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Abstract: In this paper we assume that the life time of a test unit follows
a log-logistic distribution with known scale parameter. Tables of optimum
times of changing stress level for simple step-stress plans under a cumulative
exposure model are obtained by minimizing the asymptotic variance of the
maximum likelihood estimator of the model parameters at the design stress
with respect to the change time.

Zusammenfassung: In diesem Aufsatz wird angenommen, dass die Lebens-
dauer einer Testeinheit einer log-logistischen Verteilung mit bekanntem Ska-
lenparameter geniigt. Tabellen fiir die optimalen Zeitpunkte eines Wechsels
des Belastungsniveaus fiir einfache step-stress Pline unter einem kumulativen
Expositionsmodells erhédlt man durch Minimieren der asymptotischen Vari-
anz des Maximum Likelihood Schitzers der Modellparameter zur zuldssigen
Spannung beziiglich der Wechselzeit.
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1 Introduction

The log-logistic distribution arises in a variety of fields. The special features of this distri-
bution together with its relation with the logistic distribution allowed to use it as a model
in various real life applications.

Accelerated life tests are used to quickly obtain information on the life time distribu-
tion of products by testing them at higher than nominal levels of stress to induce early
failures. One way of applying stress to the test units is a step-stress scheme which allows
the stress of a unit to be changed at specified times. Nelson (1980) described this impor-
tant type of accelerated life test. In step-stress testing, a unit is placed on a test at an initial
low stress, if it does not fail in a predetermined time 7, stress is increased. If there is a
single change of stress, the accelerated life test is called a simple step-stress test.

The cumulative exposure model defined by Nelson (1990) for simple step-stress test-
ing with low stress X; and high stress X5 is

. Gl(t)a t§7—7
G(t)_{GQ(t—rJrs), t>T1,

where G;(t) is the cumulative distribution function (cdf) of the failure time at stress X;, 7
is the time to change stress, and s is the solution of G1(7) = Ga(s).

In the literature, Miller and Nelson (1983) obtained the optimum simple step-stress
accelerated life test plans for the case where the test units have exponentially distributed
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life times. Bai, Kim, and Lee (1989) extended the results of Miller and Nelson (1983)
to the case of censoring. Khamis and Higgins (1996a) obtained the optimum 3-step step-
stress using the exponential distribution. Khamis and Higgins (1996b, 1998) proposed a
new model known as KH model for step-stress accelerated life test as an alternative to the
Weibull cumulative exposure model. Alhadeed and Yang (2005) obtained the optimum
design for the lognormal simple step-stress model. Xiong (1998) presented the inferences
of parameters in the simple step-stress model in accelerated life testing with type two
censoring. Xiong and Milliken (2002) studied statistical models in step-stress accelerated
life testing when stress change times are random and obtained the marginal life time
distribution for test units. Nonparametric approaches for step-stress testing have been
proposed Schmoyer (1991). Al-Haj Ebrahem and Al-Masri (2007a) obtained optimum
design for the log-logistic simple-step stress plan by minimizing the asymptotic variance
of the maximum likelihood estimator of a given p-quantile of the life time distribution.
Al-Haj Ebrahem and Al-Masri (2007b) obtained the optimum simple-stress plans for Log-
logistic distribution when a prespecified censoring time is introduced. For more details
see Chung and Bai (1998), Gouno (2001), Xiong and Milliken (2002).

In this paper we obtain tables of optimum times of changing stress levels under a log-
logistic cumulative exposure model for a wide range of values of the model parameters.
The paper is organized as follows: model and assumptions are described in Section 2,
optimum test plan and maximum likelihood estimators of the model parameters are de-
rived in Section 3, conclusions and tables of optimum times of changing stress levels are
presented in Section 4.

