
Fe 47t py=ay— alog(d), 5=1/B, y,= pa+olog[—logl—p)] =22

R™(y0) =R'[ (vo— za)/ ot
@ (za—#a)lo,~N(0,1) 0132, ¢,=(1,— logd,0)FI; (1, - log4,0) I ¥.
® [log(0) — 1og(0)]/01g@—N(0, DOl 2, oly= o5/F oItk
@ (v, —vp)/0,—~N(0,1), %, =(1,— logd, —u,d®)FI; (1, — log 4, —u,0®) oItk

EEREEE

Age) FH8 = wge ALHHUA Al FEE PRE AN 2 £
AES st HANGRPY ANE dAHoz FPNGL FPs=d oA e
Fasth EAA ZdA B W 489 AFAAL FoQ 2AsIA FHFe &
e ALHHES 4Y2 WASE RolPn T F Yk

41 HH37|=3 2T

FRAYRAA FARTAE B5E AR 1000 %7 w3t AY T2 534
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A ted MY A= Folin, dF-E HAAFGHAANE AFY 100p% 7t 13t
AR F, A 100pBEASF t,9 H¢FHF] FIEMLE H2 :
d7Ae) 1oz &1 Utk o AFelME HAHe sFo
T A 100pBEHT v, = logt, s HLFAHF AZE
gats AR @ o y,=ay—alogd+u,/BR UEFE F lon, H$FH
& y,=ay— ajlogd+u,/BE 8 % 93, Asvar(y,)E

HU

>
2
5
<
bt
Y
£ b oo

Asvar(y,)=(1,—logd, —u,/f)FI X1, — log 4, —u,/B*)’ @)
@)Y HIEAL 1,74 BT ap, a1, BY 21T, pa® pp & A7 AHERA 549

2EY2 @A 5,0 AEE W, BEFS A gol Aol el AFo) DAY ¥E
ozt s ‘

py = 1—exp{—(e “4%9)"}
(9)

Dy = 1—exp{—(e™"n)")

o|i, é=1z/7 Y, WIEAL py, P B4, €9 22 UEd £ gt ast b
Ztz} Meeker9} Nelson(1975)7F 23t #3339 dsASZoANd 3239 F9-
2E#2gAA e 71gretn &9, a9k b a=B(logp—ap), b=—a;8logd o2
Yebd £ glow, N<8>.°4 ATENE a, b, ,BA £9 Hozx yehd £ gith wat
A ARANGAAE T4 (pg,pn, 8,4 2 (a,b, B, D) dsiA 2@ HZE
de Fasae £8 e BAG =0, A4 WZg ke k=5, /(N2 7Y
% gtk

42 HAAEA

F12 (a,b, 8, M) WA H@®L Hzsshs £ e TLPHPowell's
conjugate direction method)[Powell(1964)]3} Z& FX2<Ql WS AL&3510], of7)A
t EdYHEE o] &8t MES Jensen(1989)9] Z2 oL A3 A& 71X a, b,
B ¥z 49 ol daAd HHEARS TFeAT <E 1> 4=0.3,0.5°%
a=0.01%0 A5l g HHEAG] dR2A FY e &, BSFTIAH polAd
ANEAF] 213G &8 p, 222 log(ty(sy)9 HTEAS Yehdth < 1> 4
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Agd AAWFY Ge a=—2.0(2.04.09%, ol U= p o FEe A%

0.127, 0.632, 0999, 1.000°1™, b=a+c, ¢c=4.0(2.0)12.0°13, H-&3t= pg® &S

Z+7} 0.018149, 0.002476, 0.000335, 0.0000452 A1 Meeker(1984)7F 2% (a,b)9] kol
=0

o <E 1> HE, adl gol 49 ASE Asd co ol
ol aEe & 4 Qo 298 AgAE HAL AT Set

<E 1> ZHAE HA E(g=0.01)

B=1.5 B=25

A a~¢ 40 60 80 100 120 40 60 80 100 12.0

3 20 9541% 9068 .8796 .8638 8546 9646 .9175 .8809 .8532 .8327
0672° 0451 0348 0292 (0256 .0641 0388 .0271 .0209 .0173
1524° 3867 .8705 1.743 3.150 0957 .2354 5255 1.069 2.002

