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ABSTRACT

The Inverse Gaussian (IG) distribution is commonly introduced to model and examine
right skewed data having positive support. When applying the IG model, it is critical to
develop efficient goodness-of-fit tests. In this article, we propose a new test statistic for
examining the IG goodness-of-fit based on approximating parametric likelihood ratios.
The parametric likelihood ratio methodology is well-known to provide powerful
likelihood ratio tests. In the nonparametric context, the classical empirical likelihood
(EL) ratio method is often applied in order to efficiently approximate properties of
parametric likelihoods, using an approach based on substituting empirical distribution
functions for their population counterparts. The optimal parametric likelihood ratio
approach is however based on density functions. We develop and analyze the EL ratio
approach based on densities in order to test the IG model fit. We show that the

proposed test is an improvement over the entropy-based goodness-of-fit test for IG
presented by Mudholkar and Tian (2002). Theoretical support is obtained by proving
consistency of the new test and an asymptotic proposition regarding the null distribu-
tion of the proposed test statistic. Monte Carlo simulations confirm the powerful
properties of the proposed method. Real data examples demonstrate the applicability of
the density-based EL ratio goodness-of-fit test for an IG assumption in practice.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The Inverse Gaussian (IG) distribution has a probability density function of the form

2 \? ! )

fx|u, 2)= <W> exp{— Zuzx(x_ﬂ) } x>0,
where p and /1 are parameters. The IG(y, /) distribution is extensively known for modeling and analyzing right skewed
data with positive support across several different fields of science, e.g., demography, electrical networks, meteorology,
hydrology, ecology, entomology, physiology, and cardiology (see, for example, Folks and Chhikara, 1978, 1989; Bardsley,
1980; Seshadri, 1993, 1999; Johnson et al., 1994; Barndorff-Nielsen, 1994). Given the utility of this distribution, it is
meaningful to develop a corresponding goodness-fit-test, which has satisfactory statistical properties. Towards this end,
we propose constructing a “distribution-free” goodness-of-fit test for the IG distribution, which is based on approximating

the appropriate parametric likelihood ratio test statistic.
The parametric likelihood approach is a powerful statistical tool, which provides optimal statistical tests under well-
known conditions; e.g., see Lehmann and Romano (2005); Vexler and Wu (2009); Vexler et al. (2010) and Vexler and
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Tarima (2010). By virtue of the Neyman-Pearson lemma, the likelihood ratio fy, /fy,, where fy, and fy, correspond to the
likelihoods under hypotheses H; and Hy, respectively, is the most powerful test statistic when fy, and fy, are completely
known. In the nonparametric context considered in this article, forms of fy, and fy, are unknown, but are estimable. In this
case, the Neyman-Pearson lemma motivates us to approximate the optimal likelihood ratios using an empirical approach.

Claeskens and Hjort (2004) introduced a complex method to construct goodness-of-fit tests based on a nonparametric
density estimation strategy, which is based on producing test statistics in forms of estimated likelihood ratios. This
approach assumes that we can present the density under H; as

Sii, @) = fuy (x)exp{Zaﬂ//j(x)} / / i (x)exp{Zaij»(x)} dx,

jes jes

where the orthogonal functions y; satisfy certain conditions. The parameters g; in the previous expression are estimated
via the maximum likelihood method, when j € S,, with the set S, that approximates S, a subset of the natural integer
numbers. Since the technique of Claeskens and Hjort (2004) requires complex evaluations of various parameters and the
selection of orthogonal functions, the corresponding test should be based on large samples in order to have the appropriate
type I error control while in turn having good power properties.

As an alternative to the strategy outlined above, we develop a relatively simple approach that approximates the most
powerful likelihood ratio goodness-of-fit test for the IG distribution. The method is efficient and utilizes adapted principles
of the empirical likelihood (EL) methodology. The EL approach allows investigators to employ methods with properties
that are close, in the asymptotic sense, to those of parametric likelihood techniques without having to assume a parametric
form for the likelihood functions under either hypothesis H; or Hy (e.g., Lazar, 2003; Qin and Lawless, 1994; Owen, 2001;
Vexler et al., 2010; Vexler et al., 2009; Yu and Vexler et al., 2009). The main advantage of the EL approach is that it is based
on the maximum likelihood methodology when given a set of well-defined empirical constraints. The EL function of n i.i.d.
observations Xj,...,X; has the form of L,= [[{_,p; where the p;'s, i=1,...,n, maximize L, and satisfy empirical
constraints corresponding to hypotheses of interest. This approach is based on the likelihood methodology involving
cumulative distribution functions F(x). In this case, the likelihood has the form of [T{_,{F(X;)—F(X;")} (see, for details,
Owen, 2001). For example, if the null hypothesis is Hy : E(X) = 0, then the values of p;’s in L, should be chosen to maximize
L, given YI_;pi=1and Y'_;piX;=0, where the constraint > /_;p;X;=0 is an empirical version of E(X)=0. The
components p;’s of the EL can be obtained using Lagrange multipliers.

Vexler and Gurevich (2010), as well as Gurevich and Vexler (2010), utilized the main idea of the classical EL
methodology to approximate parametric likelihood ratios. The authors proposed a nonparametric approach based on
approximate density functions. In this article, we derive the EL ratio test for the IG distribution, using the density-based
and distribution-free likelihood approach by Vexler and Gurevich (2010). Following Mudholkar and Tian (2002), we
transform the observations to be Y;=1/y/X;, i=1,...,n, and present the likelihood function under the alternative
hypothesis in the form of Ls = []_, f;, where f; = f(Y;)), f is a density function, Y{;, is the i-order statistic based on Y1, ..., Y;.
Values of f; can be estimated by maximizing Ly given an empirical version of the constraint [ f(u)du = 1. The nonparametric
likelihood method mentioned above is then utilized for the purpose of developing our goodness-of-fit test statistic. Since
the proposed test statistic approximates the most powerful parametric likelihood ratio test, the density-based EL ratio test
is shown to have very efficient characteristics. We also demonstrate the proposed test statistic improves upon the decision
rule of Mudholkar and Tian (2002) and maintains good type I error control for finite samples.

