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Abstract

We consider the efficiency and the power of the normal theory test for independence after a Box—Cox
transformation. We obtain an expression for the correlation between the variates after a Box—Cox
transformation in terms of the correlation on the normal scale. We discuss the efficiency of test of
independence after a Box—Cox transformation and show that for the family considered it is always
more efficient to conduct the test of independence based on Pearson correlation coefficient after
transformation to normality. Power of test of independence before and after a Box—Cox transformation
is studied for a finite sample size using Monte Carlo simulation. Our results show that we can increase
the power of the normal-theory test for independence after estimating the transformation parameter
from the data. The procedure has application for generating non-negative random variables with
prescribed correlation.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction
We are interested in testing independence of two non-negative random variables. In re-
liability investigations, for exampleX1 and X, represent the lifetimes of components in
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a two-component system. Bivariate exponential distributions have been used to model the
lifetimes. Moran[16] gives examples in point processes where it is desirable to test inde-
pendence of successive intervals between points. The lengths of such intervals are unimodal
and right skewed of the gamma type. Moran [16] develops a bivariate negative exponential
distribution to model such data. In many environmental applications, the distribution of
risk factors such as body weight, total skin area, concentration, inhalation, digestion, and
consumption rates are positive and skewed to the right. Bivariate lognormal distribution is
used to model the joint occurrence of the risk factors. In the preliminary examination of
bivariate samples fromiX,, X2), we would like to test the hypothesis of independence of

the variables. To test for independence between pairs of variates, which are non-negative
and non-symmetric, Moran [16] uses the Pearson correlation coefficient. Al-Saadi et al. [1]
study the properties and compare the performance of several tests, including Pearson corre-
lation, for independence of exponential variates. More generally, one may be interested in
testing independence of two quadratic forms, whose marginal distributions are of gamma
type (see [13, Chapter 48]).

Let (y11, ¥21),....(y1a, y2u) represent a sample from a bivariate normal distribution. The
test ofHp : p, = O is a test of independence Bf andY>. Letr, be the sample correlation
coefficient ofY; andY». Fisher [5] first discovered the sampling distributiorr d6r sam-
ples from a bivariate normal distribution. When = 0, Anderson [2, Chapter 4] shows

ryv/n—2/ /11— ry? has thet-distribution withn — 2 degrees of freedom. More generally,

one may obtain the exact permutation distribution of the correlation coefficient by enumer-
ation of then! possibilities. Pitman [18] shows that, the sample correlation betweén

and X», has zero expectation and variangéil— 1) when X3 and X, are independent.
Kowalski and Tarter [12] study the use of normalizing transformations as a prelude to ap-
plying normal-theory techniques. Given non-normal bivariate random variaklesy,),

the method consists of making co-ordinate transformatipnrs d)‘l(If"i (X;)fori=12
whered1listhe guantile function of the standard normal distribution Bnare the Fourier
estimators of the marginal distribution functions. Normal theory test of independence is then
applied to(y1;, y2;) fori =1, ..., n. Using Monte Carlo simulation, Kowalski and Tarter
[12] show that the normal-theory test of independence is generally more powerful if they
are based on, thanr.

Box—Cox transformation to normality [4] is often used in practice to obtain nearly nor-
mal variates. The Box—Cox transformation parametés defined (see next section) on
(—00, 00). The literature on the Box—Cox transformation assumes that there exists a value
A such thaty has a normal distribution. Howevex, > 0 impliesY > —1/Afor 1 > 0
andY < —1/Afor A < 0. Thus, forZ # 0, the domain off is not the entire real line.
Researchers have generally assumedYHzs an approximate normal distribution. For
example, Moore [15] sidesteps the issue by assumingdtiglarge and the coefficient of
variationx = ¢g/uis smallforl > OsothatP(Y < —1/1) = P[Z < —(% +1/(4e))] < ¢,
wheree is a small value (e.ge, < 107%). Another strategy is to transfori+ ¢ instead ofX
wherecis a sufficiently large constant [6, p. 143]. Hernandez and Johnson [7] use Kullback—
Leibler information number to provide benchmarks for maximum amount of improvement
to normality after a Box—Cox transformation. It is evident from Hernandez and Johnson [7,
p. 859, Eq. (4.2)] that any procedure based on multivariate normality of the observations
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should benefit from transformations to normality of the marginal distributions. Box—Cox
transformation to normality provides an alternative to the Fourier-based estimator. We con-
sider the efficiency and the power of the normal theory test for independence after a Box—
Cox transformation. The next section obtains an expression for the correlation between the
variates after a Box—Cox transformation in terms of the correlation on the normal scale. In
Section 3, we discuss the efficiency of test of independence after a Box—Cox transforma-
tion. The last section considers a simulation study and a method for generating non-negative
random variables with prescribed correlation.

