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Abstract: The well-known Mann-Whitney-Wilcoxon (MWW) statistic is based on empirical distri-
bution estimates. However, the data are often drawn from smooth populations. Therefore, the
smoothness characteristic is not preserved. In addition, several authors have pointed out that em-
pirical distribution is often an inadmissible estimate. Thus, in this work, we develop smooth ver-
sions of the MWW statistic based on smooth distribution function estimates. This approach pre-
serves the data characteristics and allows the efficiency of the procedure to improve. In addition,
our procedure is shown to be robust against a large class of dependent observations. Hence, by
choosing a rectangular array of known distribution functions, our procedure allows the test to be a
lot more reflective of the real data.

Keywords: Mann—-Whitney—Wilcoxon; strong and weak consistency; asymptotic normality;
robustness

1. Introduction

Suppose that X and Y are two independent random variables with the distribution
functions (df’s) F and G, respectively. We can say that stochastically X <Y if F(x) =
G(x) for all x. Testing Hy: F(x) = G(x) for all x against the alternative H;: F(x) < G(x)
is carried out via the celebrated Mann-Whitney—Wilcoxon (MWW) statistics. Let
X1, Xm and Yy, ..., Y, be two samples from F and G, respectively. The MWW statistics
are defined by the following:

Pmn = (mn)~* iz1 Z;Ll I{Xi<yf} @

where I;(a) =1 if a € A and 0 otherwise [1,2]. Note that p,,,, is the empirical estimate
of p=P(X <Y) = [F(x)dG(x). Several generalizations of p,,, were discussed in the
literature, with the aim of increasing the test efficiency, c.f. [3-5].

On the other hand, ref. [6] showed that F,(x) with respect to the integrated mean
squared error (IMSE) is inadmissible. Therefore, extensive research has been carried out
to find competing estimates of F(x) and F,(x). Additionally, work on estimating the
corresponding probability density function (pdf) began with the pioneering work of [7,8],
who suggested that a smooth estimate of F(x) can be gained by integrating the so-called
“kernel pdf estimates” defined by the following:

fG) = =Xtk (520 &)

mam

where k(-) is a known pdf with the sequence of real numbers of {a,,}, such that a,, = 0
as m — oo. Hence, the kernel of estimate of F(x) is as follows:
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Fa) =m B K (52), 3)
where K(u) = fjoook(w)dw.

A large number of studies have been carried out to investigate the properties of
E,(x), including the works of [9-13], among many other authors.

The idea of comparing the efficiency of £,(x) tothatof F,(x) started with the work
of [14], who showed that the relative deficiency of F,(x) to an appropriately selected
F,(x) quickly tended to e as m — oo when using the MISE as a criterion. This was fol-
lowed by a large number of authors, among whom we mention [15-17], who showed the
following:

f ’ E{B(x) — F(x))* dF (x)

hhod 4)

= 2a,mC [ F200) dx + 22 [ (1)) F(x)dx + 0(ap/m + afh),

1
6m

where C = ffooo t k(t) K(t)dt and of is the variance of k(-). For further discussion, see
the works by [18-25], among others. In cases where the data are censored, we refer to the
works of [26,27].

A natural extension of Equation (3) can be defined as follows:

Let {W,,} be a sequence of known df’s. We define an extended estimate of F(x) us-
ing the following:

ﬁm(x) =m™! =1 Wi (x — X)), ©®)
where W, (1) = I_o)(u) as m— . Note that the kernel df estimate takes W;,(u) =
K@)
Our smooth estimate of p is defined as follows: let {W},,} be a rectangular array of
known df’s satisfying the following:
Winn(W) = I(—eo,c0)(w) as min(m.n) — oo (6)

We propose estimating p using the following:

Bram = f f Wy (v — 2)dFp () dGn ()
S %

= (mn)™! it Z?:l Winn (Y} - X;)
Note that we can write Pp, as Pmn =N X7y By (Y;), where F,(x) =m™ and
2ty Won (x — X;). Examples of the W, ,(u) arrays include the following:
L W) =3 Wr@) + W),

2. Wm,n(u) = fjooo Wi (u — v)dW, (v);
3. Wnn() = [Wn @)W, w)]"/2.

2. Results
2.1. Large Sample Theory of Pmn

(i) Asymptotic unbiasedness: if W, ,(u) = Ijpw)(w) as min(m,n) — oo, then
Epmn = P