In Section 2, we create the EL test based on densities for the IG. Here, theoretical propositions depict properties of the
test. A Monte Carlo study of the power of the test is presented in Section 3. Section 4 is given to real data examples
employing the proposed test. Section 5 consists of concluding remarks.

2. Method

In this section, we derive the EL ratio goodness-of-fit test based on approximating the densities for the IG distribution
under the null and alternative hypotheses. The proposed test is shown to be consistent as n— oo. Consider the problem of
testing the composite hypothesis that Xj, ..., X, are distributed as IG with unknown parameters u and /. Mudholkar and
Tian (2002) presented an entropy characterization property of the IG family. The authors constructed a goodness-of-fit test
for the IG distribution based on a test statistic involving the sample entropy. Their test statistic contains an integer
parameter with unknown optimal values. The power of the entropy-based test statistic is strongly dependent on values of
the unknown parameter. Mudholkar et al. (2001) also developed a goodness-of-fit test for the IG model by using a
characterization theorem for the IG distribution for which it is known that X = >>7_; X;/nand V={3"}_,(1/X;—1/X)}/n
are independent when the random sample (X, X, ..., X;;) is from an IG population.

To approximate the optimal parametric likelihood ratio, we note the following issues. In the context of testing for an IG, we
must assume that the null density function, say fu,, of Y; = (v/X)™! is known up to parameters y and A, whereas under the
alternative hypothesis, Y; has a completely unknown distribution, fy,. In this case, the maximum likelihood estimation can be
applied to evaluate the unknown parameters u and 4 approximating the Hy-likelihood function. However, the H;-likelihood
function, say fu, V1, . .. yn), should be approximated nonparametrically. Towards this end, we propose to apply a density-based EL

Please cite this article as: Vexler, A, et al., An empirical likelihood ratio based goodness-of-fit test for Inverse
Gaussian distributions. J. Statist. Plann. Inference (2011), doi:10.1016/j.jspi.2010.12.024



dx.doi.org/10.1016/j.jspi.2010.12.024

A. Vexler et al. / Journal of Statistical Planning and Inference n (1nin) una-am 3

technique (e.g., Vexler and Gurevich (2010)). According to this methodology, which is based on densities rather than the classical
maximum EL methodology based on the empirical distribution function, we derive approximation of the parametric likelihood
o fYp=TI{_1fi, i=1,...n, where fi=f(Y) with Y3=1/\/Xuiz1, Xa<Xgz,... < Xum. (The transformation
Yy =1//Xnu_i+1, was proposed by Mudholkar and Tian (2002) in the context of the entropy-based test for the IG.) In the
following section, we present the method for approximating the H;-parametric likelihood function []{_, fi, i=1,...,n with its
empirical counterpart.

2.1. Density-based EL ratio goodness-of-fit test

The distribution-free EL ratio tests are comparable asymptotically with the powerful parametric likelihood ratio tests
over variety of statistical inference problems. In Section 1, we outlined the classical EL approach, which has been dealt
with extensively in the literature (e.g., Lazar, 2003;; Qin and Lawless, 1994; Owen, 2001; Yu and Vexler et al., 2010; Vexler
and Gurevich, 2010). In accordance with the EL literature, the EL approach is a cumulative distribution based method.
However, the optimal parametric likelihood ratio tests are density-based. Hence, some modifications are necessary for
applying this method to the problem at hand.

Utilizing the main idea of the classical EL technique, the density-based EL ratio tests were derived to provide efficient
tests for normality and uniformity (Vexler and Gurevich, 2010). Following the maximum EL methodology, we can derive
values of f;, i=1,...,n, that maximize Ly and satisfy the empirical constraints under the alternative hypothesis Hj.
Obviously, values of f; should be restricted by the equation [ f(u)du = 1. Thus, we need an empirical form of the constraint
Jf(w)du=1. This empirical constraint can be obtained by the following lemma.

Lemma 2.1. Let f{y) be a density function. Then

>

ji=17Y-m

Yiim Ykt

) Y m-1 m-1 Yir1
dy =2 dy— —k dy— — d
f@)dy =2m /y - rody- Yk /Y Ty Yk /y oy
Y _
~2m f(y)dy—m(mTl).

Yy

where Y(i_m) =Y, if j-m<1,and Y m) =Y, if j+m=>n.

Proof. We outline the proof in appendix.

(In Lemma 2.1, the empirical approximation ‘ ~’ means that in the remainder term

m-1 Yok+1) Y1) m-1 F(Yu_k+1)) F(Yges1))
k_zfmk)< [ oy + /Y f(y)dy>= Z(mk)((/ dy+ [ dy)

Yk k=1 F(Yn-k)) F(Yiky)
the corresponding distribution function F of Y was replaced by the empirical cumulative distribution function based on
Y1,..., Yy, for details see Appendix A.)
By virtue of Lemma 2.1, it is obvious that since

~Yin) ~00
/ fody < / fdy =1,
" v (1)
1 & Ygem
I'm Eﬁj; /Y fdy <1.

