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Abstract

Nonparametric statistics, especially the Mann—Whitney—Wilcoxon (MWW ) statistic, have gained
widespread acceptance, but are by no means the preferred method for statistical analysis in
all situations. A main obstacle to their even wider applicability is that the price paid for
their distribution-free property is the loss of efficacy. In fact, the MWW statistic, which is
an estimate of the functional ffooo F(x)dG(x), has an efficacy which varies with the under-
lying distributions F(x) and G(x). To improve the efficacy, this dissertation generalizes the
classical MWW statistic to estimates of the functional [° u{F(x)}dv{G(x)}, where the
functions u(x) and v(x) are strictly increasing on [0,1]. Statistical properties of this gener-
alization such as asymptotic normality and admissibility are fully investigated. The optimal
choices of functions u(x) and v(x) are studied via the tail binomial polynomials and the Pit-
man asymptotic efficacy criterion. In the one-sample problem, a similar generalization, based
upon the functional j_oooo u(l — F(—x))do(F(x)), extends the Wilcoxon signed rank statistic.
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1. Introduction

A fundamental problem in nonparametric statistics is deciding whether a new treat-
ment constitutes an improvement over some standard treatment. The problem of com-
paring two treatments is divided into two categories: the one-sample problem and the
two-sample problem. In the two-sample problem, a random sample is drawn for each
of two treatments. In the one-sample case, a random sample of paired comparisons,
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some of which may be positive and some negative, is available. Among the classical
statistics for testing the difference of means in these two problems are the Mann—
Whitney—Wilcoxon (MWW) statistic (Wilcoxon, 1945; Mann and Whitney, 1947) and
the Wilcoxon signed rank (WSR) statistic (Wilcoxon, 1945). The establishment of
these statistical procedures marks the beginning of modern nonparametric statistics.

These two statistics have gained widespread acceptance due to the weak assumptions
required for their validity; however, they are by no means the preferred methods in
all situations. For each, we can identify distributions under which the efficacy of the
corresponding test is inferior to that of the best parametric tests. (Herein, we use Pitman
asymptotic efficacy (PAE) to evaluate the performance of test statistics.) For example,
if the underlying distribution is normal, the Student #-test is superior to the MWW
statistic in the sense of PAE and the paired #-test outperforms the WSR statistic. Hence,
developing new nonparametric test procedures which improve efficacy with respect to
specific distributions is a desirable goal. In this paper, we generalize both the MWW
statistic and the WSR statistic towards this end.

The MWW statistic is used to detect stochastic ordering of two populations on the
basis of two independent samples. Let X1,...,X, and Y,..., Y, be (jointly) independent
random samples from distribution functions F(x) and G(y), respectively. The problem
of interest is to test Hy:F(x) = G(x) for every x versus Hyp : F(x) = G(x) for every
x, with strict inequality for at least one x (stochastic ordering). It is important to note
that F(x) = G(x) is equivalent to u{F(X)} = u{G(X)} where the real-valued function
u(x) defined on [0, 1] is continuous and strictly increasing in x. The MWW statistic is
based on the functional

0= /00 F(x)dG(x),

which is equal to 1/2 under Hy and larger than 1/2 under Ha. Thus large values of
0 mean that Hy is true. In fact, the parameter § is but one member of a class of
such parameters; namely, let v be an arbitrary increasing, continuous and real-valued
function on [0, 1] and define

o = / u{F(x)} dv{G(x)}. (1)
Note that under Hy, 6®") = fol u(x)do(x) = 0”, and 0@ >51"" under Ha. This
functional 5+?) provides the framework for a generalization of the MWW statistic.
The WSR statistic is developed to detect the center of a symmetric distribution.
Let X|,X,,...,X, be independent random variables with continuous c.d.f. F. If the
distribution F' is symmetric about a point 0 such that for each x, F(x+0)+F(—x+0)=1,
then 0 is referred to as the center of the distribution. This is equivalent to saying that
u{F(x + 0)} = u{F(—x + 0)}, where u is an arbitrary strictly increasing, continuous,
real-valued function on [0, 1] and F(x)=1—F(x). Consider the problem of testing that
the center of symmetry, 6, is 0 against 6 # 0. The Wilcoxon signed rank statistic used
for this purpose is a nonparametric estimator of the functional y = ffooo F(—x)dF(x).
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It is natural to consider a general functional 7" defined by

(oo}

Jo = [ ulFCn}doFw), @
— 00

where functions v and u on [0, 1] are strictly increasing and continuous. Without loss

of generality, under Hp : 0>0,

Fe0 = [ ulree 20)) dofF o)
is larger than under Ho, where we have y\“") = 75 u{F(x)} dv{F(x)}:fO1 u(x) do(x).
Thus the associated test rejects for large values of y®%). This functional y*" is the
cornerstone for our generalization of the WSR statistic.

The following two lemmas provide the framework for our generalization of the
MWW statistic based upon (1) and (2). (See the appendix for detailed proofs.)

Lemma 1.1. If u(x) is a strictly increasing continuous function on [0,1], then there
always exists a positively weighted tail binomial polynomial, i.e.

y(x) = u(0) + {u(1) — u(0)} kz Wibir (),
=1

where the polynomial by..(x)= ", (" X'(1 —x)~" is called tail binomial polynomial
with degree r, Z;Zl wie=1and w; =20, k=1,...,r, such that u,(x) converges to u(x)
uniformly on [0,1] as r — oc.