Proof. Note that Epy,p = [ Win(y — x)dF (x)dG(y) and let Hy,pn(y) = [ Wy (y —
x)dF (x). Thus, the characteristic function of H,,,(y) is as follows:

Dt () = By, (DD£(D), (8)

where @y, (@) denotes the characteristic function of W, (F). Since Wy, (t) -
looy(®) , Ow,,(t) >1 as min(mn) > and, thus, @y, () > Op(t). Hence,
Hpn() = F(-) as min(m,n) - o at each continuity point of F. The Lebesgue dominated
convergence theorem was applied to obtain the result. o
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(ii) Weak (and L;) consistency: if W,,,(u) = Iw.)(u) as min(m,n) —» o, then
Pmn — p with the same probability as min(m,n) — oo.

Proof. From Part (i), we only need to show that V(p,,,) = 0 as min(m,n) - c. We
will show a stronger result for sufficiently large values of m and n, as follows:

2
Vo =5 ] FOOI-FO600460)

9
+2 I, GODIL = GO 1AF (x)AF (x,) = 0By
Note that
V(ﬁm,n) = (mn)_lEWnZL,n(yl - Xl) + [(m - 1)/mn]EWm,n(Y1 - Xl)Wm,n(YI - Xz)
-I-[(Tl - 1)/mn]EWm,n(Y1 - Xl)Wm,n(YZ - Xl) - [(m +n— 1)/mn]E[Wm,n(Y1 - Xl)]z (10)

:A1+A2 +A3 +A4

Since Wy, (1) = I(,w)(1) as min(m,n) = oo, using an argument similar to Part (i),
we can show that [W;2,(y —x)dF(x) » F(y) as min(m,n) » c at each continuity
point y of Fi. Thus, it follows that 4; —» 0 as min(m,n) — . In fact, 4; = o[(mn)~].
Next, for sufficiently large values of m and n, we can see the following by the same rea-
soning:

4y = [(m — 1)/mn] f f f Wiy — 20) Wy (y — 2,)dF (xy)dF (x,)dG (y)
(11
=n"! ff G[max (x1,x3)]dF (x1)dF (x,),

For sufficiently large values of m and n, [Wp,(y —x)Wp,(y —x;)d G(y) =
G[max(xy, x;)]. The proof for Az issimilar. Finally, for A, = [(m +n — 1)/mn]p?, the de-
sired conclusion is reached by collecting terms. o

(iii) Strong consistency: if W, ,(u) = I «)(u) as min(m,n) - oo, then Py, = p
with a probability of one.

Proof. Since, according to Part (i), Ep,,, = p as min(m,n) — oo, we only need to look at
[ﬁm_n —E ﬁm_n]. However, since W, ,(+) is a distribution function, by integrating the parts,
we obtain the following;:

[ = Bl = [ W = 0826, ) = [[ Whn v = 0P @160
< |[] Wy = 2B 86,0 = [[ W = 0B 60|

][] Wn & = 9008602 = [[ Wy = PG|

= |[] tn = FGNAWh 03 = 600 + [ 1605 = GOV AWp v = ) )

< sup|Fp(x) — F(x)| + sup |G,(y) — G(¥)|
x y
1 _1
=0(m E lnlnm>+o<n E lnlnn)
. |Inlnm |Inlnn
= 0{min , =o0(1)
m n

We use the standard law of iterated logarithm for empirical distribution functions. o

(iv) Asymptotic normality: if W,,,(u) » I (u), and if \/min(m,n)(Epy, —p) = 0
as min(m,n) — oo, (ﬁm‘n - p) /Omn is asymptotically standard normal, where a,,,, is as
given in Equation (9).

(12)
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EC?

Proof. Under the above conditions, it is sufficient to point out that
(Pmn — EPmn)/Omn is asymptotically standard normal. To this end, we obtain the follow-
ing:

o = Ebmn = {[[ 16:0) = 6010 = 00aF G0
~ ||t = PG AWh (3 - 6 )]

+ Uf [Fn(x) — F(x)]d W, (y — x)d[G, () — G(y)]} (13)

=B+C

Clearly, B is the difference between the two independent sample averages; thus, we
have proved that B is asymptotically normal and has a mean of zero with the variance
o n. Additionally, note that EC = 0(1), and if m and n are large enough according to the
methods in Part (i), then we obtain the following;:

~ () {[[ FG)(1 = FGAG )] = 2 f[, _, FG)(1 = F(x)dh(x)dh(x,) } = o[Gmn) ]

Hence, min(m,n) EC? = o[(min (m,n))"!] = 0(1), thus /min(m,n) C = 0. The con-
clusion is now obtained. o

Some remarks:

() A sufficient condition for ,/min(m,n) (E Pmn — p) -0 is that
Jmin(m,n) [[¢|* AW, ,(£) - 0 as min(m,n) - oo, provided that F is the Lipschitz of or-
der 0<a<1.