G-m)

Note that, using the empirical approximation to the remainder term in Lemma 2.1, we have

_(m-1)

Yo (m_])
rm:'/ym fpdy- T <1- T

We can also remark that considering the representation in Lemma 2.1, one can empirically estimate Iy, via

A Fa(Yw) _ _
sz/ " gy m=D _y 1 @m-1)

=1——
FaYay) 2n n 2n

Thus, we can obtain that I', &1 when m/n—0 as m, n—oo. For simplicity, by applying the approximate analog to the
mean value integration theorem, we can write

Yitm
/Y " )y = Yy m—Yg-m)f

(G—m)

Please cite this article as: Vexler, A, et al., An empirical likelihood ratio based goodness-of-fit test for Inverse
Gaussian distributions. J. Statist. Plann. Inference (2011), doi:10.1016/j.jspi.2010.12.024



dx.doi.org/10.1016/j.jspi.2010.12.024

4 A. Vexler et al. / Journal of Statistical Planning and Inference 1 (xiin) ni-am
Therefore, by virtue of Eq. (1), the empirical constraint under the alternative hypothesis is given by
N 1 &
Fn=o- > iV em—Yim) < 1. )
j=1

Consequently, under the empirical constraint (2), the Lagrangian function of the log EL is

n . «1 n
> logfi+/a <m2g(yu+m)—yq_m))—1>, 3)

i=1 j=1

where 2 is a Lagrange multiplier. Values of f; maximizing Eq. (3) given the constraint Eq. (2) satisfy the equation

1 A
E+ﬁ(yu+m)_y(i—m))=0 4)

Then, l+il(2m)’1fj(YU+m)—Yu~,m)) =0 and taking summation, we conclude with

n
I”H—}q (2m)"1 Zf}(yg+m)_y(j—m)) =0.
=1

Since Eq. (2), we have /; = —n. Finally, by Eq. (4), the target values of f,...,f, have the form of

_ 2m
N n(y(jﬂn)*y(j—m)) ’

f j=1,...,n, 5)
where Y_p,, =Y, if j-m<1, and Y, m) =Y, if j+m=>n.
Thus, using the maximum EL method, the likelihood ratio test statistic can be constructed as

Hl’l 2m
j=1 (Y4 my—Yi-m)

TKnym = .
" max T fuo (Y |0)

(6)

The density fy,(u|0) has the form of

22\ "2 -1 2 /9,2
fuy(u|0)= (;) exp(—Au™" —puu)*/2u°),
where 0= (u, 1).
When the parameters y and A are unknown, the maximum likelihood estimators jt and 4 can be applied to Eq. (6). Now
the test statistic can be written as

H(l 2m

j=1 (Y my—Yi-m)
2_2 n/2
e

where /= nji? [ZL] (¥ ! —,&Y,-)z} ! and p=n"30_ Y

This test statistic TK,,, is equivalent to the entropy-based test statistic that was proposed by Mudholkar and Tian (2002)
who arrived at it in a different manner via entropy-based consideration (for details, see Appendix B). The step-by-step
derivation of the EL-based method given above demonstrates how the test statistic TK,, is an approximation to the
optimal likelihood ratio. Thus, we expect directly that a test based on TK,,,, will provide highly efficient characteristics. The
distribution of the test statistic depends strongly on values of the integer parameter m. To efficiently execute the test based
on sample entropy, the optimal values of m should be evaluated. In accordance with Mudholkar and Tian (2002), these
optimal values of m can be presented using information regarding the alternative distribution. We take this one step forth
and can improve upon the test statistics TK,,,, in the context of eliminating dependence on the integer parameter m by
reconsidering the test construction with respect to the EL concept. The constraint Eq. (1) is taken into account in order to
derive the EL ratio test based on densities. However, if for some m, I'y;, = ﬁz}’?:] f;;q;")nf(y)dy > 1, then f\}"‘ln" f(y)dy =1 by
virtue of Lemma 2.1, which is inadmissible. Thus, we restrict values of f; to satisfy I"m = 55 57 _ 1 fi(Yj_m—Ym) < 1, for all
m. It is clear that there exists an integer mg satisfying

TKnm = ’ (7)

n n
‘max i max [
fryenfulm < 1for all m——3 froefnilmg <1775
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Therefore,

n
_max H ;< min  max Hﬁ 8)
frvefailm < 1for all m - T<mofy, ..ful'my <1775

(Here, if a > b, then, min(a) > min(b).)
Because the constraint (2) approximates Eq. (1), if f;, j=1,...,n satisfies I'y <1, for some r, we have

1 r 1 r Yq‘+ri Yy
=32 VYo = 5> [ fwduz [ fandu
ji=1 j=17%-n 1

II?

ZkZ /v faydu =T

j=17Yi-b

Hence, ', < 1. That is, if f;, .. .. f, satisfy I', <1, we can expect that f;, ..., f, are subject to I';, < 1, for k=7 too. Thus, we can
expect that

n n
max [[fiz max Hf>rr11n max [ f )

Foodo PmS L7 o o<1 20 M0 fifuilmg <1725

forallm for some mg

Eqgs. (8) and (9) conclude the approximation to the likelihood and can be defined as

e, e 1

The occurrence of the minimum of m into the approximation is strongly justified in the proofs of the proposition, which
show the asymptotic consistency of the proposed test. This proposition will be introduced below.

Since in the equation below (1), we have the remainder term (m—1)/2n that should be vanished as n— oo, we also
require that m = o(n) as n— oco. This conditional bound on m is also mentioned in the literature with respect to proving the
consistency of entropy-based tests (e.g., Vasicek, 1976; Tusnady, 1977; Vexler and Gurevich, 2010). Thus, we propose the
test statistic in the form of

min

2m
TKn 1<m<nd ij1 (Y4 my—Y(i-m))

%"

a -1
where /= nj? [Z?:1 (Y,»”—,&Y,»)z} and fi=n"13"_,Y;"% In this article, we will utilize 6 =0.5. (Section 3 shows the

, (10

power demonstrated by the proposed test is relatively the same for different values of 6 € (0, 1)). Finally, we introduce the
test for IG distribution having the form: Reject the null IG hypothesis if log(TK;) > C, where C is a test threshold. The next
proposition depicts the asymptotic consistency of the test.
Proposition 2.1. Under Hy,n™! log(TKr,)ﬂO,

while, under Hi, if E(logfu,(Y1))* < oo, then n~! log(TK,,)£>Elog<f£(‘}‘,m,)) >0, as n—oo, where a=(E(Y;?), 1/[E(Y?)—
EXT2) D).