2 Model and Assumptions

The cdf of a log-logistic distribution with parameters p and o is

G(t) = Wiogis (M) ., 0<t<oo, (1)

g

where Ujogis(h) = 1/(1+¢e7") is the cdf of the logistic distribution with 4 = 0 and o = 1.
We make the following assumptions:

1. Under any stress the life time of a test unit follows a log-logistic distribution with
known scale parameter o.

2. Testing is done at two stresses X; and X5, with X; < X5,

3. The relationship between the mean of the log life time p; and the stress X is p; =
Bo + $1X;, where 3, and 3; are unknown parameters to be estimated from the test
data. This relationship holds for design stresses between X, and X,.

4. The lifetimes of test units are independent and identically distributed.

5. All n units are initially placed on low stress X; and run until time 7 when the stress
is changed to high stress X,. At X, testing continues until all remaining units fail.
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It is easy to verify that the log-logistic cumulative exposure model for simple step-stress
is
‘;[]logis w> O<t<T,
G(t) = ) @)

log (t— po—H1)—
\Ijlogis og(t-rie )=z T<t< 0.

o

Let Y = log(T') then the cumulative exposure model and the corresponding probability
density function (pdf) of Y are

G(y) = Viegis(¢4) y e, 3)
9(Y) = 10i(y)Viogis(03) , y €Ny, “4)
for: = 1, 2, where
Ry = (—oo,log(7)], Ry = (log(1),00),
gbzzw? fz:ey_(l_]‘)67
ey

d=71(1l—et27m), pi = Po + b1 X5, mi(y)

:Ufi.

In expression (4), Yiogis(h) = e /(1 + e~")? is the pdf of the logistic distribution with
pw=0and o = 1.

Note that we can use an alternative expression for ¢1ogis(h) in terms of hyperbolic
secant, since we can write

1 1
ogis h) = = .
Yrogi (1) (h2(1+ eh))2  (eh/2 + e=h/2)?

Now, the hyperbolic cosine is defined as cosh(h/2) = (e"/? + e~"/2) /2, thus

1

77DlogiS(h> = W

Since the hyperbolic secant is defined as sech(h/2) = 1/ cosh(h/2), we write

wlogis<h> = iseChQ(h,/2> .

3 Maximum Likelihood Estimation and Optimum Plans

Lety;;, 1 = 1,2, 5 = 1,...,n,, be the logarithm of the observed life time of test unit j
under stress level i, where n; denotes the number of units failed at the low stress X; and
no is the number of units failed at the high stress X5. The pdf (4) can be written in terms
of the hyperbolic secant as

1 —
—sech® (M) , —oo < y < log(T)
9(y) = do 20 log( )
e¥ og(e¥ —7+T1elH ) — 1y
h? 1 <y <oo.
do(e¥—T1+Ter ) ( 20 ) . log(r) <y <0
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The likelihood function is

607 61|y7 H an] yz] 77b10gls ¢zy) (5)

=1 j=1

where ¢ij = (lOg(fZ]) — /LZ'>/O', nlj(ylj> = €yij/0'§ij, and gij = e¥ii — (Z — ].)(5 The
log-likelihood function is given by

10g(L(ﬁO7ﬁl|Qa C+ ZZ yzyvﬁ()?ﬁl (yl]aﬁl)) ) (6)

=1 j=1

where C = 327 | > iy Yij — (1 + ng2) log(4a), m(yij, Bo, B1) = 2log(sech(¢y;/2)), and
@ (Yij, B1) = log(&;)-

The maximum likelihood estimates Bo and Bl for the model parameters (3, and (3; are
obtained by solving the partial derivatives of the log-likelihood function

a 1 2 n;
95, 1081, Bily, ) = ;ZZ@ @
no 19 )
o7 stal ) = (33 - w0 35227
i=1 j=1 j=1 J

where ¥;; = tanh(¢;;/2).
The Fisher information matrix /' is obtained by taking the negative expected value of
the second partial and mixed partial derivatives of the log-likelihood function with respect
to o and [3;. Let
T2/0 3em/o 4 rl/e
3 (em/o 4 7l/7)3”°