Proof. Note that Ep,, = [ EF,,(¥)dG(y), where EFy,,(y) = [Wy(y — )dF(t).
Thus, by integrating the parts, the following are obtained:

|[[ Winn = 03 @160) - [ Fedae|
- | f EFy »(0)dG(x) - f F(x)dG(x)|
sf|mx—0—F@Mmmamq@|
< € () AW (®) = o [(Ymin (m,m)) |- ©
If we know that Wy, ,(t) = [K (i) +1<(i)] /2 with a known K() and k(t) =

%K@Langm%,Q>0;md§<6<1,mdbnzgn%,Q>0zmd§<ﬁ<L
then the above condition is met for @ =1 and & = . Of course, if Wy, (1) = Iy w) (W),

then /min(m,n) (Epy, —p) = 0.
(IT) If one wishes to find an asymptotic confidence interval for p = P(X <Y), a con-

sistent estimate of oy, is needed. However, this estimate can be easily obtained using
the following;:

2 ~ N
Gin = || B0 (1= B 3)dGn )6 0)
m V1<V2
) (14)
2 [ G = G R G ()
n x1<X3
where F,(x) =m™ 1™, Wpn(x —X;) and F,(x) is the empirical df of F, with G,(y)
and G,(y) defined analogously. Thus, we obtain the confidence bounds as follows:
ﬁm,n + Zoc/z am,n/[min (m: n)]l/z (15)
In addition, note that o7, = [min(m,n)]* {ffy1<y2 F(y)) (1 = F(y,))dG(y)dG(v,) +
f fx1<x2 G(x) (1 — G(x)dF (x;)dF (xz)} = [min(m,n)] a2. Thus, in Part (iii) above, we

can write that (P, — p) [min(m,n)]*/2/62 ,, is asymptotically standard normal.
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(ITI) The kernel method provides an easy way to generate W, ,(-), at least for the
special cases W, ,(u) =% (W (w) + W,(w)] and W, ,(w) = fjooo W, (u —v) dW, (v), by

defining W,,(W,) as a kernel estimate V;;., W, (u) = K (i) W, (uw) =K (%), where K is
a random df and {a,,}({b,}) is a sequence of constants, such that a,, » 0 as m — oo
(b, = 0 as n = ). As is now well known in the literature, the choices of a,, and b,
will, generally speaking, depend on the data. Thus, in such cases, the conditions on
Wi n(w) will have to be adjusted.

(IV) Mann-Whitney—Wilcoxon statistics for paired data. (Xy,Y;),..,(X,Y,) is
drawn from a bivariate df F(x, y). In this case, we may be interested in estimating either
(i) P(X, <Yy or (ii) P(X; <Y,). We propose estimating p; = P(X; <Y;) using p; =
W, (x = y)dF,(x,y) = n™t XL W, (X; — Y;), where {W,} isasequence of df’s converg-
ing to Iy (-) as n — oo. Note that p, is an average of independent random variables.
Thus, one can, without much difficulty, study its properties. We have left in the details for
readers who are interested. If it is necessary to estimate p, = P(X; < Y,), we propose es-
timating p, =n(n—1) X W, (Y; —X;). Thus, p, =p, —py, where p, = [f W, (x —
YV)AFE,(x)dG,(y) =n"2 Y, Y; Wn(Y] — X;). The asymptotic properties of p, are not trivial
to deduce, but can be obtained by the methods described in this paper. The consistency
(weak and strong) of p, when we have a random sample (Xy,Y;),..., (X, Y,,) is obtained
under the condition that W;,(-) = I(5x)(-) as n — . The asymptotic normality is ob-
tained with the following approximate variance:

02 = sz(x) dF (x) + f(1 - F(x))2 dG(x) + zj G(x) (1= F(x))dH(x,y) — 4p3 (16)

To estimate oy ,, we propose the following:

62 = f G2(0) dFyp () + f (1= Fu(x) dGa(o) +2 f f Go() (1 = Fn () dHy (x, y) — 4P

Thus, Vn(p; — p2)/6mn is asymptotically normal provided that vn (E p, — p,) = 0
as n — oo,