Proof. See appendix.

The proof of Proposition 2.1 is based on Proposition 2.2 of Vexler and Gurevich (2010), where the minimum of m into the
test statistic is formally justified.

Proposition 2.1. demonstrates that Py, (log(TK;) > C;) = 1, where C, is a critical value satisfying the type I error « when
n—oo. Therefore, the proposed test is consistent (i.e., asymptotlc power one).

2.2. Null distribution

Certain lines of research have developed around the asymptotic distribution problems involving Vasicek’s entropy
estimator and different entropy-based statistics (e.g., Cressie, 1976; Dudewicz and van der Meulen, 1981; Hall, 1984, 1986;
Khashimov, 1989; Van Es, 1992). It is generally recognized that the asymptotic distribution of the test statistic, log(TK,),
which includes an estimate of the nuisance parameter, jt of u as well as J of J, in the IG case, is analytically difficult.
Practical applications motivated us to consider critical values for fixed sample sizes. Thus, in this article, we tabulate the
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critical values for fixed sample sizes using a broad set of Monte Carlo simulations. The asymptotic results which were
presented in this section assist to control p-values of the proposed test for large samples.

To tabulate the Monte Carlo percentiles of the null distribution, we conducted the following Monte Carlo experiment.
The experiment draws 50,000 replicate samples of the test statistic log(TK,,) at each sample size n. In this experiment, data
were generated from the IG(1,1) distribution. The generated values of the test statistic log(TK,) were used to determine the
critical values log(TK; ;) of the null distribution of log(TK;) at the significance level o. The results of the experiment are
presented in Table 1.

In order to evaluate the accuracy of the obtained critical values, we depict in Table 2 the estimated type I error control
using the 5th percentiles of log(TK),) test statistic (¢ = 0.05). Towards this end, we generated random samples from the IG

Table 1
The critical values?, log(TKj; ), of the proposed test at the significance level a, i.e., Py, {log(TKy) > log(TK}; )} = .

Sample size o
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
10 7.1106 6.5853 6.2781 6.0392 5.8605 5.7016 5.5559 5.4365
15 8.4823 7.8319 74314 7.1291 6.9042 6.7207 6.5589 6.4104
20 9.1504 8.4316 7.9990 7.6968 7.4769 7.2840 7.1336 6.9831
25 9.6813 8.9327 8.5005 8.1984 7.9547 7.7582 7.5782 7.4365
30 10.3156 9.5426 9.1027 8.7600 8.4807 8.2622 8.0810 7.9190
35 10.7687 9.9797 9.5197 9.1735 8.9102 8.6944 8.4981 8.3395
40 11.1102 10.3427 9.8696 9.5152 9.2475 9.0397 8.8636 8.7066
45 11.4799 10.7279 10.2458 9.8953 9.6262 9.3990 9.2114 9.0504
50 11.7863 11.0235 10.5751 10.2299 9.9838 9.7577 9.5647 9.3945
55 12.2253 11.4291 10.9412 10.5814 10.3017 10.0863 9.8780 9.6964
60 12.4767 11.6485 11.1331 10.7850 10.5217 10.3099 10.1081 9.9422
65 12.7206 11.8821 11.4015 11.0314 10.7672 10.5457 10.3398 10.1695
70 13.0735 12.2269 11.7186 11.3325 11.0447 10.7979 10.5989 10.4137
75 13.3515 12.5373 12.0057 11.6373 11.3509 11.1066 10.9014 10.7156
80 13.6866 12.8380 12.3101 11.9135 11.5901 11.3451 11.1249 10.9333
85 13.8912 12.9608 12.5013 12.1090 11.8101 11.5501 11.3309 11.1470
90 14.1715 13.2555 12.7261 12.3453 12.0278 11.7836 11.5773 11.3801
95 14.3226 13.3931 12.8802 12.5106 12.2058 11.9523 11.7369 11.5396
100 14.5004 13.5990 13.0714 12.6594 12.3785 12.1138 11.8898 11.6932
120 15.3873 14.4181 13.8550 13.4787 13.1542 12.8996 12.6652 12.4551
150 16.3815 15.3858 14.8241 14.3910 14.0375 13.7557 13.5141 13.2955
200 17.6377 16.7383 16.1220 15.6491 15.3042 15.0077 14.7280 14.5083
250 19.0457 18.0246 17.3325 16.8719 16.4938 16.1581 15.8500 15.5890
300 20.0134 18.8813 18.1871 17.7225 17.3100 16.9705 16.6827 16.4113
o
0.09 0.1 0.2 0.25 0.3 0.5
10 5.3403 5.2464 45818 43537 41537 3.5341
15 6.2808 6.1572 5.3583 5.0968 4.8658 41954
20 6.8429 6.7233 5.8916 5.6168 5.3909 4.6884
25 7.3021 7.1786 6.3610 6.0822 5.8399 5.0826
30 7.7906 7.6603 6.8005 6.5054 6.2528 5.4606
35 8.2009 8.0782 7.1993 6.8813 6.6158 5.7813
40 8.5511 8.4212 7.4996 7.1925 6.9176 6.0574
45 8.9051 8.7682 7.8237 7.4973 7.2154 6.3309
50 9.2391 9.0930 8.1252 7.7896 7.5094 6.5824
55 9.5344 9.3925 8.3903 8.0455 7.7480 6.7965
60 9.7673 9.6370 8.6481 8.3002 8.0015 7.0258
65 10.0041 9.8645 8.8596 8.5034 8.1955 7.1992
70 10.2722 10.1242 9.1086 8.7367 8.4193 7.3990
75 10.5448 10.3932 9.3044 8.9402 8.6249 7.5767
80 10.7531 10.6066 9.5426 9.1530 8.8196 7.7530
85 10.9747 10.8349 9.7473 9.3604 9.0177 7.8937
90 11.2128 11.0538 9.9233 9.5282 9.1813 8.0560
95 11.3760 11.2151 10.0996 9.7067 9.3485 8.2065
100 115174 11.3670 10.2358 9.8300 9.4805 8.3179
120 12.2712 12.0964 10.8948 10.4702 10.0877 8.8112
150 13.1050 12.9199 11.6778 11.2222 10.8089 9.4228
200 14.3100 14.1224 12.7396 12.2268 11.7565 10.1912
250 15.3619 15.1536 13.6324 13.0803 12.5864 10.8283
300 16.1683 15.9364 14.3229 13.7106 13.1711 11.2812