— pH2— 1
0=ce ,

= —r1-0), o= A (o),

w = 0*(1 + cosh(e)) + o sinh(¢),

then the Fisher information matrix is

n | Fiy Fio
P | b

Fy Fo
where
Fio = X, (80V+07‘/ Ady> + X5 (/ Mdy)
R, & R, &
Fy = (80V+97’/§R 7_9+(§+T>MAdy> — X1 X201 (/9% WA(@)

X2 (/9%2 (ey_T)(€2;T+79w)Ady) |
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An optimum test plan can be determined by minimizing, with respect to the change time
T, the asymptotic variance of the maximum likelihood estimator of the model parameters
at the design stress X,. So, we will use numerical search methods to find the value of
7* that minimizes (1 Xo)F~'(1 X,)". Tables of optimum times 7* of changing stress
levels for different values of X, X5, 11, and o are provided in the next section.

4 Tables of Optimum Times of Changing Stress Levels

Optimum times 7% of changing stress levels are presented in Tables 1 to 4 for X; =
0.1,0.3,0.5,0.7,0.9, Xy = 0.2,0.4,0.6,0.8,1, gy = 1,2,3,and 0 = 1,1.5,2,2.5. From
these tables we can conclude that

1. given X, X, and p;, the optimum time 7* increases as o increases;
2. given X1, X, and o, the optimum time 7* increases as j; increases;
3. given Xy, p1, and o, the optimum time 7 increases as X5 increases;

4. given Xo, i1, and o, the optimum time 7* decreases as X; increases.

There are still some possibilities of future work. We may use more than two stress levels,
for example a three step stress model and obtain the optimum times of changing stress lev-
els. We may allow type I or type 1l censored data. Also, we may obtain different types of
interval estimation, for example large sample confidence intervals, bootstrap confidence
intervals and compare them in terms of their lengths and coverage probabilities. It will
be also interesting to evaluate the gain in efficiency in testing and precision in parameter
estimation in using censoring and additional stresses.

Table 1: Optimum times of changing stress when o = 1.0.

Xo

Xy p1 02 04 06 08 1.0
1 33 6.0 82 10.0 11.6
0.1 2 88 163 222 272 315
3 240 442 603 738 857
1 22 33 42 52
03 2 59 88 115 14.0
3 160 240 314 38.1
1 1.9 26 33
05 2 53 7.1 88
3 143 193 24.0
1 1.8 23
07 2 50 63
3 13.6 17.2
1 1.8
09 2 4.9
3 13.2
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Table 2: Optimum times of changing stress when o = 1.5.

Xa

Xy o 02 04 0.6 0.8 1.0
1 46 115 181 244 303
0.1 2 126 313 493 663 825
3 343 852 134.0 180.2 2242
1 25 4.6 6.9 9.2
03 2 6.7 126 189 25.1
3 183 343 513 683
1 2.1 33 4.6
05 2 5.7 9.0 126
3 154 245 343
1 1.9 2.8
07 2 5.2 7.5
3 142 205
1 1.8
09 2 5.0
3 13.6

Table 3: Optimum times of changing stress when o = 2.0.
Xo

X, m 02 04 06 08 1.0
1 69 230 416 614 819
01 2 187 624 1132 167.0 2226
3 508 169.7 3077 4540 6052
1 29 69 11.8 172
03 2 80 187 319 467
3 217 508 86.8 127.0
1 23 44 69
05 2 63 119 187
3 171 322 508
1 21 34
07 2 56 93
3 153 252
1 1.9
09 2 53
3 14.3
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Table 4: Optimum times of changing stress when o = 2.5.

Xo
X1 wm 0.2 04 0.6 0.8 1.0
1 104 46.6 974 157.6 2249
0.1 2 282 126.7 264.7 428.3 6114
3 766 3445 7194 11643 1662.0
1 3.5 10.4 20.3 32.5
03 2 9.6 28.2 55.1 88.4
3 26.0 76.6 149.8 240.3
1 2.6 5.8 104
05 2 7.1 159 28.2
3 19.2 43.1 76.6
1 2.2 4.3
07 2 6.1 11.6
3 16.6 31.6
1 2.1
09 2 5.6
3 15.3
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