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Abstract. The exponential, Rayleigh, linear failure rate and Weibull dis-
tributions are the most commonly used distributions for analyzing life-
time data. These distributions have several desirable properties and nice
physical interpretations. This paper introduces a new distribution named
modified Weibull distribution. This distribution generalizes the following
distributions: (1) exponential, (2) Rayleigh, (3) linear failure rate, and
(4) Weibull. The properties of the modified Weibull distribution are dis-
cussed. The maximum likelihood estimates of its unknown parameters
are obtained. A real data set is analyzed and it observed that the present
distribution can provide a better fit than some other known distributions.

M.S.C. 2000: 46N30, 47N30, 65C60.
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1 Introduction

In analyzing lifetime data one often uses the exponential, Rayleigh, linear failure rate
or Weibull distribution. These distributions have several desirable properties and nice
physical interpretations which enable them to be used frequently, for more details we
refer to [2]-[10]. In this paper, we present a new distribution called modified Weibull
distribution (MWD). The MWD generalizes all the above mentioned ones.

The linear failure rate distribution with the parameters o, > 0, such that a+5 >
0, and will be denoted by LFRD(«, 3), has the following cumulative distribution
function (CDF)

(1.1) FLF(x;a,ﬂ):lfexp{faxfﬁxz}, x> 0.

It is easily observed that the exponential distribution (ED(«)) and the Rayleigh dis-
tribution (RD(3)) can be obtained from LFRD(«,3) by putting 8 = 0 and o = 0
respectively. Moreover, the probability density function (PDF) of the LFRD(«, 8) can
be decreasing or unimodal but the failure rate function is either constant or increasing
only.
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The Weibull distribution with the parameters 3, > 0 and will be denoted by
WD(,7), has the following cumulative distribution function (CDF)

(1.2) Fw(z;8,v)=1—exp{-p2"}, z>0.

It is easily observed that the exponential distribution (ED(«)) and the Rayleigh dis-
tribution (RD(()) can be obtained from WD(f3,~) by putting v = 1 and v = 2
respectively. Moreover, the probability density function (PDF) of the WD(3, ) can
be decreasing or unimodal but the failure rate function is either constant or increasing
(starting from the origin) or decreasing.

In this paper we introduce a new three-parameter distribution function called as
modified Weibull distribution with three parameters a, 3, and it will be denoted as
MWD(a, 8,7). It is observed that the MWD(«, /3, v) has decreasing or unimodal PDF
and it can have increasing (starting from the value of «), decreasing and constant
hazard functions. We provide statistical properties of this MWD. The maximum
likelihood estimates (MLEs) of the unknown parameters are derived. The asymptotic
confidence intervals of the parameters are discussed. A set real data is analyzed and
it is observed that the present distribution provides better fit than many existing well
known distributions.

The rest of the paper is organized as follows. In section 2 we present MWD(«, 3, 7)
and discuss its properties in Section 3. The MLEs are provided in Section 4. Section 5
gives an application to explain how a real data set can be modeled by MWD(«, 3, 7).
Finally we conclude the paper in Section 6.

2 The MWD
The CDF of the MWD(a, 3, ) takes the following form
(2.1) F(z;a,8,v)=1— e r =BT >0,

where v > 0, «, 8 > 0 such that o+ 3 > 0. Here « is a scale parameter, while 5 and
~ are shape parameters.

The MWD(a, 3,7) generalizes the following distributions: (1) LFRD(«, ) by
setting v = 2, (2) WD(8, ) by setting o = 0; (3) RD(3) by setting o = 0,y = 2; and
(4) ED(«) by setting 8 = 0.

The PDF of MWD(«, 8, 7) is

(2.2) f@o,B,9) = (a+ Bya? ) e 7 1 >0,
and the hazard function of MWD («, §,7) is
(2.3) h(z;on B3,7) = a+ pya?™ Y, x> 0.

One can easily verify from (2.3) that: (1) the hazard function is constant when v = 1;
(2) when v < 1, the hazard function is decreasing; and (3) the hazard function will
be increasing if v > 1.

Figure 1 and 2 show, respectively, different patterns of the probability density
function and the hazard rate function of MWD(«, 8, v) for different parameter values.



Modified Weibull distribution 125

T
]
[}
1
1
2.5y
]
] a=1, =0.5, y=0.5
]
1

2+

15} [y a=1, B=1, y=1.5

\ / a=1, B=0.5, y=7

The probability density function

Figure 1: The probability density function

From these Figures, it is immediate that the PDFs can be decreasing or unimodal
and the hazard functions can be increasing or decreasing.

INTERPRETATION: It is interesting to observe that the CDF of the MWD(«, 3,~) has
a nice physical interpretation. It represents the CDF of the lifetime of a series system.
This system consists of two independent units. The lifetime of one unit follows ED(«)
and the lifetime of the other follows the WD(/3, 7).