4 Simulation estimates based on 50,000 replications of data at each n and o.
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Table 2
Type I error control® of the proposed log(TK,) test: o=0.05.

Sample size IG(1, 0.5) IG(1, 2) IG(1, 4) IG(1, 8)
10 0.0445 0.0532 0.0601 0.0654
20 0.0424 0.0503 0.0541 0.0573
30 0.0486 0.0534 0.0524 0.0553
40 0.0504 0.0514 0.0529 0.0585
50 0.0446 0.0527 0.0520 0.0489

¢ Simulation estimates based on 10,000 replications.

Table 3
The Monte Carlo Type I errors of the proposed test with critical values obtained by Proposition 2.2 to guarantee o=0.05.

Sample size Monte Carlo Type I error
100 0.0507
150 0.0621
200 0.0829
250 0.0309
300 0.0459
500 0.0334

populations. A selection of the results is displayed in Table 2. It can be seen that the empirical percentiles given in Table 1
provide an excellent type I error control and thus can be confidently recommended to be used in practice.

In this article, we also present an asymptotic result that insures the appropriate significance level of our test is
maintained as n— oo. The following proposition provides an asymptotic upper bound on the significance level of the test
based on the statistic (10). Define mg = an!/3[(log(n))*/*log(log(n))]"! +b, where a and b are constants.

Proposition 2.2. The significance level of the proposed test satisfies asymptotically (n— oco) the inequality
. log(TK,
Jim Py, | (Gtmom)' ? (5 —log@imaD -+ Ryny1 ) > €| < 1-(C),

where @ is the standard normal distribution function, y=0.5772 is Euler constant, and R, = Z}": 1 1/j; [d] is an integer part
of d.

Proof. See appendix.

Note that we chose mg to minimize a distance between the asymptotic distributions of log(TK;) and 1og(TKym,}), where
TKum is defined by Eq. (7). Regarding the constants a and b, we suggest applying the values a=29.42109 and b= —29.87852.
These values were obtained empirically based on a broad Monte Carlo study. For example, when n=100, by virtue of the
Proposition 2.2, the recommended asymptotically critical value is 12.44114 at 2=0.05, that corresponds to the actual type I
error, 0.0507 obtained using IG(1,1) random samples. The next table represents the actual type I errors of the proposed
test, when the critical values were chosen with respect to Proposition 2.2 for o = 0.05. The results presented in Table 3 are
based on generated samples from IG(1,1).

Table 3 demonstrates that the upper bound obtained by Proposition 2.2 can be used in practice.

3. Power properties

The proposed goodness-of-fit test statistic approximated nonparametrically the optimal likelihood ratio. Thus, we
expected our test statistic (10) to provide a powerful test as compared to its competitors. The following Monte Carlo study
was conducted to investigate the power properties of the proposed IG goodness-of-fit test for moderate sample sizes. In
this study, 10,000 repetitions of data with size n=10, 20, 30, were computed from each of the following populations:
exponential with mean 1, uniform [0, 1], Weibull (1, 2) with scale parameter 1 and shape parameters 2, and lognormal
(0.5, 1) with mean e, and standard deviation e~/e—1. The power study follows a similar line that was found in Mudholkar
and Tian (2002). Table 4 shows the estimated power of our EL goodness-of-fit test Eq. (10) as compared to other goodness-
of-fit tests presented by Mudholkar and Tian (2002), Mudholkar et al. (2001), Edgeman et al. (1988) and by Edgeman
(1990). Because of the problem of choosing an optimal m, we represent the test proposed by Mudholkar and Tian (2002)
for different values of m as seen in Table 4.

The Monte Carlo study demonstrates the power of the EL goodness-of-fit test is superior to or roughly equal to the
Mudholkar and Tian (2002) test with values of m that were selected by Mudholkar and Tian empirically, and given known
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Table 4
An empirical power comparison® for the density-based empirical likelihood ratio test at o=0.05.

Distribution N Knm=2 Knm=3 Knm=4 Knm=5 z KS1 KS2 K,
Exponential 10 0.2075" 0.1991 0.1499 0.0643 0.0206 0.262 0.280 0.2060
20 0.4668 0.4675° 0.4347 0.3781 0.0226 0518 0.525 0.4636
30 0.6347 0.6597° 0.6563 0.6169 0.0328 0.654 0.668 0.6446
Uniform(0, 1) 10 0.4768° 0.4759 0.3987 0.1857 0.1814 0.342 0.356 0.5078
20 0.8682 0.8802" 0.8645 0.8407 0.426 0.616 0.630 0.8826
30 0.9687 0.9789° 0.9833 0.9772 0.5764 0.776 0.782 0.9815
Weibull(1, 2) 10 0.1251° 0.1256 0.1064 0.0428 0.0721 0.06 0.074 0.1354
20 0.2536 0.2707" 0.2332 0.2105 0.1611 0.128 0.080 0.2565
30 0.3564 0.3895" 0.4028 0.3636 0.277 0.168 0.111 0.3847
LogNor(0.5, 1) 10 0.0467" 0.0464 0.0437 0.0318 0.0407 0.048 0.055 0.0460
20 0.0588 0.0535" 0.0441 0.0351 0.042 0.068 0.080 0.0541
30 0.0707 0.0679" 0.0591 0.0517 0.0397 0.082 0.111 0.0547

2 Simulation estimates based on 10,000 replications.

P Values corresponded to the optimal m found empirically by Mudholkar and Tian (2002) given known alternatives. K, ,—entropy-based test
(Mudholkar and Tian, 2002); Z—indepedence characterized test (Mudholkar et al., 2001); KS1—modified Kolmogorov-Smirnov test (Edgeman et al.,
1988); and KS2—Kolmogorov-Smirnov test using transformation (Edgeman, 1990).