2. Correlation of X7 and X»

Suppos€Xi1, X21),...,(X1,, X2,) representai.i.d. bivariate vectors fromxX1,X ) with
a joint distribution functior- and a density functiofi We will assume that all observations
are non-negative and consider the bivariate Box—Cox transformation

e

J 1
th , /lj #0’ .
Yj=p,;, X)) ! j=12
In(X]), ;L] ZO,

We assumeé’; andY; have a bivariate normal distribution with mear= (u4, pt,), covari-
anceX = (g;;) for some value of the transformation parametet (.1, A2). The p.d.f. of
X = (X1, X2) Is

N 1 A N e
FXIR 2D = oo [ lexno[—%(pz(X)—u) z 1(p1(X)—u>]-
j=1

Let p, denote the correlation coefficient on the original scale. We will showghat
h(py), where the form of the functioh depends on, i, and 2. Lancaster{14] uses
Chebyshev—Hermite polynomial to obtain the correlation coefficient of transformed bi-
variate random vectors. We will obtain the form of the correlation after a Box—Cox trans-
formation. Letd)(’)(z) denote theth derivative of the standard normal density function
¢(z) with respect t@. Chebyshev—Hermite polynomiali, (z), is defined by the identity
(—1)r;7¢(z) = H,(2)¢(z). It follows that Hy(z) = 1, Hi(z) = z, Ha(z) = 7% — 1,
H3(z) = z° — 3z, and so on. Forl; # 0 andly # 0, we haveX; = (4;Y; +
Y = 3%, (1/1.)‘/))6.(}7#]- + .1)<W./—")(Yj — u;)' for j = 1,2. The last expression
can also be written a% ;2 aijZ'; = Y 2 obijHi(Z;) for someb;; whereH;(Z;) is the
ith Chebyshev—Hermit polynomial evaluatedzgt = (Y; — u;)/a}, Whereaf = 0jj.

The sum is finite and extends #0; = 1/4; whenm; is an integer. By the following or-
thogonal property of the ponnomiaI;ﬁf"Oo H,(x)H;(x)p(x)dx = { :), i f: we have
E(Hi(Zj) = [ Hi(zj)¢(zj)dz; = 1 ati = 0 and zero fori > 0. Therefore, we
have E(X;) = boj, wherebg; is a function of4;, s anda? for j = 1, 2. Similarly,
E(X%) = E (X720 bij Hi(Z)) Y020 b Hi(Z))) = Y20 bZi! and we obtaiVar (X ;) =

El
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> bl.zji!. FurthermoreX1X2 = (J1Y1 + DY (JoY2 + 1)Y%2, which can be written as
Y20 > reobitbkoHi (Z1) Hi(Z2). When bothn 1 andm are integers, the sum is finite and
extends ton = min(my, mp). Table 1 contains the means, variances and covariances of
(X1, X2) for specified.