00 9177 8956 .8818 .8736 .8690 9180 .8901 .8681 .8513 .8388
2841 2226 1869 .1636 .1469 2531 .1796 .1383 .1133 .0967
0657 .1408 2732 .4833 .7914 0373 .0809 .1613 .2980 .5145

2.0 9188 9052 8986 .8961 .8958 .8947 .8728 .8601 .8536 .8512
8267 7576 .6988 .6481 6039 .7644 6614 .5760 .5051 4455
0311 .0555 .0932 .1473 2208 .0144 0272 .0491 .0837 .1354

40 5740 7238 9978 9827 9703 9897 .9506 .9244 9076 .8960
1.000 1.000 .9886 .9832 9785 .9948 9864 9746 .9593 .9416
0361 .0503 .0661 .0849 .1089 .0102 .0149 .0219 .0317 .0445

5 20 9423 9007 .8769 .8634 8558 9522 9095 .8745 .8476 .8276
0635 0411 0312 .0259 0226 .0604 .0348 .0236 .0180 .0149
375 3615 8489 1772 3320 .0838 2150 .5038 1.074 2.099

0.0 9211 9002 8869 .8789 .8745 9173 .8915 8692 .8521 .8396
2574 1966 .1632 1422 1275 2271 .1546 .1167 .0947 .0806
0632 .1390 2790 .5098 .8582 .0354 .0789 .1634 .3137 .5614

20 9439 9346 9285 9250 .9232 9121 9026 .8953 .8900 .8860
7573 6652 5947 5394 4949 6890 5536 .4521 .3783 .3240
0349 0620 .1053 .1687 2559 0160 .0306 .0563 .0982 .1622

4.0 5102 6409 7866 .9934 9826 .8644 9546 9406 .9300 .9236
1.000 1.000 1.000 .9493 .9378 .9990 .9624 .9256 .8841 .8386
0495 0685 .0904 .1056 .1324 .0139 .0183 .0265 .0392 .0575

T HH £ polde nAE BE: © Asvar[log(f(sq))1x107°

AZAIFe HAEAGS HAHST a, b
g & ejor ok Yy iR A%
Fol g A5 2 AAAAEE FTHA dHFA
AAWME a, bell tslAE Meeker(1984)7F 183k A
B x@stn ok kA Abde] F4E a, b, B

M

g ol s BAH, oF
a b, B @ #A FY, Wk
o8 AN A4 <E 1>

48 2gsm 9o, e
o grol o EA AN

LA e 4

(o3

3

ol et £

2w o é o
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¥29 g APl ES FEA YARE T + Aom, of EolA ne
g A Hold Al o] ATFAN AEE TRIY — o ATNNE TED
(FORTRAN)2. &2 7Y HE Jensen(1989)9] Z2IWE FAHIA A& A& =

g8t 78 + Aok

o A1 Nelson(1990, pp.231-232, pp.509-510)2 A 7|A|E(Parallel disk electrodes
immersed in oi)o] el YL 2EH2ZE o VZANFE FPsle A& 1AA
e AN ok AE) FHo| golBETE waw FuI AEdxse @A}
4@ AASAREENT AL 0, ), B9 ALFRAE FHY, 2,=0.9161,
a,=16.40, 3=0.8204°Ic}. 71£4 ol o2 Aste 2EH2 Feo] 40(kV)OE
dAge] 3, AHgzAL 2EHA FFo] 20kV)E k. olw AlFAzto]
7=2.5(Xzbela}t 87, py=8.909% 10 °, p,=0.63220]9, o]¢] &3t ast b9
#e Z7 a=2.16x107%, b=9.3260It}. 4=0.50122 q=0.01°] H&HA LA
8 a=~0.0, b=10.0 231 FAFEF %L =152 7HAsd <X >N HA
AA#RE FEE £'=0.8789, Asvar(logfy0(s4)))=509.8, p,~0.1422¢]c}. wehA]
H2o] YL &L k" =40.0/(& 1) =18.20(kV/hour)e]tt. [

<# 2> a, be AMHMFIXS &

1 &% FH9 ¢

e z%

- Hu# H gk
a b ab a b
-20 20 10046 +1 -1 1.0029 +1 +1
40 1.0032 +1 -1 1.0017 +1 +