2.2. Robustness of Py against Dependence

In this section, we assume that X, ..., X;,(Ys, ..., ¥,) denotes the first m(n) units in
the sequence {X,,}({Y,}), satisfying the following strong mixing condition c.f. [28]. Let I
denote the o-field generated by X,, ..., Xp, then {X,,,} is said to be strong mixing if there
is a function with the integer value a(-), such that a(m) - 0 as m — oo, and the follow-
ing is obtained:

|P(AB) — p(A)p(B)| < a(m) (17)

Forall A € 3%, B € 33 - Throughout this section, we shall assume that {X,,}({Y,})
are strictly stationary. To establish the results of this section, we need some definitions.

Let Upn(X1) = E[Wpn(Yy — X)) X1] and V(Y1) = E[W;y, (Y — Xy)| V1], The fol-
lowing are obtained:

Rm,n = [min(m, n)]l/z {m_l ﬁl Um,n(Xi) +n7t Z?:l Vm,n(yj)
_(mn)_l ?il Z?:l Wm,n(yj - Xi) - EWmn(Y} - Xi)}

The next lemma is instrumental in the development of this section.
Lemma 1. If }7_;a(m) < oo and Y7 a(n) < oo, then ERp, — 0 as min(m,n) —

(18)

Proof. For 1 <i <m and 1 <j <n, the following is obtained:
Pmn () = U (X)) + V(%) = W (Y = X)) = EW(Y; = X3). (19)

Then, we can easily see the following;:
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2
min(m, n) .
ERp = S5 E D D omni))
i

min (m,n)

= S S EQin (L)) + X0 Y jw i E@mn (6 )) P (657}

(mn)?

(20)

+Zi¢i* Z}'E (pm,n(i:j)(pm,n(i*:j) + Zi::i* Zjij*E(pm,n(i'j)(pm,n(i*:j*)-

We shall consider each term alone. Since |¢(i,j)| < 2, the first sum of the order
[min (m,n)/mn] - 0 as min(m,n) = co. From now on, we drop the m and n suffix from
@. Next, by the Lemma of [28], since {X;} and {Y;} are strictly stationary, we can see the
following;:

1224 < 2% Y Eo( Do)
SCmY¥ (n—j+1Da@)=CmnY} 1(n_j+1)a(j)

n
< Cmn|E, a() - 230 j a()]
Thus, the second sum in Equation (20) is bounded above by the following;:
¢ [ (2 a) - 15 @ ()] (22)

which converges to zero, since Y;a(j) <oo. Thus, by Kronecker's lemma,
ntY;ja(j) = 0 as n - oo. Inasimilar way, we can show that the third term in Equation
(20) converges to zero as min(m, n) — oo. Finally, the fourth term is less than or equal to

(21)

4" D BN =4 Y Y =i+ D -+ DIEpAL DG + 1,5+ DI

i<t j<j* i=1 j=1
However, since |E@(1,D)e(i+1,j+1)|<Ca(i) and [Ee(1,De(i+1,j+1)|<
C a(j) (note that here and elsewhere, C denotes a generic positive constant that is not
necessarily the same from place to place), |[E@(1,1D)e(i+1,j+ 1)| < C a(max (i,j)).

Thus, the last term in Equation (20) is less than or equal to

C ZZ(m —i+ 1D —j+1) a(max(i.j)) < Cmnzz a(max(i. j))

; o {Zzawz $ a(,)} < {mez

i=1 j=i+1

Z ) } (23)

j=i+1
= o(m?n)

To show Equation (23), let k,, be an n integer, such that k,, <m and k,, » o as
m — oo and k,, = o(m). Then, the following is obtained:

moia() =X ia@) + 30, i @@ < ky 2P a@ +m[E2,, a@)]
=o(k,) +mo (1) = o(m).