Supposeg(Zy, Z2) is a bivariate standard normal random variable with correlation
Then,E(H;(Z1)Hy(Z2)) = p;i! fori = k and zero for # k. It follows thatE(X1X>2) =

>0 bilb,-ng,i!. Hence, the correlation coefficiepy is
>2 birbizp'i!
\/(Zioil b (721 bipkh)

for 11 # 0and/, # 0. The covariance of a bivariate lognormal distribution; e = /12 =
0, can be obtained using Chevyshev—Hermit Polynomials as follows. By Taylor's expansion

of X; = exp(Y;) aboutyu;, we have expy;) = Z?ioeXp(Nj)%Z; = Y ZobijHi(z)).

px =h(py) =

2 Gl
Note Var(X;) = exp2u; + a?)(exp(a?) — 1) = Y2 lexplu; + %)%]Zi! and for

izlandj =1,2. Thusb;; = exp(u; + U—zf)f—l{ By the fact thatl (H; (Z1), H;(Z2)) =

0, i#},
{ plil, i =j,
Xz simplifies toCov (X1, X2) = Y72, expluy +0%/2)0) explup+05/2)ah/(i)?pli!. The

[15], E(X1X2) = Z?io b1;by;p'i!. Consequently, the covarianceXf and

2 2
last expression equals the well-known form {m + o + % + %) (exp(p,0102) — 1).

2 i,
When/; = 0 and/, # 0, we haveE (X1X>?) = exp(ul + %) >0 bzi%p’i!. Hence,

Cov(X1, X2) = exp(uy + 03/2) Y21 baio1p?. The form of Cov(X1, X2) follows by
symmetry wheri; # 0 andi = 0. The values obg; = E(X;), b1;, andby; for specified
A appear in Tables 1 and 2. It follows from the form of the joint densityX6f, X») and
h(py) thatif p, = 0, thenp, = h(p,) = 0. Further,p, is zero whem(p,) = 0 by the
transformation property of functions of independent random variables [9].

3. Efficiency of test for independence

Letry = Y71 (Yi — Y1) (Yo — ¥2)/$1(71)S2(2), whereS; (1)) = —25 Y0 (V)i —
Y%, j=212,i=1.,n Letr, = Y ;(Xu — X1)(X2i — X2)/Sx,Sx,. For testing
the hypothesigip : p, = 0 againstH : p, = t/+/n for somer > 0, we will compare the
asymptotic efficiencies of the test statistics based,candr,.

Let X;, X;, Xk, and X, be four random variables describing a multivariate distribu-
tion with finite fourth-order moments. Defing = E(X;), g;j = E(X; — u)(X; — 1),
Gijkh = E(Xi — p)(Xj — p) (X — 1) (Xn — p), pij = 0ij(0ii0;) Y2, andp;jx, =
0ijkn(0ii0jjoreonn) Y2, Let p = (pij» Pri) @nd its sample correlations = (rij, ren).-
Then,/n(F — p) has an asymptotic normal distribution with mean vector zero and co-
variance matrix” where eIementp,.j,kh of I" are given by - Cov(r;j, i), which equals
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Table 1

Means, variances, and covariance$X{, X»)
7 =(0,0
1.2

E(X1) expiug + 507)

E(Xp) explii + 50%)

Var(X1) — exp2uy + o3 (expa?) — 1)
Var(X2) — expup + 03)(expa3) — 1)
Cou(X1, X2) expluy + Hp + 303 + 303)(exp(pa1o) — 1)

=(0.%)

E(Xy) expluy + 302)

E(X2) (H2+ D2+ Z05

Var(X1) — expuy + o3)(expa?) — 1)

Var(Xp) — 03(303+ 513+ pup+1)

Cov(X1, X2) poro2exp(ug + %GE)(%PﬂGz + %Hz +1

7 =01

E(X1) explug + 502

E(X2) to+1

Var(X1)  exp2uy + o2)(exp(a?) — 1)
Var(X2) o3

Cov(X1, X2) porop expug + 20'1)

i=G3.%
E(X1) (3 + 12+ §o3
E(X2) Guo+ 12+ 103

Var(Xy) ag@ag 24+

Var(Xp)  03(303+ 513+ pup+1)

Cov(X1, X2) g(ﬂ0102)2 + Palﬂz%(%ﬂlﬂz + Uit +2)
=3

E(X1) (3 + D%+ 502

E(X2) 2 +1

Var(Xy) 03302 + 218 + py +1)