Notice that under the null hypothesis, both (1) and (2) are reduced to

1
J) = / u(x) do(x).
0

Lemma 1.1 suggests we consider estimating the functionals

1
gl — / u,(x) dug(x),
0

where u,(x) and vg(x) are the positively weighted tail binomial polynomials for ap-
proximating the functions u(x) and v(x) with maximum degrees r and s, respectively.

One question that arises naturally is whether J®~%) converges to J®") as r and s
tend to infinity; namely whether the set of functionals J®%) is dense in the set of
functionals J®?), where u,u,,v,v, are defined as above. The following lemma gives
rise to a positive answer.

Lemma 1.2. Suppose that u,(x) and vy(x) as defined in Lemma 1.1 are the approxi-
mations of strictly increasing continuous functions u(x) and v(x) on [0, 1], respectively.
The set of functionals J®~%) is dense in the set of functionals J™) if the derivative
of v(x) exists and is continuous.
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Remarks: 1t is sensible to consider an empirical estimate based upon the functional
approximation, i.e.

1
J(ur,b‘.\-):/ u(x) dug(x)
0

or simply

| B s
J(Twl) — / Zn—kbk:r(x) d {Z,Ulbl:s(x)}
0 k=1 =1

1 r r N S
= Tmy () X=Xy T Wy (s) X1 =), (3)
0 k=1 i=k \! k=1 i=1 \'!

where >, m =1, m; >0, k=1,...,r and ),y =1, >0, [ =1,....s, for
the weight vectors n = (my,...,7,) and g = (yy,..., ). In other words, if we con-
sider only the strictly increasing functions u(x) and v(x) such that u(0) = v(0) =0
and u(1) = v(1) =1, J™M is a functional of great interest. For simplicity, through
the remainder of this paper, u(x) and v(x) are defined as above, unless otherwise
stated.

Choosing strictly increasing and continuous functions # and v in both (1) and (2)
reduces to choosing the weight vectors n=(n,...,n,) and u=(uy,..., 1) in (3) due to

k !

—— —— .

Lemmas 1.1 and 1.2. If we choose n=(0,...,0,1,0,...,0) and u=(0,...,0,1,0,...,0) in
(3), i.e. u(x)=by..(x) and v(x)=bh;(x), then the U-statistic empirical estimates of 5(*)
and ") are order statistic-based subsample generalizations of the Mann-Whitney—
Wilcoxon statistic and the Wilcoxon signed rank statistic, respectively (Xie and Priebe,
2000). The generalized MWW statistics (GMWW) include the MWW statistic, the
subsample median statistic (Shetty and Govindarajulu, 1988; Kumar, 1997), the sub-
sample maxima statistic (Kochar, 1978; Deshpande and Kochar, 1980; Stephenson and
Ghosh, 1985; Ahmad, 1996; Adams et al., 2000) and the subsample minima statistic
(Priebe and Cowen, 1999). Moreover, the subsample statistics developed by Mathisen
(1943) and Shetty and Bhat (1994) are special cases of the GMWW statistics. On
the other hand, the generalized WSR (GWSR) statistic includes the WSR statistic and
Maesono—Ahmad subsample statistic. In light of (3), the U-statistic empirical estimates
of 6™¥) and y®"), where u(x)=>"_, mby.-(x) and v(x) =>";_, wbss(x), are hereby
dubbed the weighted GMWW (WGMWW) and weighted GWSR (WGWSR) statistics,
respectively. Apparently, the GMWW and GWSR statistics are special cases of the
WGMWW and WGWSR statistics. This further development to a weighted version of
GMWW (WGMWW) or GWSR (WGWSR) completes the generalization along the
lines of subsample statistics. Thus, it would be of great interest to investigate the ad-
missibility of the WGMWW (WGWSR) statistic with respect to the GMWW (GWSR)
statistic in terms of PAE.
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There are many nonparametric tests available in the literature for both the one-sample
and two-sample problems in addition to those presented above. For example, there is
a class of locally most powerful linear rank tests (Chapters 9.1 and 10.2 of Randles
and Wolfe (1979)). If the optimal score function ¢(x, /) for the two-sample case or
¢T(x, /) for the one-sample case (f is the density function of the distribution F), i.e.

_ P}
YD =)
or
¢+(x,f) — _f/{F_l(x/Z + 1/2)}

SAF 2+ 1/2)} 7

is a strictly increasing function, then the optimal score functional fol d(x, f)dx or

fol ¢*(x, f)dx (the functional associated with the two-sample or one-sample optimal
linear rank statistics) is a special case of (1) or (2), indicating that under Hy, Lemmas
1.1 and 1.2 are applicable. Especially, when fol o(x, f)dx or fol ¢t (x, f)du is too
complicated to be used to construct the optimal linear rank statistic, the empirical
estimate based upon the functional approximation (3) is a good alternative.

The asymptotic distribution of the WGMWW statistics is derived in Section 2. Sec-
tion 3 is devoted to demonstrating the admissibility of the WGMWW statistic with
respect to the GMWW statistic in the sense of Pitman efficacy. Precisely, given any
continuous underlying distributions F and G, the PAE-optimal weighted generalization
of the MWW statistic outperforms the conventional nonparametric subsample statistics,
including the MWW statistic itself. An analogous treatment of the WGWSR statistic
is given in Section 4.

2. The weighted GMWW statistic

A new class of statistics is introduced for testing stochastic ordering between two
independent distributions. This class includes as a special case the GMWW statistic
(Xie and Priebe, 2000). This new class is shown to be asymptotically normal under
the null and alternative hypotheses. It is distribution-free.