(24)

Next, since Y7 a(m) < o, 3t 1[2 2is12()] =0(m) as m - oo. Thus, Equation
(23) is proved, as is the lemma. o

In light of Lemma 1, the consistency and asymptotic normality of p,,, can be ana-
lyzed just by looking at m™* Y72 Uy (X)) — E Wy (Y; — X;) and n™1 Y7 1an(Y)
EW,,n(Y; — X1). In addition, note that EU,,,(X;) = EVp, (Y1) = EWp,,(Y; — X;). Now,
by stationarity, the following is obtained:
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|4

m
m_l Z Um,n(Xi)
i=1

=m! {; 14 (Um,n(XL)) + Z COU(Um,n(Xi)' Um‘n(Xj*)

i#i*

=Y U (60) + 3 1= -+ 1) OV U (A0, U ()

i=1
Similarly, we can express V(n~ (X7, v (Y;)). Thus, we obtain the following for

sufficiently large values of m and n:

V[m_l ﬁl Um,n(Xi) +n7t ?:1 Vm,n (Y])]
2 .
= O-T%l,n + m2 :’ll(m —L+ 1) Cov(Um,n(Xl): Um,n(Xi+1)) (25)

2 .
3 010 = + 1) covVnn (1), Vinn (Y1)

Let us find large sample values for the covariances. For large values of m and n, the
following is obtained:

2
COU(Um,n(Xl)' Um,n(Xi+1)) = j Um,n(Xl): Um,n(Xi+1))dFi(x1'xi+1) - [EWm,n(Yl - Xl)]

~ f [Fy ey, Xien) — FO)F (s D)IAG () dG (Geign) = 01 (1),

where F;(-,-) denotes the joint df of (X;,X;41). This is similar for the second covariance
term. Hence, for m and n values that are sufficiently large, the following is obtained:

V(ﬁmn) = O-r%z,n + % :21(7’” —-i+1) ali(X) + %Z?:l(n —j+ 1) Ulj(Y) 26)
= Ifn‘n, say.

Now, let us write Ignn = ifn‘n(X) +Efn,n(Y), where I,Z,l,n(X) [I,Zn,n(Y)] is the ap-
proximate variance of m=!Y¥™, U, .(X)[n™! )/ Vmn(¥;)]- Note that |Up,(X)| <1
and |Vm‘n (Yj)| < 1. Thus, by Lemma 2.1 of [29], the following is obtained:

PlIm S Upn(X) — EUp o (0] = €] < 2(1 + K a(M)yPe™" V2 27)

where P =p(m) and M = M(m) are integer-valued functions, such that 2PM < m.

Now we can state and prove the properties of p,,, if samplesare drawn from strictly
stationary strong mixing processes.

(i) Weak consistency: if ¥, a(m) <oand }, a(n) < o, andif W, , W) — Ijx)(u)
as min(m,n) — oo, then p,,,, — p with the same probability as min(m, n) — oo.

Proof. This directly follows the fact that Py —E Pmn = (Umn(X) — E Bmn) +
(Vun(Y) = EPmn) + Rmn/min (m,n), and by applying the law of large numbers for Er-
godic sequences, (R,,,/min (m,n)) - 0 as min(m,n) - o, according to Lemma 1. o

(ii) Strong consistency: Assume that the conditions of Part (i) hold and, in addition,
assume that there are integer-valued functions M(m) and P(m)(N(n) and Q(n)), such that
2MP <m(2NQ <n) and for any t>0,%%_,[1+ Ca(M)]Pe /2 <oo[¥2 (1 +
C a(N)]2e /2 < oo, then Pmn — P with a probability of one as min(m,n) - co.

Proof. Again, from Lemma 1, E [m] = o[(min/m,n)"t]7 for some 1>y >0

(by choosing based on the proof of that lemma, R,, =m", 1>y > 0). Thus, with v =
min(m,n) and by writing R, for R,,,, we can see that for any £ >0, } P[|R,| > €] <
oo; thus, R, » 0 with a probability of one as v — . The conclusion is obtained by ap-
plying Equation (27) to U, ,(X;)'s and Vm‘n(Yj)’s. a

(iii) Asymptotic normality: note that we obtain the following for large values of m,

2
Rinn

n:
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where y(X) = lim = n,(m—i+1)0y;(X). Similarly, we define 6(Y), provided,
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of course, that limits exist. In this case, we can write that /min(m,n) (ﬁm,n - p) Jo* is
asymptotically standard normal.

3. Discussion

This study has proven that the smooth version of Mann-Whitney—Wilcoxon statistics
is robust against a large class of dependent observations, and can be used if the data are
drawn from a smooth population. These procedures, which are based on a smooth distri-
bution function, can maintain the nature of the data and allow the efficiency of the proce-
dure to be increased. In addition, when selecting a rectangular array of known distribu-
tion functions, the smooth version of MWW statistics allows much better testing to be
conducted. For future work, we shall apply MWW statistics to simulation data and real
data.
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