3 Statistical properties

In this section we provide some of the basic statistical properties of the MWD(«, 3, 7).

3.1 Quantile and median
The quantile z, of the MWD(a, 3,7) is the real solution of the following equation:
(3.1) Bry” +oaxg+In(l—q)=0

The above equation has no closed form solution in z,, so we have to use a numerical
technique such as a Newton-Raphson method to get the quantile.
One can use (3.1), to derive the following special cases:

1. The ¢-th quantile of the LFRD(«, 3), by setting v = 2, as
1

20

J]q:

{—a—i— Va2 —48 1n(1—q)} .
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Figure 2: The hazard rate function

2. The g-th quantile of the WD(/3,~), by setting o = 0,

2y = {_; ln(l—q)}i.

3. The g-th quantile of the RD(), by setting v = 2 and o = 0,
1
g =14/—= In(1—q).
q ﬁ ( )

4. The g-th quantile of the ED(«), by setting 8 = 0,
1
xq:—aln(l—q).

or by putting y=1.

1
xqz—mln(l—q).

Put ¢ = 0.5 in equation (3.1) one gets the median of MWD(«, 3, 7).

3.2 DMode

The mode of MWD(«, 3,7) can be obtained as a solution of the following non-linear
equation with respect to x

(3:2) o® + 3272?07V 4 20By27 "t = By(y — 1)’ 2 =0.



Modified Weibull distribution 127

As it seems, the equation (3.2) has not an explicit solution in the general case. There-
fore, we discuss the following special cases:

(1) o # 0: there are two cases:

(a) If v = 1, the ED(a + ) case , in this case equation (3.2) reduces to
a+ 0 =0. Since a + § must be greater than zero, we get a contradiction
which means that there is no mode in this case.

(b) For v = 2, the LFRD(«, ) case, in this case (3.2) takes the following form
28 — (a + 2Bxz)% = 0. Solving this equation in z, we get the mode as

Mod(X) = @_a, such that /25 > a.

(2) a=0: the WD(f,~) case. In this case equation (3.2) reduces to

Byz" 2 {y—1-Byz"} =0.

1

Hence, we have either x = 0 or x = ("’5—_71) 7. Since = > 0, therefore the mode

1

in this case becomes Mod(X) = (%) " such that 4 > 1. Tt is known that

RD(f) can be derived from WD(/3, ) when v = 2, therefore the mode of RD(/3)

becomes Mod(X) = ﬁ

3.3 Moments
The following theorem gives the &t moment of MWD («, 8,7).

Theorem 3.1. If X has the MWD(«, 8,7), the kth moment of X, say pg, is given
as follows:

g G [Hthh) 4 gy L] fora, 6> 0,

il

(3.3) W = % fora=0,8>0,
F(Z-:l) fora>0,8=0.

The proof of this theorem is provided in the Appendix.
Based on the results given in theorem (3.1), the measures of skewness and kurtosis of
the MWD can be obtained according to the following relations, respectively,

o= M= 3p po + 243

(3.4) 3
(2 — .Ul) 2
and
(3.5) g — Ha = b + 642 o — 31

2
(2 — M%)

In Figure 3 and 4 we provide o* and §* for different values of -, when o = 1 and
B = 0.5. It is observed that o* and * first increase and then start decreasing. Also,
a* takes negative values when v becomes large.
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Figure 3: The Skewness measure a*.

3.4 The moment generating function
The following theorem gives the moment generating function (mgf) of MWD («, 3, )
Theorem 3.2. If X has the MWD(«, 3,7), then the mgf of X, say M(t) is :

200 (=8)" [ al(iv+1) + BT ((i+1)v) fora,3>0, a>t,

=0 il [(a=t)"FL T (a—t)GFD7
(3:6) M(t)={ s LrGa fora=0850,
ot fora>0,8=0,a>t.

The proof of this theorem is provided in the Appendix.
Note: Theorem 3.1 can be deduced from theorem 3.2 by using the relation between
the moments and moment generating function.