Suppose that Xi,...,X, (Y1,...,Ys) are r (s) independent copies of X (Y) and
Xigyeros Xpw (Y15,..., Yss) are the order statistics obtained arranging the preceding
random sample in increasing order of magnitudes. Suppose that © = (7wy,...,7 )
and pu = (w,..., ) are weight vectors, where 22:1 =1, m7m =0, k=1,...,r, and
Sooim=1, =0, I=1,...,s. Define

S — / ZI: b {F(x)} d [Zsjmbl:s{G(x)}}
o i =1

oo

= inka;r(x)d {li:/llGl:s(x)}
=1

—o0 k=1
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= Z an.ul/ Fk:r(x)dGl:s(x)
= > > s Pr{Xp, <Yis},
k=11=1

where Fp,(x)= Y1, (OF (x){1 = F(x)} and Gp(x)= 0, )G (x){1 - Gx) .

Under Hy,
<l+i—1) <r+s—i—l>
i r—i .
558’”),

6

Theorem 2.1. An empirical estimate of 5" is given by

r s r
S — Z zjlﬂkﬂlz%
k=11= i=

while 6% > 6" under Hi,.

r s
n—r+k m—s+1 i—1 n—i ]_1 m_j - )
Zkllez Zj:l nkﬂl(kl)(l”k)(ll)(sl)l()(ln<ij)
n m
r s
where ), extends over all indices 1 <iy<--- <i, <n, 1 <j1<---<jy<m,rands
are fixed, r <n, s<<m and where Xi.,,...,Xun (Yl;,,,,...,Ym;m) denote the order statis-

tics of the random sample Xy,...,X, (Y1,...,Yy,) to distinguish these order statistics
from the subsample order statistics Xi.,(Yi).

1 .
St = {<n> (m)} ;;;ﬂkﬂzl{){k:r@(ip X)) <Yi(Y,,.., Y0}

The proof of Theorem 2.1 follows immediately from Theorem 1 of Xie and Priebe
(2000).

In this section, we shall study the asymptotic behavior of the weighted GMWW
statistic 6.5, For ease of notation, we define Fi..(x)=1 or 0 as k =0 or k>r and
Grs(y)=1or0as /=0 or />s.

Theorem 2.2. Let n — oo and m — oo such that (n/(n + m)) — 4 € (0, 1) Then

Vm + (855 — 81 is asymptotically normal with mean 0 and variance o2 . where

2

r X1 ros
or = —var {/ Z Yo (Frr—y — Fr_1.—1 )(x)dGl:s(x)}
—oo k=1i=1

2 n r Ky
+ s var {/ Z anﬂl(Gl:s—l - Gl—l:s—l)(x)dFk:r(x)} .
(1—=2) —oo k=1i=1
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Under Hy, the variance J% u reduces to ¢/(A(1 — 1)), where

k+1-2 r+s—k—1
s r s ] —1 r—k
DIDID LI

I=1i=1,=1 r+s—1
s
i+j—2 r+s—i—j
171 r—1i r+s—1 r+s—1 (r+S_l)<r+S—l>

x >
<r +s—1 > p=k+i—1g=i+j—1 p q

N

=1

=
INgh
x

><(p+q)!(2r+2sfpqu2)!
(2r + 25— 1)!

2
, s k+1-2 r+s—k—1+1
ZMZ;Inkuz( k—1 )( —k )(V_l+1)

r+s
s
For the detailed proof of Theorem 2.2, see the appendix.

Remarks:

1. The GMWW statistic (Xie and Priebe, 2000) is simply 5%’”" ) with 7 =
k I

(k:r,1:s)
(,...,0,1,0,...,0) and u = (0,...,0,1,0,...,0), defined as GMWW """ One
N—e — N— e — r

n,m
r ) ., . s . ———
noteworthy fact is that §*-#) with the uniform weights 7’ = (1/r,...,1/r) and i’ =

s

——~—
(1/s,...,1/s) is identical to the MWW statistic.

2. Theorems 2.1 and 2.2 provide a feasible way to compute 55,?;”” ) and a,zw using
modern statistical software. It is easy to calculate the weighted GMWW statistic
and its p-value, provided that sample sizes (#,/) and subsample sizes (r,s) are not
impractically large.

3. Pitman asymptotic efficacy

In this section the focus is primarily on showing the admissibility of the weighted
GMWW statistic relative to the GMWW statistic through theory and examples, both of
which shed light onto the relationship between these two classes of statistics. Pitman
asymptotic efficacy (PAE) is used for the purpose of comparing two test procedures.
The inclusion of the class of the GMWW statistics within the class of the weighted
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GMWW statistics as stated in Theorem 3.1 implies that the first class is at most as
good as the second in the sense of the maximum PAE possible within each class.
The efficacy analysis result presented in this investigation indicates nontrivial gain in
efficacy using the optimal WGMWW statistics in the sense of PAE when the underlying
densities are far from unimodal.

Pitman asymptotic efficacy (PAE) is defined in our case as

d )’
{deég)")} ‘|/Ui,;u
0—0,

where F = Fy, and G = Fy, with 0 = 0 + ¢/n"/* and where o7, is the null variance

given in Theorem 2.2. Applying this definition we see that for the location problem
G(x) = F(x — 0), under the assumption the density of F exists and is equal to f,

PAE (5™") =

d

do

(7, 1)
5(—)

0—0 k

r.Ss e pr!s!

1,; (k— DI(r — (I — 1)I(s — 1)

X/ Fk+l—2(1 _ F)r+s_k_[f.2(x)dx.

— 00

Apparently, the explicit expressions for the PAE are not easy to derive in general
due to the complexity of distribution functions. Hence we study the PAEs for various
canonical types of distributions and therefore indicate the strengths and weaknesses of
the WGMWW statistics. For simplicity, PAEs presented here are scaled by the constant
ML= A).