Var(Xz) o3

Cov(X1. X2) po162(3uq + 1)

=11

E(X1) m+1
E(X2) o+ 1
Var(X1) O'E
Var(Xz) o
Cov(X1, X2) po102

111
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Table 2

Constanby, b andARE (ry, ry) values foru) = up = 1ando; = g2 =3

7 by by ARE

(0,0) by; = expluy + 0%/2)a" /! by = exp(uy + 05/2)h/i! 1800.4

(0,1/2) b1 = explpy + 0%/2)a} /i! by = a%(ﬂz/z +1) 1350.3

. bop = 05/4

0,1 by; = exp(uy + 0%/2)0} /il bo1 = 09 900.2

(1/2,1/2) b11=o01(u1/2+1) ba1=02(1p/2+ 1) 22.7
b12:gi/4 b22:o’%/4

(1/2,1) bi1=01(11/2+ 1) b21 =02 15
b1p = G%/4

1,1 b11=o01 b1 =02 1.0

Pijkn+ 2P PinPiikk P ik Pisnn + 0 jnn) = 3Pi; Wit + k1) — 3Pk Pijik + Pijan)-
This result was first obtained by Pearson and Fi[iof] for the multivariate normal distri-
bution. A good treatment of this subject appears in Steiger and Hakstian [19].

Let W; = (X; — E(X;))//Var(X}). It follows that \/n(ry — p,) has an asymp-
totic normal distribution with mean zero andVar (r,) = E(WZW2) + p2(E(W{)/4 +
2E(W2W2) + E(WH) — p(E(W2Wo) + E(W1W3)). Note that whenp, = 0, X3
and X, are independent andar (r,) simplifies to ¥n. Further, it is known that under
joint normality, /n(ry — py) has an asymptotic normal distribution with mean zero and
the variance(1 — p2)? [2]. The Pitman’s asymptotic efficiency of to r, is defined as

[GE(ry)/ﬁpylz“)y:O Var(roj,,-o

ARE(ry, re) = Mo o0 ) g - X [0Er0/0p, 7, g

. The following lemma

shows thatARE (ry, r,) is at least 1.

Lemma. Suppose; and X have a bivariate p.d.ff (x | i, 2, 1). FortestingHp : p, =0
againstH; : p, = t/+/n for somer > 0, ARE(ry, ry) > 1 with equality holding at. =
1,1).

Proof. Using the chain rule, we hav& (r)/dp, = 0E(ry)/0p, x 0p,/0dp,. Because
@E(ry)/apylpyzo = landVar(ry) |p,=0= 1/n, we havedE(ry)/dp, = dp,/0p,. Note
px = h(p,) =0ifand onlyifp, = 0. Thus,Hop : p, = Ois equivalent td4 : h(p,) = 0,
which is true whenevepy = 0. Also, ah(py)/apy lp,=0= b11b21/(v1v2) Wherev; =

/32 bjz.ii! for j = 1,2 andVar(r,) = Var(ry) = 1 under the null hypothesis. The
Pitman’s ARE of the test statistic basedsqrto the one based on is

DI ADIOINETZ I 1)

ARE(ry,ry) = b2 b%
11721

Thus,ARE(ry, ry) > 1 with equality holding at = (1,1), in which caseb;1 = ¢}, and
bjy=0forj=12andk>1. O
When(X1, X2) have a bivariate lognormal distribution, i.&;,= 1> = 0, we havep, =

(exp(p,0102) — 1)/v/e = 1y/e% — 1 and ARE(ry. ry) = (e —1)(e”2 — 1)/0%03
> 1.
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Fig. 1. Empirical power functions for = 20.