Table 5
An empirical power evaluation® of the proposed test statistic (10) with different § at «=0.05.

Distribution n 0=0.4 0=0.5 =06
exp(1) 10 0.2179 02156 0.2051
20 0.4659 0.4648 0.4595
30 0.6541 0.6459 0.6453
Unif(0, 1) 10 0.4974 0.5128 0.4922
20 0.8819 0.8820 0.8793
30 0.9803 0.9810 0.9792
Weibull(1, 2) 10 0.1328 0.1358 0.1311
20 0.2642 0.2634 0.2589
30 0.3831 0.3875 0.3795

@ Simulation estimates based on 10,000 replications.

alternatives (see Remark 4.2 in Mudholkar and Tian (2002)). Table 4 depicts how the selection of m strongly affects the
power of the test statistic proposed by Mudholkar and Tian (2002). The wrong choice of m can lead to a 50% reduction in
the power of the entropy-based test by Mudholkar and Tian (2002). We investigate the power in the next section utilizing
the real data examples.

Remark. The definition (10) of the proposed test statistic includes J € (0, 1). We set up ¢ = 0.5. To investigate the test
statistic with different values of 6, we conducted an extensive Monte Carlo study. Table 5 displays a part of outputs
obtained in this The Monte Carlo study. Monte Carlo power of the proposed test was not found to be significantly
dependent on the values of . This is due in part to the fact that the proposed operator min, which appeared in Eq. (10), has
the functional ability to detect well the preferable values of the integer parameter m that in turn is a component of the
entropy-based test statistic (7). We can hypothesize that preferable values of the integer parameter m are mostly located
below or around n®°. (Similar situations were depicted by Vexler and Gurevich, 2010, when the authors analyzed a
density-based empirical likelihood test for normality.) To study this issue analytically, we assume complex asymptotic
evaluations related to the proposed test are needed, which requires substantial mathematical details beyond the scope of
this article. Towards this end, we plan to address asymptotic distributions of the proposed test statistic in future work.

4. Data examples

In this section, we use the proposed EL goodness-of-fit test described above and the test proposed by Mudholkar and
Tian (2002) to evaluate the appropriateness of the IG distribution to data from four different studies that were analyzed in
Folks and Chhikara (1978). The data sets were composed of shelflife (days) of a food product (say, Dataset 1), fracture
toughness of MIG (metal inert gas) welds (say, Dataset 2), precipitation (inches) from Jug Bridge, Maryland (say, Dataset 3),
and runoff amounts at Jug Bridge, Maryland (say, Dataset 4). Table 6 presents the p-values obtained via the EL goodness-of-fit
test and the entropy-based test by Mudholkar and Tian (2002) for our example data.

Please cite this article as: Vexler, A, et al., An empirical likelihood ratio based goodness-of-fit test for Inverse
Gaussian distributions. J. Statist. Plann. Inference (2011), doi:10.1016/j.jspi.2010.12.024



dx.doi.org/10.1016/j.jspi.2010.12.024

A. Vexler et al. / Journal of Statistical Planning and Inference n (1nin) una-am 9

Table 6
Test for the IG based on the data introduced in Folks and Chhikara (1978).

Dataset Sample size Test p-Value
1 26 TK>6 0.0063
Ka6, m=2 0.0061
K26, m=3 0.0058
K26, m=a 0.0090
K26, m=5 0.0041
2 19 TKo 0.1791
K19, m=2 0.1565
Kio, m=3 0.1516
Kio, m=4 0.2663
K19, m=5 0.3379
3 25 TK>s 0.0099
K5 m=2 0.0197
Kos m-=3 0.0159
Kas, m=a 0.0098
KZS, m=5 0.0063
4 25 TKas 0.9271
K35, m=2 0.9393
Kas, m=3 0.9538
K35, m=a 0.8738
K>5 m-=s5 0.8001
Table 7

Bootstrap type proportion of rejection® of the tests for the IG at 5% level of significance.

Sample size Knm=2 Knm=3 Knm=4 Knm-=5 TK;,
Dataset 1 15 0.7199 0.6655 0.6799 0.7024 0.6796
20 0.9023 0.8574 0.8468 0.8662 0.8499
Dataset 2 10 0.2961 0.2583 0.2784 0.2226 0.2625
15 0.5649 0.3762 0.3302 0.3422 0.4059
Dataset 3 15 0.688 0.6486 0.5989 0.6507 0.6389
20 0.8422 0.8168 0.7961 0.7893 0.8082
Dataset 4 15 0.1898 0.0997 0.0728 0.0767 0.0938
20 0.2820 0.1318 0.0889 0.0761 0.0948

2 Bootstrap type estimates based on 10,000 replications.

Based on the results from Table 6, our test and the test by Mudholkar and Tian (2002) provide identical conclusions
about the goodness-of-fit test of the IG distribution at oo = 0.05. The IG distribution is rejected for Datasets 1 and 3. The
EL-based goodness-of-fit test indicates that Datasets 2 and 4 are well described by an IG distribution. Note that Folks and
Chhikara (1978) did not reject the IG distribution for Dataset 1 using Kolmogorov-Smirmov test. In this case, both the
proposed test and the entropy-based test proposed by Mudholkar and Tian (2002) rejected the assumption that Dataset 1
follows an IG distribution. If the rejection level is set at & =0.01, the Mudholkar and Tian (2002) test provides different
decisions depending on values of m for Dataset 3. The density-based EL ratio goodness-of-fit test demonstrates high
sensitivity in these data examples given non-IG alternatives.