4 Parameter estimations

In this section, we derive the maximum likelihood estimates of the unknown parame-
ters a, @ and v of MWD(a, 8, ) based on a complete sample. Let us assume that we
have a simple random sample X7, Xa,---, X, from MWD(«, 3,7). The likelihood
function of this sample is

n

(4.1) L=]]f@ia 8,7

i=1
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Substituting from (2.2) into (4.1), we get

n
(4.2) L= H (a + B’yx?_l) e~ (ezitfz])

=1

The log-likelihood function is

(4.3) E:iln(a+6’yx371)—aixi—ﬂimz.
i=1 i=1 i=1

129

Computing the first partial derivatives of £ and setting the results equal zeros, we

get the likelihood equations as in the following form

E Zi,
Z%v

n

(4.4) 0 = > ———

P 1a+6w

n

(4.5) 0= > —Fi

iz 104+5W

(4.6) 0 = z”: (Lt 7In(z:)) waln (x;) .

o at Py '

Using (4.4) and (4.5), one can derive 8 as a function of o and 7 as in the form

n—ay; |

(4'7) 8= g(a77) Z?:l x;y
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Substituting (4.7) into (4.4) and (4.6), we get the following system of two non-linear
equations

(4.8) 0 = ;a+g( S Zax
n 1
(4.9) 0 = Z v, (14 on( xl Zw”ln (x;)

T a+gla,y)yel”

K2

To get the MLE of the parameters a and 7, & and 4, we have to solve the above
system of two non-linear equations with respect to a and . Then substituting & and
4 instead of o and v in (4.7) we get the MLE of . The solution of equations (4.8)
and (4.9) is not possible in closed form, so numerical technique is needed to get the
MLE.

Asymptotic Confidence bounds. Since the MLE of the unknown parameters
a, 3, and -y are not obtained in closed forms, then it is not possible to derive the exact
distributions of the MLE. In this paragraph, the approximate confidence intervals of
the parameters based on the asymptotic distributions of their MLE are derived. For
the observed information matrix of «, 3,7, we find the second partial derivatives of

L as

2L . 1
(4.1%9072 = —In=)Y (

P (a_’_l@,yxd—l))Q
2 B B n W«”’Y 1
(45% = —Ip = Z A(a ¥ Bryi-D)2
X a1+ y1In(x,))
(43%46% = —Ij3= Z

=1 (a+ﬁ7x(’y 1))
20 n 2,.2(y—1)
vix;
(4.1%—% = —Iy= _—
ﬁQ ; (a + ﬂ*’yz(’Y*l))z
2 1 In(z;
B Y e R S
Y

i=1 (CY + Byz; o 1)
L
(4'1%%7

Then the observed information matrix is given by

- a’yln xz)+2aln(xz) Bz} ~ o .
— I3 —52 o+ Bryi—D)2 +ﬁ;xi )

I Iip I3
I=| In I I |,
I31 Izp I3z

so that the variance-covariance matrix may be approximated as

—1
Vit Vie Vi Iin Lip I3

V = Voo Voo Vag | = | Io1 Iao Ia3
Va1 Vi Vas I3y I3p I3z
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It is known that the asymptotic distribution of the MLE (d,ﬁﬂ) is given by, see
Miller (1981),

a « Vit Vi Vi3
(4.16) 6 | ~N B |, Voo Vo Va3
A v Va1 Vi Vas

Since V involves the parameters «, 3, vy, we replace the parameters by the correspond-
ing MLE’s in order to obtain an estimate of V, which is denoted by

) 1:11 1:12 1:13
(4.17) Vv Ly Iy Iz
Lz Inz Iz

where fij = I;; when (o?,ﬁA,&) replaces (a, 5,7).
By using (4.16), approximate 100(1 — #)% confidence intervals for a, 8,v are deter-
mined, respectively, as

(4.18) diZe/z\/Vu, Bi20/2\/‘7227 and @iz(a/z\/f@s,

where zy is the upper —th percentile of the standard normal distribution.

5 Application

In this section we provide a data analysis to see how the new model works in practice.
The data have been obtained from Aarset [1] and it is provided below. It represents
the lifetimes of 50 devices.

1 .2 1 1 1 1 1 2 3 6 7T 11 12 18 18 18 18 18
21 32 36 40 45 46 47 50 55 60 63 63 67 67 67 67 T2 75
79 82 82 83 84 84 84 8 8 8 8 8 8 86

We have used the following different distributions: Rayleigh distribution (RD), expo-
nential distribution (ED), Weibull distribution (WD), linear failure rate distribution
(LFRD), and modified Weibull distribution (MWD) to analyze the data. The MLE(s)
of the unknown parameter(s) and the corresponding Kolmogorov-Smirnov (K-S) test
statistics for different models are given in Table 1.

Table 1. The MLE of the parameter(s) and the associated K-S values.

The model MLE of the parameter(s) Mg _s
RD(3) B =6.362 x 1074 0.1058
ED(a) & = 0.022 0.0933
WD (o, ) & =0.022, 8 = 0.949 0.0750
LFRD(a, ) & =0.014, 3=24x10"4 0.0923

MWD(a, 8,7) & =0.012,3 =2.159 x 1078,4 = 4.014  0.0739

To to show that the likelihood equations have a unique solution in the parameters,
we plot the profile log-likelihood functions of «, 8 and 7. Figures 5-7 show these
functions.
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Figure 5: The log-likelihood as a function of a.