60 10024 +1 -1 1.0008 +1 +1

. 80 10018 +1 -1 10003 +1 +1
100 1.0013 +1 -1 1.0001 +1 +1

0.0 40 10032 +1 -1 1.0010  +1 +1
60 10027 +1 -1 10001 +1 +

80 10029 +1 -1 10001 +1 +1

100 10035 +1 -1 10000 -1 -1

120 10043 +1 -1 10002 -1 -1

20 60 10298 +1 -1 10001 -1 -1
80 10111 +1 -1 10001 - -1 -1

A A g

100 1.0069 +1 -1 1.0010 -1 -1
120 1.0071 -1 +1 10034 -1 -1
140 1.0108 -1 +1 10051 +1 +1
40 80 10903 +1 -1 10122 -1 -1
100 1.0643 +1 -1 1.0046 +1 +1

120 10338 +1 +1 10105 -1 -1
140 10641 +1 -1 10097 -1 -1
160 10476  +1 -1 1.0076 -1 +1
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43 AHRFAHA 9 FF

HAAN QAL E A3 AfXE AA™SE a, b, fakel A AREIE lojoF 8§t
o, o] & gtol AAI Aol7t Wod AgEZAAA B9 FAHA L] Fibo] AZH
0171*1“ AAMST a, b AP‘*"“ZH AFE FIEAY ¥ V/V'212A4 H7}
o &, o7l Vi V' 77 (a,b)e g AAGE Foze W, 28
9] %kOID}.

(a,b)e] Fz o] ol £1& ARAGLE 3, V/V'E F3t3, o o] Addd
27478 Ha2d 218 FIAT <E 2> ¢=0.01, 8=2.5,4=0.54 Z-5 h3l
A olE & YErd Zolth <F 2>oA BW tiFES gl FghelAd A R
Uz gkow o5 H &L BH3 IXe goh, B A A(a=4.09de Hdd
ZZAMY wgol ZA Jebdth 23 VIV o] Hdid 22 diEE ad
e (H)Z22 by e (—)F22 AR FHY FAPoER, a9 g2 AAG Bt
X F3, be] FS AAG Bk AA ¥ FAHAE AHET daAo] Uk
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al = A
%@f\lf‘é@.ﬁl%% 116}‘351004 AN GAAA AHgste BFE ARRFAA

, 3t GAtolEd T FFE
A9 ALgdtE IAFSAFEG U3 AHLAAE FA. 1YY % To o
01'31]‘4-?—11 Ao o8 fFEHE ob#l U223 (Arrhenius law)oly ofe]

% (Eyring law)9 2% HAES APz F3= Ao EV
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A. 4 - olzx HulE4
AN TS+ EFTE a, b, foll thafs] AW E5HH

%‘t— =—/6’(u1+u2)+—5—Q(t)
(a1)
~gT=ullog<i5(t)-f-(ﬁ’ I)ﬁ; ( Zizi(t()t) _ ali-l)

S _n (e
+a{ AT aw - o)

5_52 =(u;tu)(—ay+1/8+ gui( logz;(t) — log(a;+ 1))
-p%{(log 2Qt) — Q@ (1)}

2 7 4 o agm oAU BEAL o o] FE 4 9ot

%t _ 3 P’ B[ B PN
Pl il ACIR DN o Pl hrem s JOR RO}

6(212;33 =—(U1+u2)+ {(Blog(p) DQ) —Q (1))

(afa) (a)) 2
o _ ) (2 .
A Dﬁ; { 2i(t) ( zi(t) )+ (a1+1)2}
N S +1 (al) (alal)
P EE e -2 ™ m+e " w)

2
aizl{aiﬂ: Bil gfl - 1{“110g¢(t)+—[ P Q(t)—Q("‘)(t)]}

- A - (egeQ W0 - A1 090 +Q M0

P
05

=_-Bl7(u1+uz) ”#{(logp)zQ(t) —2(log 0)Q “P(t) +Q “P (1))

&, o474 HO(s H®()e a, by Hoz Fojd 4 H()E a, bol o)A
o - ol u R A4S Vet
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B. JMARYH A&

AR eE] 94 f;= E[0£/de)]=E[0£/da;]=E[0£/3f]=0U& ol &
ste] ol RA e AR ozRE T Yk AWMLY Jhge hiel
7S o)l &3 HA & F At

Elu;+uyl= ¢ (&), E[Q)]/0’= ¢ 4(&) + Sexp(— &)
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