In addition to our illustration, a bootstrap type study was conducted to examine the proposed EL-based goodness-of-fit
test and the test by Mudholkar and Tian (2002). From each of Datasets 1, 3 and 4, two samples with the sizes 15 and 20
were randomly selected, respectively, in order to be tested for an IG fit at a 5% level of significance. Two samples of sizes 10
and 15 were randomly selected from Dataset 2, respectively, to be tested for an IG fit at a 5% level of significance. We
repeated this strategy 10,000 times calculating the frequencies of the events log(TKig) > Coos =5.8605, log(TK;s) >
Coos =6.9042, log(TK) > Co s = 7.4769 (the critical values were chosen from Table 1). In a similar manner to the structure
above, we examined the test proposed by Mudholkar and Tian (2002). For Dataset 2, the proposed test rejected the IG assumption
in 2625 (the case of n=10) and 4059 (the case of n=15) events, while the test proposed by Mudholkar and Tian (2002) rejected
the IG assumption in 2583 and 3762 events, respectively. Thus, this indicates that our proposed method is more sensitive as
compared to Mudholkar and Tian’s test. The results of the bootstrap type studies are presented in Table 7.

Table 7 confirms the practical applicability of the proposed test.
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5. Conclusion

In this article, we have developed the EL ratio methodology based on approximating densities nonparametrically under
the alternative hypothesis in order to test for the IG distributions. We have proven that the proposed density-based EL
ratio test has the structure that is similar to that of the entropy-based goodness-of-fit test for an IG presented by
Mudholkar and Tian (2002). Since the goodness-of-fit test Eq. (10) is a nonparametric approximation to the traditional
likelihood ratio test, we anticipated good power characteristics. Utilizing a broad Monte Carlo study, we showed that
the proposed density-based EL ratio test is powerful when compared with the known goodness-of-fit tests. Also note
that the test presented by Mudholkar and Tian (2002) depends on values of an integer parameter m. The optimal
values of the Mudholkar and Tian test are generally only known when information regarding parametric forms for
the alternative distributions is available. Utilizing the EL concept, we eliminate this restrictive dependence on the
parameter m. Theoretical support for the proposed EL ratio test is obtained by proving consistency of the new test and an
asymptotic proposition regarding the null distribution of the density-based EL ratio test statistic. The data examples
demonstrated that the proposed test is reasonable when applied to real data. In general, the methodology presented in this
paper can be easily adapted to construct different nonparametric tests, approximating the optimal likelihood ratios via the
EL concept.
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Appendix A

Proof of Lemma 2.1. Vexler and Gurevich (2010) proved the first equality of Lemma 2.1. Now we obtain the second
equation of Lemma 2.1, using the empirical distribution functions F,, we have

n Yi+m Y m-1 Yo k1) m-1 Yii1)
>/ oy =2m / rody- 3k / T vy ok /Y oy

j=1 k=1

m—1

Yy m—1
=2m /Y foydy—">  m—I)EY i+ 1)—F ViD= D (M=K F(Yges1)—F(Yg))

k=1 k=1

Y m—1 m—1
~2m /Y fody— > " (m—I)FEa(Ynis 1)—Fa¥ )= Y _ (M=K)Fa(Yies 1)) —Fn(Ya))
(1)

k=1 k=1

‘Y(n —
—om [ " fopdy— mm=D),

Yoy n

where F and F, are the theoretical and empirical distribution functions, respectively.

Proof of Proposition 2.1. The proof of Proposition 2.1 is based on Proposition 2.2 of Vexler and Gurevich (2010). In order
to show the consistency of the proposed test, let us check conditions that are present in Vexler and Gurevich (2010):

Conditions for Proposition 2.1

(C1) Edlogf(Y1))? < oo.

(C2) Under the null hypothesis Hyp, we define \0—@)\ =max(|u—ftl, J— .
estimators of  and 4, respectively. By a property of the maximum likelihood estimator, a consistent estimator,
as n— oo.

(C3) Under the alternative hypothesis Hy, for a = (E(Y;?), 1/[E(Y?)—1/E(Y;?)]), we have 05 aasn-oo by virtue of the
law of large numbers.

(C4) There are open intervals @, = R? and @, = R? containing 0 and a, respectively, as well as there exists a function t(y)
such that |hi(y, )| <t(y), forally e R, 1 € Og U @4, i=1, 2 and E(t(Y1)) < oc. It is clear that (C4) is satisfied.

). Both jrand / are the maximum likelihood
0-0/50

Proof of Proposition 2.1. Let us outline the proof of Proposition 2.1, using the proof scheme of Proposition 2.2 of Vexler
and Gurevich (2010). Consider the statistic

n 2m

max I'mn,

1
R, = —log min ="
"Tn glsm<dﬁi1:_[1 (Y4 my—Yi—m) T<m<Ja
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which is the first component of the test statistic, log(TKy)/n and rypp = 13°7_4 log(%). From Vasicek’s (1976),

we have

2m
Tmn = (2m)*1 Zsj +Unn,
iz

n . _ .
=3 log (“CY =g ) oY )Y = mod 2m)
i=1 Y(i+m)_Y(i—m)

1¢ n
Umn = Ei; log (ﬁ (Fn(y(Hm))—Fn(Y(i—m))))v

where Y's are followed by the distribution F, and have F, as the empirical distribution function. Following Vasicek (1976),
Sj—>H(f) asn—oo, m/n—0 uniformly for all 1 <m < /n, where H(f) = — [*_ f(y)logf (y)dy = —E;(logf(Y1)) is the entropy of

the distribution F with a density function f(y)= (%)l/2 exp(—Au—'—pu)? /2u2), and E; is an expectation when Y’s are

distributed from F. The statistic Up, is a non-positive variable independent of F, and hence U,,mio as n—oo, MmM-—soo0.

