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Properties of the Estimates of Parameters
in the Extended Cumulative Exposure Model

HipEo HIROSE™ and TAKENORI SAKUMURA 2

The cumulative exposure model (CEM) is often used to express the failure
probability model in step-stress accelerated life test (SSALT). This probability
model is widely accepted in reliability fields because accumulation of fatigue is
considered to be reasonable. Contrary to this, the memoryless model (MM) is
also used in electrical engineering because accumulation of fatigue is not ob-
served in some cases. We propose here a new model, the extended cumulative
exposure model (ECEM), which includes features of both the described models.
In this paper, we report a thorough investigation results of the properties of
the estimates in the ECEM.
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Fig.1 Step-stress test.
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Fig.2 Cumulative exposure model (CEM)
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Fig.3 Extended cumulative exposure model (ECEM)
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Table 1 The simulation condition

ooooo o oooo
Jé; 0.5, 1.0, 1.5, 2.0, 3.0 5
n 5,10, 15 3
K 1/(0.632122 x 20*°) 1
a 0.0, 0.25, 0.5, 0.75, 1.0 5
Vth 0 1
Vo 1
At 1 1
Av 0.1, 1.0 2
N 20, 50, 100, 200, 10,000 5
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Table 2 Basic statistics for the estimated parameters in simulation study. Table 2 Continued.
a=0.508=0.5n=05k=0.05234677 a=0.5,8=0.5n=10,k = 0.05234677
AV | sample & 3 A k BDV AV | sample & 3 A k BDV
0.1 20 0.5041 0.5454 5.025 0.05225 16.5 0.1 20 0.4966 0.5445 10.02 0.05222 17.35
0.2046 0.1142 0.1652 0.005733 1.552 0.2123 0.1158 0.1627 0.002936 0.9209
50 0.5087 0.5226 5.012 0.05202 16.49 50 0.5103 0.5178 10.02 0.05222 17.3
0.2013 0.07188 0.1597 0.004038 1.041 0.2012 0.06774 0.1714 0.002012 0.576
100 0.4979 0.5089 5.02 0.05194 16.53 100 0.505 0.5118 10.01 0.0522 17.32
0.1974 0.05217 0.1579 0.003212 0.7405 0.1874 0.04915 0.1576 0.001559 0.4114
200 0.5022 0.5048 5.026 0.05213 16.51 200 0.4936 0.5058 10.03 0.05228 17.32
0.1669 0.03825 0.1384 0.002217 0.5084 0.1771 0.03534 0.1527 0.001113 0.2809
10,000 0.5026 0.4974 5.023 0.0524 16.52 10,000 0.5067 0.499 10.02 0.05241 17.32
0.05624  0.008664  0.04656  0.0004611 0.08129 0.05654  0.005956 0.0388 0.0002113 0.04023
1 20 0.4744 0.5397 5.032 0.05247 17.12 1 20 0.4785 0.5475 10.03 0.05247 17.9
0.2413 0.1114 0.1855 0.005389 1.614 0.2137 0.117 0.19 0.002665 0.9224
50 0.4781 0.5181 5.021 0.05208 17.11 50 0.4969 0.5165 10.01 0.05224 17.9
0.2348 0.06862 0.1872 0.003609 0.9896 0.2121 0.06295 0.198 0.001743 0.5679
100 0.4975 0.506 5.023 0.052 17.08 100 0.4925 0.5095 10.02 0.05222 17.88
0.2242 0.04648 0.1783 0.002786 0.7337 0.2223 0.04466 0.2 0.001281 0.3916
200 0.4958 0.5037 5.016 0.05194 17.1 200 0.4904 0.5028 10.03 0.05222 17.88
0.2053 0.034 0.1616 0.002144 0.5125 0.2084 0.02963 0.1635 0.0009451 0.2769
10000 0.5045 0.4987 5.018 0.0523 17.09 10000 0.4912 0.4982 10.02 0.05235 17.88
0.05898  0.006826  0.04912  0.0004178 0.06758 0.07853  0.006227  0.06244  0.0002083 0.04533
The upper values are presented as mean, and the lower as RMSE for estimates, The upper values are presented as mean, and the lower as RMSE for estimates,
or standard deviation for breakdown boltage (BDV). or standard deviation for breakdown boltage (BDV).
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Fig.4 The root mean squared error (RMSE)

a=0 a=0.25 a=0.5 a=0.75 a=1

b BREED
AV

1'0=

RMSE(#)

T T
10" 10? 10" 10? 10
The number of sample

a=0 a=0.25 a=0.5 0=0.75 o=1

I'0=AV

A

RMSE(k)

T
10? 10° 102 10" 10? 10" 102 10*

The number of sample

04 D40000
Fig.4 Continued.

(© 2012 Information Processing Society of Japan



gooooooood
IPSJ SIG Technical Report

gboboobgoo
4. O 0O O

goboboooooooboooooooooboooooooboooooooooOooonoag
goooooobooooooboobooooboboooooooobooooooobooboboOobooa
goooobooooooooooobooboooboboooobooobOoOoOoooOobooobDoOna
O00o0o000o00o00oo0oo0bo0oo0ooO0oooo0oo0oooDCEMO
gooooooooooooobooooobobooOooooboOobOOoboOobOoooDbOoboOo
oooooooooooooocoooooboOobOOoboO0oOoboooboOobCcOoOobOoOoOboOoOooa
ooooooooooooOoOOOobOO0O0o0oooooooOobOOoOoooOooooMMOOOOO
gooooooooocooooboooooooobooboOooboooOooocOoobooDOoOoDOboo
gooboog

O0o0oooocCcEMOMMOOOOOODOOOOOOOOOOECEMOOOO0OO0O0OO
gooooooooooobooboooooooobooboooboboooooobooooooDoboo

gdooooooooooooooooooooooooooooooooobbooooo

o o O 0O

1) N. Balakrishnan, E. Beutner and M. Kateri, “Order restricted inference for exponential
step-stress models”, IEEE Trans. Reliability, vol. 58, pp. 132 - 142, 2009.