Twenty typical densities have been carefully chosen to investigate the overall perfor-
mance of the WGMWW statistics in terms of PAE. Standard distributions considered
here are the Uniform, Exponential, Logistic, Double Exponential and Cauchy distribu-
tions. In addition, a test suite of 15 normal mixture densities (Marron and Wand, 1992)
are included to represent a wide range of density shape. (Any density can be approxi-
mated arbitrarily closely in various senses by a normal mixture.) Density numbers 1-10
represent unimodal densities. The rest of the densities are multimodal. Density numbers
1-6 are symmetric and unimodal, ranging from the heavy tail to the light tail while
the skewness of the unimodal densities are increasing from number 7 to number 10.
On the other hand, the density numbers 11-15 are mildly multimodal. The remaining
densities are strongly multimodal. We believe these densities effectively model many
real data situations.

Let us denote by C,; the class of two-sample GMWW statistics with subsample sizes
r and s and denote by WC,.; the class of two-sample weighted GMWW statistics with
subsample sizes r and s. Clearly the fact that C,; C WC,; leads to the conclusion
that the maximum PAE of the GMWW statistic in C,, is not greater than that in
WC, . To prove the admissibility of the weighted GMWW statistic with respect to
the GMWW statistic, we need to show that C,; C WC, v, whenever » <7’ and s <s'
and hence the maximum PAE of the WGMWW statistic in WC,. ¢ is not less than
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that in WC, . Moreover, at least one member in WC,s ¢ has strictly larger PAE than
does any member in WC, ;.

Theorem 3.1. The class of the two-sample GMWW statistics with subsample sizes r,
and sy, i.e. Cy s, belongs to the class of the two-sample weighted GMWW statistics
with subsample sizes ry and s, i.e. WC,,s,, whenever ri <ry and s| < sa, that is,
Cy.s C WC,,s,. Furthermore, WC,, ;,, C WC,, ,.

The proof of Theorem 3.1 is provided in the appendix.
Remarks:

1. This theorem implies that the maximum PAE for the class WC, ; is monotone in
terms of » and s.
2. One interesting identity worth mentioning is the following:

r+1 r r
< k )Fk:r:<k>Fk:r+l+(k_1>Fk+1:r+l- (4)

(The proof of identity (4) is given in the appendix.) This key identity allows us
to conclude

r+1 ke lis)y _ [ 7 (ker+1,1:5) r (k++1:r+1,:5)
( ' )5 —(1)» (7)o

and

s+1 (krylsy _ S (ker,I:s+1) S (kery14-1is+1)
G L T G Pty

Similarly, the analog of Theorem 3.1 is valid for the functionals of the GMWW
and WGMWW statistics.

The question arising naturally now is how to determine the optimal weighted GMWW
statistic in WC, in terms of PAE. The PAE-optimal weighted GMWW statistic in
WC, is defined as the weighted GMWW statistic in WC, ; with the maximum PAE.
Thus it is clear that the problem of finding the optimal weighted GMWW statistic
reduces to that of choosing the weights m;, u;, i=1,...,r, j=1,...,s, to maximize the
PAE in WC, . The following theorem details this approach, which plays a key role in
finding a PAE-optimal WGMWW statistic.

Theorem 3.2. The PAE-optimal weighted GMWW statistic in WC, is a weighted
GMWW statistic with the weight vectors n and u, which are a solution of the
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nonlinear programming problem with linear constraints as follows:

2
max? (78,7, 1)
&(rys,m, 1)
Z;:] T = 1>
=1,
sit. 21 b (5)

T; =0, i=1,...r,
,LLJ'ZO, jzl,...S,
where E(r,s,m, 1) is the null variance given in Theorem 3.1 and

r s rlslmepy ffooo FHI=2(1 — Fy+s=F=1 £2(x) dx
Prys, T 1) =3 1 (k— D\(r =k — D(s =)

If F(x) is a cumulative distribution with finite Fisher information, then there exists
a solution to (5).

Remarks:

1. The proof follows easily from the fact that given the distribution function F, the
PAE or the objective function in (5) is bounded by the Fisher information of F.

2. There are many nonlinear programming software packages containing rich maxi-
mization procedures which can be easily applied to choose the weights 7 and u.

3. Given that the density function f and distribution function F are unknown, an
adaptive procedure may be necessary. If large samples are available, a nonparametric
estimate for f and an empirical distribution for /' may be applicable. This yields
an adaptive procedure (Hogg et al., 1975). In fact, one of the major advantages of
the weighted GMWW statistic is to take advantage of relatively large samples in
order to increase the PAE. Thus it is highly preferable in this scenario. However,
application of an adaptive procedure in practice will not be addressed herein.

When the population distributions are assumed to differ only in location, the MWW
test is directly comparable with the Student ¢-test which is known to be optimal with
PAE of 1 under the assumption of normality. It is well known that if the population
distributions are normal, the PAE of MWW is quite high at 0.955 (see Table 4 of
Xie and Priebe, 2000). In fact, the overall PAE-optimal GMWW statistic is indeed
the MWW statistic. It is no wonder that many statisticians thus far have considered
the MWW test to be an appropriate nonparametric test for the two-sample location
problem in the case of F' normal. In the following example, we find that the WGMWW
dominates the MWW for this case.