4. Application

The lemma in the previous section shows that it is more efficient to conduct testindepen-
dence on transformed observations. How does the procedure perform when the gample sizes
are finite? More importantly how does it perform when the transformation paraméter
estimated from the data? Figs. 1-3 show the power of test of independence using Pearson
correlation coefficient before and after a Box—Cox transformation. We have also included the
power of the Spearman rank correlation. To obtain the figures, we genétated;), i =
1, .., nfrom a bivariate lognormal distribution with mean vector zero, unit variances and cor-
relationp. The power of test of independence based,candr, were computed over 1000
simulations withh = 20, 30, 40 andp = —0.2, ..., 0.8. To obtain the scale to which we
need to transform, we maximized the likelihood function and obtained an estimaia for
terval(0, 1). The figures and the asymptotic ARE show that we can increase the power of the
normal theory test of independence by a Box—Cox transformation to normality. It is interest-
ing to compare the performance of Spearman correlation. Figs. 1-3 show that the empirical



114 J. Freeman, R. Modarres / Journal of Multivariate Analysis 95 (2005) 107—-118

@ ® @ Pearson_Before [][][] Pearson_After

4

M4 A Spearman

1.0 1

0.9 1

0.8 1

0.7 1

0.6

0.5 1

Power

0.4 1

0.3 1

0.2 -

0.1 1

0.0 ] MPEEPE"

|IIIEIIiIl!llilllllllllIIIIIIIIIIIIIIII\IIIIIIIIII‘

-0.2 0.0 0.2 04 0.6 0.8
Rho

Fig. 2. Empirical power functions for = 30.

power curves of the Spearman correlation are enclosed by those of Pearson correlation
before and after a transformation.

Andrews[3] shows that the maximum likelihood estimate of the Box—Cox transformation
parameter is sensitive to outliers. It can, however, be argued that all efficient methods depend
critically on the extreme observations. In this case, extreme observations contain pertinent
information for selecting the best power transformation. As noted by a referee, in our testing
problem robustness to outliers may be a greater issue than efficiency. A clear lesson from
the figures is that one should perform the test of independence on the original scale using
Spearman rank correlation if testing independence is all that is intended and one does not
wish to perform further analysis based on normal theory. In such cases, Spearman correlation
is recommenced as Pearson correlation is notorious for the effects of extreme observations.
Kowalski [11] demonstrates the effects of non-normality of the bivariate parent distribution
on the distribution of the Perason correlation. These effects are why one may consider
a transformation to normality. For example, Kowalski [10] and Kowalski and Tarter [12]
assume that normal correlation analysis is robust with respect to the kinds of non-normality
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Fig. 3. Empirical power functions for = 40.

possible when the marginals are constrained to be normal. KowaBknotes that for a
wide range of bivariate distributions, transformed correlation agrees more closely with the
normal theory distribution of the sample correlation coefficient for a wide range of values
of the correlation.

In many cases of interest, testing for independence is only a prelude to further analy-
sis after a transformation to normality [8]. Box—Cox transformation is used when further
investigation such as regression analysis on the transformed data is needed following the
rejection of the null hypothesis of independence based dm order to see whether or not
efficiency comparisons in the presence of outliers are affected we performed the follow-
ing experiment with samples from a bivariate log-normal distribution with at point mass
at (a) (10°6,107%) (Fig. 4) and (b)(20, 20) (Fig. 5). With probability 0.90, we gener-
ated a random sample of size 30 from a bivariate lognormal distribution with mean vec-
tor zero, unit variances and correlatipnand with probability 0.10 we generated from
the point mass. Effects of the contamination on the power comparison can be seen in
Figs. 4 and 5. One can study the behavior of the sample correlation coefficient before and
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Fig. 4. Bivariate log-normal distribution with a point masg&®—6, 10-6).

after the transformation through its influence function. We plan to investigate this further in
another paper.

In many applications, we want to obtain correlated random variables with marginals that
are positive and skewed. Bivariate lognormal distribution Vit (0, 0) is frequently used
to model such data. One can specify other values famd use the form of(p,) to obtain

the value ofp,, required to induce the correlatign on observation&'; = (4,Y; + Y4,

We generate a random sample of silzfeqm (Y1, Y»), a bivariate normal distribution with
meany and covariance. For specifiedi, we form X ;. The generated valuds(y, X»)

have means, variances and covariances determinedifsorithe values ob's for some
specifiedi can be found in Tables 1 and 2. However, in general, numerical calculation may
be required to obtain these.
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