Hence,
2m
Rn < —T s > Ep(logf(Y1)), Rn> - rIﬂljaxﬁ(Zm)’l >s B Er(logf(Y1)), asn—oo.
<m< =
Therefore
Ry E»Ef(log(f(Yl ))), asn-—oo

Now, we represent the statistic, TK, in the form of

i=1

1 1 1[(& n ) A
i 108(TKn) = Ro= 1.3 log(f Y0+ (Zl logfis, (%[ 0)— > log(le](Y,»@n»), where B = (i, 7)

Since Eq. (A.1) under Ho,
Rn E)EfHO (IOg(ng (Y1))), asn-—oo.

Since E(logf(Y1))? < oo,
-l n
= log(fis, (Yi| 0) > Ey, (log(fi, (Y1]6))
i=1
Let 0 = (u, A) and 0; be the ith element of the vector 6.

o~ COEROID
1

as well as |0 = 1maxz\0i , where 0 = (01, 0,)'.
<1<

By expanding the third term of Eq. (A.2) in Taylor series until the first derivative, we obtain

n n . n 2 . R
! {Z log(f, (Y10~ > log (f, (Y| 0w)) } = IS S v a0y,

i1 i=1 i=1j=1

(A1)

(A2)

(A3)

(A4)

Since there exists a function t(y) such that |hiy, 7)| <t(¥), for all ye R, 1€ O U O, i=1, 2, and E(t(Y1)) < oo, where

O =R? and ©®; = R? are open intervals containing 0 and a, respectively,
1 n n R 1 n 2 . R
= {Zl logi(fis, (V1] 0))— Z] log(fH,,(Y,-w..))} = 21 2 Iy On)Os=0n
i= i= i=1j=

n 2

—_

>

> — |hi(Yi, )] (0—0,)),
i3

where |7;—0| <|0—0y|. Since, under the null hypothesis, Hy, |6—8|%0 as n—oo, where 8 is the maximum likelihood

estimator of 6,

1 n n n
n {Z log(fi, (Yi|0)— > IOg(fHo(Yi|0n))} 5o.

i=1 i=1

(A.5)
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Therefore, under Hy, Eqs. (A.2)-(A.5) conclude

log(TK,)/n50, asn—oo (A.6)
Under H;,
1¢ 1¢ f (YD) 1 fu,(Yi|@)
log(TKy)/n=Ry— — log(fu, (Y)+ = log —! + = log=———. (A7)
! " "; l n; o (Yil@) n; frio(Yi|0n)
Similarly to the proof of results (A.3)-(A.5), we conclude that
Y1)
log(TK,)/n 5> Ef  Io Jin (Y1 >0asn—-oo
8( n)/ f( ngo(Yi‘a)

This and Eq. (A.6) complete the proof of Proposition 2.1.
Proof of Proposition 2.2. Following Song (2000, 2002), we have

Py (108(TK) > €) < Py, (108(TKngmg)) > €) = 1= (6lmolm)"/? (272 —log(2mol)~y +Romey-1) ), as n—>ox,

since [my] satisfies the conditions [mg]/logn — oo and [mg]logn?/3 /n'/3 -0 as n— oco. (Here, TK,,» by Eq. (7).)
Then,

Jim Pa, | G1main) 2 (22K —log@imaD— + R+ ) > €] < 1-(C)

We choose m = my to minimize the argument of (6mn)'/2(log(TK),,/n—log(2m)—7y + Ram_1), for all appropriate values of m.

Appendix B

The test statistic TK,, can be shown to be equivalent to the test statistic for an IG distribution based on the sample
entropy proposed by Mudholkar and Tian (2002). The density-based EL ratio test statistic is defined as

H{‘l 2m

9 =1 (Y m—Y5m)
2\ "2
ne

The maximum likelihood estimator / of A can be written in the form of

TKym =

N -1
i=nj’ [Z ;! ﬂyz‘)z}

i=1

n 2 n n n 2 -1
=n|n32 (Z Y,»‘2> Yi?—2n' YV Py <Z Y;2>
i=1 i=1 i=1 i=1

i=1 i=1 i=1 i=1 i=1

n 2 n n 2 n -
=n"! (Z Yi2> (nz Z Yiz <Z Y,‘2> - Z Yi2>
i=1 i=1 i=1 i=1

= (,-i Y2 /n—n (i_ 1 Y,»2> _1> _1.

By substituting J, above into TKum, TKym is formulated as

<

B

—1/n
n 2m n 2m n ___2m
Hj =1 (Y4 m—Yi-m) _ HJ =1 n(Yg 4 m—Yj-m) H] =1 (n(y(ﬂm)*y\jf'm))
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TKym =

e e
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R 1/n _y, 1/n
B H}L] (”(YU+"2UmYu*'"')) ~ H}]:1 (H(Yuwg»myufm)))
= - . ~ 12 — N 1/2 .
(Sl )\ T (S v men(Si ) ) 2
e

The test statistic TKyy, is identical to the test statistic, exp(Hmn(fy))/(w/2), presented by Mudholkar and Tian (2002), utilizing
the maximum likelihood estimator of &= (E(Y?)—1/E(Y~2))!/? instead of the sample UMVU estimator, where Hpn(f,) =

150 log{% (Y sm—Yj_m)}, and w is the sample UMVU estimator of &, w? = 7, Y2 /(n—1)-n? (3}_, Y;Z)_l/(n—l).
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