Example I. Assume F(x) to be the normal distribution function (our density # 4).
Applying Theorem 3.2 and using the computer code in Appendix A of Xie (1999) for
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solving (5) with » =s =2, we obtain the solution
=05 m=05 =05 w=05,

which is in fact the classical MWW statistic. Notice that
0.5F12(x) + 0.5F55(x) = F(x)

and hence that

5(03:05.05.05) / {0.5F15(x) + 0.5F5(x)} d{0.5G.2(x) + 0.5G22(x)}

= /Oo F(x)dG(x)

— 00

= 5D,

This is an illustrative example of Theorem 3.1, in which C;; C WC,,. Furthermore,
it appears that the maximum PAE of WC,, is equal to the maximum PAE of C |,
0.955. On the other hand, the solution of (5) with r =s5=3 is

=05 m=0, n3=05 =05 w=0, u3=05

and thus the functional associated with this weighted GMWW statistic is
5(03.0,05,05,0,05) / {0.5F.3(x) + 0.5F33(x)} d{0.5G1.3(x) + 0.5G33(x)},

which yields the PAE of 0.9891. Clearly the maximum PAE of the WGMWW statistic
in WCs; 3 is greater than that in WC, ;. It is also greater than the maximum PAE in Cs3
as shown in Table 1. Moreover, the maximum PAE for WC, ;, r=s=4,5,6 are 0.9932,
0.9936, 0.9958, respectively. Experimentally, the maximum PAE for WC, ; increases
as » and s grow. This observation not only conforms to Theorem 3.1 as expected, but
also demonstrates the admissibility of WC, , relative to C, in terms of PAE.

Example II. Let us consider the Bimodal distribution F(x) (our density # 11). By
solving (5) with r =s=2,3,4,5,6, we obtain the weight vectors as follows:
m=m=n=u=05 and m=w,=0,i=2,...,r—1.

Hence the associated functional is
o) = / {0.5F(x) + 0.5F,..(x)} d{0.5F..(x) + 0.5F,..(x)}.

As displayed in Table 1, the maximum PAE for WC, is constantly increasing with
subsample sizes r and s. Most importantly, the gain in efficacy using the PAFE-optimal
weighted GMWW statistic is substantial.

The PAE-optimal weighted GMWW statistic outperforms the PAE-optimal GMWW
statistic, as shown from Table 1. Regardless of the underlying distribution, the
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Table 1
Comparison of the WGMWW and GMWW statistics®

ARE(WGMWW, GMWW)
# r=s=1 r=s=2 r=s=3 r=s=4 r=s=5 r=s=6 Optimal(r, s)

#1 1 1 1 1 1 1 1

#2 1 1 1 1 1 1 1

#3 1 1.012 1.028 1.044 1.057 1.074 1

#4 1 1.054 1.133 1.168 1.215 1.216 1.042

#5 1 1 1 1 1 1 1

#6 1 1 1.006 1.021 1.036 1.048 1.007

#1 1 1 1 1 1 1 1

#8 1 1 1 1 1 1 1

#9 1 1.016 1.045 1.075 1.081 1.1 1.027
#10 1 1 1 1 1 1 1
#11 1 1.050 1.248 1.476 1.6 1.667 1.615
#12 1 1.007 1.193 1.440 1.585 1.664 1.635
#13 1 1 1 1 1.121 1.145 1.136
#14 1 1.024 1.217 1.451 1.588 1.667 1.657
#15 1 1.079 1.283 1.5 1.554 1.516 1.516
#16 1 1.049 1.249 1.439 1.594 1.674 1.626
#17 1 1.008 1.147 1.310 1.413 1.481 1.481
#18 1 1 1.107 1.297 1.418 1.449 1.425
#19 1 1 1.131 1.263 1.123 1.299 1.299
#20 1 1 1.163 1.389 1.497 1.532 1.532

max PAE(WGMWW € WC,.; )
max PAE(GMWWEC, )

S ARE(WGMWW, GMWW ) =

PAE-optimal WGMWW statistic always has a nondecreasing PAE in terms of subsam-
ple sizes » and s. In contrast, this is not generally true for the PAE-optimal GMWW
statistic. As far as the unimodal densities number 1 to number 10 are concerned, it
is clear that under the Gaussian, Outlier, Logistic and Skewed unimodal distributions,
the PAE-optimal weighted GMWW statistic gains higher efficacy than its counterpart
in the class of the GMWW statistics, i.e. the corresponding PAE-optimal GMWW
statistic (Fig. 1). This indicates the admissibility of the WGMWW statistic relative
to the GMWW statistic. In fact, the former dominates the latter; we observe that the
PAE-optimal weighted GMWW statistic is at least as good as the PAE-optimal GMWW
statistic for the remaining unimodal densities. As for PAE analyses of the multimodal
densities displayed in Table 1 (density numbers 11-20), the PAE-optimal weighted
GMWW statistic shows substantial improvement over the PAE-optimal GMWW statis-
tic (Fig. 2). For example, for » =5 = 6, the PAE-optimal weighted GMWW statistic
gives rise to almost 65.7% increase in efficacy over the PAE-optimal GMWW statistic
for the density # 14. Overall, the superiority of the former over the latter therefore
becomes apparent as anticipated from Theorem 3.1. It is highly recommended that the
PAE-optimal WGMWW statistic be used, especially when the underlying distribution
is multimodal, as opposed to the PAE-optimal GMWW statistic.
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Fig. 1. Testing densities.
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4. One-sample analog: a weighted generalization of the Wilcoxon signed rank
statistic

Analogous to the two-sample case, a class of weighted generalizations of the Wilcoxon
signed rank (WSR) statistics is introduced for testing the center of a symmetric dis-
tribution, including as special cases the Wilcoxon Signed Rank, the Maesono—Ahmad
(Maesono, 1987; Ahmad, 1996) and the GWSR (Xie and Priebe, 2000) statistics.