2) E. Gouno, “An inference method for temperature step-stress accelerated life testing”,
Quality and Reliability Engineering International, 17, 11-18. (2001)

3) V. Bagdonavicius, M. Nikulin, Accelerated Life Models, Chapman & Hall/CRC (2001)

4) H. Hirose, “Estimation of The Threshold Stress in Accelerated Life Testing”, IEEE Trans-
actions on Reliability, Vol.42 | pp.650-657 (1993)

5) H. Hirose, “Theoretical foundation for residual lifetime estimation”, Transactions of
IEEJ, vol. 116-B, pp.168-173 (1996)

6) H. Hirose, “The relation between accelerated life tests by brand-new insulation and step-
up voltage tests by working insulation”, 7th International Conference on Properties and
Applications of Dielectric Materials (ICPADM2003), pp.978-981, June 1-5 (2003) Japan

7) H. Hirose, “The trunsored model and its applications to lifetime analysis: unified censored
and truncated models”, IEEE Trans. Reliability, vol. 54, pp. 11 - 21, 2005.

8) H. Hirose, K. Tsuru, T. Tsuboi, and S. Okabe, “Estimation for the parameters in the
step-up voltage test under the Weibull power law model”, IEEE Trans., Dielectrics and
Electrical Insulation, Vol.16, pp.1755-1760 (2009)

9) M. Ikeda, T. Teranishi, M. Honda, T. Yanari, “Breakdown characteristics of moving

transformer oil”, IEEE Trans., Power Apparatus and Systems, Vol. PAS-100, pp.921-928
(1981)

10) JEC-0102-1994,“ Standard for Test Voltages” Standard of the Japanese Electrotechnical
Committee, 1994.

11) H. Ma and W. Q. Meeker, “Optimum step-stress accelerated life test plans for log-location-
scale distributions,” Nawal Research Logistics, vol. 55, pp. 551 - 562, 2008.

12) R. Maller and X. Zhou, Survival Analysis with Long-term Survivors, Wiley-Interscience
(1996)

13) W.Q. Meeker and L.A. Escobar, Statistical Methods for Reliability Data, Wiley-
Interscience (1998)

14) W. Nelson, “Accelerated life testing - step-stress models and data analyses”, IEEFE Trans.
Reliability, vol. 29, pp. 103 - 108, 1980.

15) W. Nelson, Accelerated Testing: Statistical Models, Test Plans, and Data Analysis, John
Wiley & Sons (1990)

16) T. Tsuboi, J. Takami, S. Okabe, “Influence of voltage application history on insulation test
with one minute step-up method”, IEEE Trans., Dielectrics and FElectrical Insulation,Vol.
15, pp.1261-1270 (2008)

17) T. Tsuboi, J. Takami, S. Okabe, K. Inami, and K. Aono, Transformer insulation reliability
for moving oil with Weibull analysis, IEEE Trans., Dielectrics and Electrical Insulation,
Vol. 17, pp.978-983 (2010)

18) K. Tsuru and H. Hirose, “Estimation for the Weibull power law parameters in the step-up
voltage test”, Engineering Letters, Vol.17, pp.141-145 (2009)

19) C. Xiong, “Inferences on a simple step-stress model with type-II censored exponential
data”, IEEE Trans. Reliability, vol. 47, pp. 142 - 146, 1989.

20) C. Xiong and G.A. Milliken, “Step-stress life-testing with random stress-change times for
exponential data”, IEEE Trans. Reliability, vol. 48, pp. 141 - 148, 1999.

21) C. Xiong and G.A. Milliken, “Prediction for exponential lifetimes based on step-stress
testing”, Communications in Statistics—Simulation, 31, 539-556. (2002)

22) C. Xiong and M. Ji, “Analysis of grouped and censored data from step-stress life test”,
IEEE Trans. Reliability, vol. 53, pp. 22 - 28, 2004.

23) K.P. Yeo and L.C. Tang, “Planning step-stress life-test with a target acceleration-factor,”
IEEE Trans. Reliability, vol. 48, pp. 61 - 67, 1999.

24) X.K. Yin and B.Z. Sheng, “Some aspects of accelerated life testing by progressive stress”,
IEEE Trans. Reliability, vol. 36, pp. 150 - 155, 1987.

25) W. Zhao and E.A. Elsayed, “A general accelerated life model for step-stress testing”, ITE
Transactions, 37, 1059-1069. (2005)

(© 2012 Information Processing Society of Japan



gooooooood
IPSJ SIG Technical Report

a=0 a=0.25 a=0.5 a=0.75 a=1 a=0 a=0.25 a=0.5 a=0.75 a=1
8 -
8 |
6
>
T on
4 S o s
A 10
21 o 15
<’§ i
< — 05
81 EE
-- 15
6 -
> -- 2
4 4 r 3
5
e T i rh
10°? 10* 10° 10*  10° 10 10* 10° 10* 10°
The number of sample The number of sample
a=0 a=0.25 a=0.5 a=0.75 a=1 a=0 a=0.25 a=0.5 a=0.75 oa=1
6
5 |
2l
S o 5
A 10
o 15
<2 ]
) — 05
S|
--15
-- 2

L=AV

10° 10* 10% 10 10? 10* 10 10*
The number of sample The number of sample
05 O0000OO0O0O0O0OOOOOOODOOOOOODO 05 050000

Fig.5 €1 = v/ N x RMSE? Fig.5 Continued.
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