Table 2. The MLE, the values of log-likelihood function and p-values.

The model H, L A d.f.  p-value
RD(0) a=0,7=2 -260.053 67.028 2 2776 x 10~
ED(a) 6=0 -241.090 21.102 2  4.255 x 1076
WD (o, 8) a=0 -241.002 20926 1  4.773x10°°
LFRD(q, 8) ~=2 -238.064 1505 1 1.047x 1074

Since RD(8), ED(«), WD(a, 8) and LFRD(«, B)are special cases of MWD(«, 3, 7),
we perform the following testing of hypotheses; (i) Hp : a« =0,v =2, (ii) Hp : 8 =0,
(ii) @« = 0, (iv) Ho : v = 2. We present the log-likelihood values (£), the values of the
likelihood ratio test statistics (A) and the corresponding p-values in Table 2. From
the p values it is clear that we reject all the hypotheses at any level of significance.

The nonparametric estimate of the survival function and the fitted survival func-
tions are computed and provided in Figure 8. It is clear from Figure 8 that the
modified Weibull distribution provides a good fit to the data set.

Substituting the MLE of the unknown parameters in (4.17), we get estimation of
the variance covariance matrix as

1.546 x 10~°  6.412 x 10~ —4.859 x 10~
(5.1) I''=| 6412x107 1989 x 1074 —1.081 x 1077
—4.859 x 10~* —1.081 x 107 0.594.

Therefore, the approximate 95% two sided confidence intervals of the parameters «,
B and v are [0.01, 0.025624], [0,3.19128 X 10*7} and [2.29922, 5.3203] respectively.
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Figure 6: The log-likelihood as a function of 3.

6 Conclusions

In this paper we introduced a three-parameter modified Weibull distribution (MWD)
and studied its different properties. It is observed that the proposed MWD has several
desirable properties and several existing well known distributions can be obtained as
special cases of this distribution. It is observed that the MWD can have constant,
increasing and decreasing hazard rate functions which are desirable for data analysis
purposes. Both point and asymptotic confidence interval estimates of the parameters
are derived using the maximum likelihood method. Application on set of real data
showed that the MWD can be used rather than other known distribution. To study
the properties of the MLEs of the parameters extensive simulations are required.
Also, the Bayes procedure can be used to derive the point interval estimates of the
parameters. More work is needed in this direction.

Appendix

The Proof of Theorem 3.1. Starting with

M = AOO xkf(w;a,ﬁ,’y)dw

then substituting from (2.2) into the above relation we have

(6.1) e = / ¥ (a4 Byz ") e A gy
0
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Now, there are three cases. Let us start with the first general case, namely, when
a >0 and 8 > 0. Using the following expansion of e=%*" given by

oo i i
—BzY _ (_1) ﬁ x"
(6.2) e = g —
=0
equation (6.1) takes the following form

L = Z (_1) ﬂ / ajk(a-f—ﬂ’}/lﬁ_l)xm@_amdaj
0

il
i=0

which can be rewritten as

— (1) [ [ iy —aw % ; .
e = Z ( ) B |:/ amk—&-z'ye—aaudx +/ ﬁ,yxk+(z+1)'y—1e—aandx:|
0 0

1!
i=0

B i (—1)'8° [T(k+iv+1) L BTk (i 4 1)y)
il ak+iy ok Gy
In the second case, we assume that « = 0 and § > 0. In this case relation (6.1)
reduces to

o0
[k :/ Byaktr—te=he dy
0

Setting SxY = u, then
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Figure 8: The empirical and fitted survival function.

Finally, assume that § = 0 and « > 0, then

o0
Lk :/ azfe %y =
0

which completes the proof.
The Proof of Theorem 3.2. Starting with

M) = B[] = [ e wa, b

0

T(k+1)
Oék

then substituting (2.2) into the above relation we have
(63) M) = [ (o e
0

Now, there are three cases. Let us start with the case when o > 0 and g > 0. Using
the relation (6.2), equation (6.3) takes the following form

M(t) = i (v's /Ooo(a | e Ve @D gy

7!
i=0

which can be rewritten as

M(t) = ; (_i?lﬁl |:/OOC axi’ye—(a—t)mdx + /OOO B,yx(i—i-l)'y—le—(a—t)mdm
B SC A CES L (X)) SR
1 | o>t

— )iy (a — t) D

=0
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Now, assume that a = 0 and § > 0. In this case relation (6.3) reduces to

M(t)z/ Brya? " tet* =P gy
0

Using the expansion e = > (mit!)l

< @) [ (u\T > (#)iD(1 +

=0

, and the transformation u = Bz, we get

Finally, assume that § = 0 and a > 0, then

M(t)= [Cae @9y = 2 o>t O
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