As in the two-sample case, Lemmas 1.1 and 1.2 motivate us to estimate the functional
p(®1) defined as

I — Zﬂ?kbk A1 —F(—x)}d {Zuzbzb{F(x)}]

—o0 k=

= ZﬂkFr k1 x)d{Zz 1ﬂ1Fzs(x)}
—00 k=
=S / Frtorn(—x) dF ()
k=1I=1 — 00

= Z Z k,ulpr{Xk F(Xl) )()) +XIZS(X}’+19 cee 9/\/}”+S)>0}9
k=1I=1

where F,_ji1.,.(—x) = EZ:FHI(Z)F (—x)(1 = F(—=x)Y"" and 7 = (m,...,7.) and
w=(ui,..., ) are the weight vectors and where Xj,...,X, are r independent copies
of X and X,,...,X,, are the order statistics obtained by arranging the preceding
random sample in increasing order of magnitude. Notice that under Hy, y™*) =77 el

Iie1 1
STt Yo gy CPEDHCTTTDICT).

An empirical estimate of y™* is given by

wo-{( L) (7)) s5s

nk,ull{Xk;,(X,»l,... X; )+X1;S(AX,‘H1,.. ,r+\)>0}
Zk 1 Z[ 1 Z” I Z7;1S+l T[k:ulwijl()(i:n +)(j:n>0)
n r+s ’
r+s r

where ). stands for summation over all permutations (i1,...,ir45) of ¥ 4+ 5 integers
such that 1 <ij < -~ <ip, <m, 1 <1 <+ <l <nm,and i Zipife# f,1<e<r
and 1 < f <s, and where

()N

0 i=j,

ot (=N (i—j—I\(n—i—r+k\ (n—i\[i-l-v—1Y\ . .
Zv—°<1—1>< v )( s—1—v ><r—k>< k-1 >
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The GWSR statistic (Xie and Priebe, 2000), including the WSR and Maesono—Ahmad
k 1
. L (1) - — —
statistics, is simply v, with = = (0,...,0,1,0,...,0) and u = (0,...,0,1,0,...,0).
—_—— —_——

. . ’ ’ . . . ' F/E *
Likewise, 7™-*) with the uniform weight vectors 7’ = (1/r,...,1/r) and u'=
’_A . . 1 r =, = 1 s
(1/s,...,1/s) is the WSR statistic because > ;| Fy..(—x)=F(—x) and : >, | Fp(x)=
F(x).

In this section, we shall study the asymptotic behavior of the statistic 7", For ease
of illustration, we define Fj.,(x)=1 or 0 as k=0 or k>r.

Theorem 4.1. Let n — oo. Then /n{y{"" — y™mY} is asymptotically normal with
mean 0 and variance o2, > Where

721,;1 =var |:i inkﬂl {I"/ Frfk:rfl(_x)dFl:S(x)

k=1I=1 -X

o

_X] _
+r/ Frprrr—1(=x) dFp(x)

— 00

X1
-‘r-S/ F171;371(X)dF,«,k+1;r(—X)
X[ _
75/ Fl:.c—l(x)dFr—k+1:r(x)}:|
for 1 <k <r, 1<I<s. Under Hy, the variance oci, u reduces to

SIS ristr+1—k—DlW(s+k—1—-1)!
ZZ@%W!W k— D +5— DIr — kNI — DG — 1)

171=1

M~

k

sl i D i = D)
(i— DI(r+s—DIr— )G — DI(s — )

s+r—1
(s+7r—1) S+r—1< i >

k=D —k— D (2r 25 — 1))

X

x{2i+21 -2k —=2s+ 1) r+1+i—-k—DQ2s+r+k—1—i-2)!

FQi42%k—2r =20+ 1) (s—I+k+i—DI(s+2r+1—i—k—2)}

<s+r—1>
(s+r—1) strl n

= jHi—DIr+j—i— DT 2r+2s—1)!
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x{2n+2j—-2i—2s+ D) +j+n—i—DQ2s+r+i—j—n—2)!

FQn+2i—2r—2j+ 1) s—j+i+tn—Ds+2r+j—n—i—2)}

Thus the proof of Theorem 4.1 is similar to that of Theorem 3.1.

Let us denote by V, , the class of the one-sample GWSR statistics with subsample
sizes r and s and denote by WV, ; the class of the one-sample weighted GWSR statistics
with subsample sizes r and s. Apparently, V., C WV,,. As in the two-sample case,
we have the following theorem characterizing the relationship between the classes V'
and WV.

Theorem 4.2. The class of the one-sample GWSR statistics with subsample sizes
ri and sy, i.e. V, g, is included in the class of the one-sample weighted GWSR
statistics with subsample sizes ry and s,, i.e. WV,,s,, whenever ri <ry and s; <s»,
that is, V, s, C WV,,s,. Furthermore, WV, o C WV,, ,.

The PAE-optimal weighted GWSR statistic in WV, is defined as the weighted
GWSR statistic with the maximum efficacy in WV, ;. The problem of finding the optimal
weighted GWSR statistic reduces to that of choosing the weights =;, u;, i=1,...,r, j=
I,...,s to maximize the PAE of the WGWSR statistic in WV, .

Theorem 4.3. Suppose that the cumulative distribution F(x) is known. A PAE-optimal
weighted GWSR statistic in WV, is the weighted GWSR statistic with weight vec-
tors m and u, which are a solution of the nonlinear programming problem with linear
constraints as follows:

2
max¢ (r,s,m, 1)
W(r,s,m, p1)

Z;:] = 13
Z;:l :uj = 1a

w; =0, i=1,...r

s.t. (6)

w =0, j=1,...s,
where (r,s,n, 1) is the null variance given by Theorem 4.1 and
o8 2rlstmpy [T0FTRHEN L = PRI 2000 d
¢(r9s37r9ﬂ): ZZ
== k—DWr =k -Dis =)

If the Fisher information of F(-) is bounded, then there exists a solution to (6.15).

Proof. The proof follows from the similar argument in the proof of Theorem 3.2. [
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Example 1. Suppose that F(x) is the normal distribution function. Applying Theorem
4.3 and using the computer code in Appendix B of Xie (1999) for solving (6), we
obtain the maximum PAEs for WV, ,, r =s = 2,3,4,5,6, which are 0.9760, 0.9896,
0.9932, 0.9937 and 0.9959, respectively. As subsample sizes r,s get large, the optimal
PAE increases. This agrees with Theorem 4.2. Notice that for the normal distribution,
the maximum achievable PAE is 1. Since the one-sample #-test with PAE=1 is optimal
for the normal distribution, the PAE-optimal WGWSR with » =5 = 6 is a strong
nonparametric competitor.

Appendix

Proof of Lemma 1.1. It is sufficient to consider the case in which u(0)=0 and u(1)=1.
Suppose that u(x) is a strictly increasing continuous function on [0, 1] and that u(0)=0
and u(1) = 1. In light of the Weierstrass approximation theorem (Theorem 1.1.1 of
Lorentz (1986)), this implies that the Bernstein polynomials u,(x) of the function u(x)
converges to u(x) uniformly on [0, 1]. Moreover, u,.(x) can be expressed in terms of
the tail binomial polynomials by..(x), k=1,...,r. To see this, let us take a closer look
at u,(x).

o (RN (TN ki
u,(x)—kzou(r) (k)x(l x)

)+ S (1) (b1t — b, )
=0

= Z’t(o)bO:r(x) + zr: {u (k) —u (k_l) } bk:r(x)
k=1 r r
“E{(0) () e

= Z kak:r(x)7
k=1

where wy = u(k/r) — u((k — 1)/r)>0, k = 1,...,r and Y ;,_, wy = 1. The proof is
completed as desired. [

Proof of Lemma 1.2. It is sufficient to show that

1 1
/ u,(x)dog(x) — / u(x)duv(x) asr,s — ooand r/s— A€ (0,1).
0 0

Without loss of generality, we are assuming that u(0)=0, and hence 0 <u(1)<oo. The
continuity of v’, taken together with the Weierstrass approximation theorem, implies
that the Bernstein polynomials of v/(x), i.e. v}(x), converge to v'(x) uniformly on [0, 1].
Thus, for any ¢>0, and all x € [0, 1], there exists M’ such that |v](x)—v'(x)| <e&/2u(1),
whenever s>M’. Once again, it follows from the Weierstrass approximation theorem
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that u,(x) and vs(x) converge to u(x) and v(x) uniformly on [0, 1], respectively. This
implies that for any 0<e<1 and all x € [0,1], there exist N1 and M1 such that
|1, () —u(x)| <&/2(2+|v(1)—v(0)]) and |vs(x)—v(x)| <&, whenever »>N1 and s >M1.
All in all, for any ¢>0, there exists M = max{N1,M1,M’} such that

1 1
‘ / uy () do(x) — / u(r) do(x)
0 0

1 1
= |/ {ur(x) — u(x)} dvs(X)Jr/ u(X)d{vs(X)—v(X)}‘
0 0

1
< / {up(¥) — u(x)} doy ()] +
0

1
/0 u(x) d{v,(x) — U(x)}‘

1 1
< /O () — ()| o) + /0 () (o6 — v/ ()} dx

|vs(1) — vs(0)]e
T 22+ Jo(1) — w(0)])

Hence the lemma follows as desired.

1
0] [l = ol d

Proof of Theorem 2.2. Using Theorem 3.4.13 of Randles and Wolfe (1979), we need
only to establish the variance. Let

r N
(p(ﬂ»#)(Xl"”,Xr; Yl)”’) YS) = Zznk#ll{inr(Xla' . '9XV)<YZZS(Y1,'”7 YS)}
k=1l=1
Thus

o\ X)) = E[o™0(Xy, .. X Vs, Y)IXG]

r S
= > mep Pri{Xe,(Xi,.... %) < Yi(Y1,..., Y5)|Xi }
=1i=1

= Z an,ulpr{Xk:r < YZZS‘XI}
k=1I=1

s (ki I:s)
= Zznkﬂlq’m X).
k=1i=1

Similarly, we have

o) = E{o™(X1,...,. X5 Y1, Yo V1 }

Il
M=
M-

T Uy Pr{Xk:r < YI:S|Y1}

b
Il
_
=
Il

1

nk'ulq)g)/i:r,l:s)(Yl )

Il
M-~
B

-
Il
=
I

1
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Under Hy,

E@\TM (X)) = EeliM (Y1)

r S s

= ZZ k,ulE(Pmr I'A)(Yl)

k=1/=1
— §mm)

-1
r+s g "l +i—1 r+s—i—1
-(7) B (M)
r k=1=1 i=k ! r—i

0= Var{(/’%’#)(Xl )}
X

= var {kzr:lﬁ:nk“l (Frr—1 — Fr—12—1)(x) dFl:s(X)}
11

—00
2

ros X
{Zznkuz/ (Frr—1 Fk—l:r—l)(x)dFl:s(x)}

k=1i=1

24

_E2 {kzr:li:nk,ul (Fk:rfl _Fklzrl)(x)dFl:s(x)}
1/=1

=4-B,

where
X1

E{iinkﬂl

k=1i=1 —00

(Fk:r—l - Fk—l:r—l)(x) dFl:s(x)}

ros X1
= Z Zﬂk:ulE{ (Fk:rfl - kal:rfl)(x) dFl:s(x)}

k=11=1 —00

- s k+1-2 r+s—k—14+1
Zklle”kﬂl( k—1 >( —k >(”_H‘1)

()

(Fk:r—l - Fk—]:r—l)(x)dFl:s(x)}

and

X 2

r s
{zzmm
k=1I=1

X1

Ziiikmw,{ (Firt — Firpm () dFu(x)

k=1Il=1i=1 —o00

X
X / (Fi:r—l - Fi—l:r—] )(x)dFj:s(-x)}

— 00
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k+1-2 r+s—k—1
-1 r—k

= © 35S ey (m_l)

k=1l=1i=1j=
i+j—2 r+s—i—j
i—1 r—i
r+s—1
s

r+s—1  r+s—1 _ _
v Z Z <V+S 1> <}"+; 1>E{Fp+q(l 7F)2r+ZS*P*q*2}

N

X

p=k+I1—1g=i+j—1 p
k+1-2 r4+s—k—1
ros . r.s [—1 r—k
=D 00D MMl
k=1i=1i=1j=1 (r +s5— 1)
s

sl r“il <r+s—1> <r+s—l) (p+q@)(2r+2s—p—q—2)!

X
p:szr:l—lq:Hj—l p q (2r+2s—1)!

Similarly
o1 = Var{qogf’lﬂ)(Yl )}

X1
=var { Z an,ul (Flzs—l —F_151 )(x)dFk:r(x)}

k=1l= —00

2

24
{Zznkﬂl/ (Fl:s—l Fl—l:s—l)(x)dFk:r(x)}

=1i
—E* S Y m /(Fl:sfl_F[fl:sfl)dFk:r(x)
=1i=1

=C - D>
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where
ros X1
{Zanuz (Frs—1 _Fl—lzs—l)dFk:r(x)}
f=1i=1 —o
ros X
=3 > muwE {/ (Frs—1 — Fll:sl)dFk:r(x)}
k=1i=1 —
, s k+1-2 r+s—k—1+1
D ket i1 Tk _ _ (s—k+1)
[—1 s—1
_ (")
s
-
and

k+1-2 r+s—k—1
k—1 s—1
C= ZZZZ%MMM,
k=1I=1i=1j= r+s—1
,
i+j—2 r+s—i—j
J—1 s—J
X
r+s—1
r

sl ”i—l (H—s—l) (r—|—s—1) (p+q)(2r+2s—p—q—2)!

x 3
p=k+1—1g=i+j—1 p q (2r+2s—1)!

Thus 72&1.0/A + s*Eo.1/(1 — A) is identical to the variance under Hy, i.e. &/(A(1 — 4)).

Proof of Theorem 3.1. Firstly, we claim that

+ (ki | ) GMWngl’c;l—lzr+l,l:s)‘ (7)
Since

1 .
(r: >GMWW%,;;”'S)

(1) () (D e
O0)
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( r ) GMWWff‘,ﬁH’ Is)

k
(=m0 Gt ) (o) (] )it <)
(o))

and

< r ) GMWW(k+1:r+1,l:s)
k _ 1 n,m

:(krl)Z?l 2t (ik1><:]i>(jl.i)(?{)[(){i:n<yﬁm),
<r11>(’:)

it is sufficient to show that

(GG L)) 05

(") (1)
(D))
L7

By expanding and simplifying both sides, this identity follows immediately. Likewise,
we obtain

(S +1 )GMWW(’”’“) = (S ) GMWWnls+) 4 ( s )GMWW(k:r,l+l:s+l)
l 1-1 mm :

/ n,m n.m
()
Secondly, combining (7) and (8) yields

GMWWE,Ikn:’ IZS)
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(r) {<S> GMWWEr+LEs+1) | ( > GMWWU‘ 1, l+15+1)}
k ! o I—1 nm
B r+1 s+1

k /

( r ){<S>GMWW(k+1:r+1,1:s+1) +( § )GMWW(k+1:r+l,l+1:s+l)}
k—1 / mm /-1 n,m

+

()

Cr,s C Wcr+1,s = WCr,s - WCV+1,S

Hence (7) implies that

and (8) implies that
Cs CWCrsp1 = WC., CWCrig 41
Finally, using the above recursive relations yields
Cr5y CWC, 5, CWC,,,

whenever r; <r, and s; < 5.
The proof of theorem is completed as desired. [

Proof of Identity (4).

Fk:,zzrj< )Fi(l Fy !

-

( {Fl(] F)i —i+1 Fi-H(] _ F)r—i}

=0

i=k

<

tl+l - Hrl r+1 Fi+1:r+1 _Fi+2:r+1
r—|—1 r+1
i+1
r+1 _ r+1 r
i i+1 i
Firi1+ Fiyir1
r r+1 r+1
i i+1

=

Z

ety
()

———Fii21
r+1
(i5))
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r
k
———Frrn1
r+1
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r+1Y\ [(r+l r + r+1 r
k k+1 k k k+1
Fritrm
r+1 r+1
k k+1
() ACH)-G5)IG0)
r=2 i i+1 i+2 i+1
+3 |- +
i—k r+1 r+1 r+1
i+1 i+1 i+2
r
i+2 F
}"—|—1 i+2:r+1
i+2

CHCGD-CIC) G,
) )
GG

The proof is completed as desired. [

+

Fk+1:r+1~
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