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AsstrACT. The purpose of this paper is to investigate some topics on the selection
problems based on the vector and the combined ranks, with special reference to the
structures of population parameters. We pay more attention to the vector rank
statistics. First, by obtaining the joint distribution of the rank sums, exact results on
the problems of selecting the best population based on the vector rank are given. Then,
we give asymptotic results, for both the vector rank and the combined rank cases,
using their respective moments. We put the main emphasis on the fact that these
results are given with reference to the distributions (parameters) of the underlying
populations. One of the open questions of the selection problems based on the ranked
data lies in the determination of the LFC, though this problem has been discussed in
several places. Thus, finally, under the assumption of the parametric configuration,
some asymptotic results on LFC are obtained.

1. Introduction

In the analysis of experimental data, there are so many occasions to test
the significance of k treatments. Analysis of variance technique is one of the
statistical methods to cope with such situations. The problem is that even
though we have an analytical result such as certain hypothesis being significant
(or not significant), this may not be necessarily satisfactory to the experi-
menters. R. E. Bechhofer [3] states, in his first pioneering paper relating
to ranking and selection, as follows: “Thus in an agricultural problem the
hypothesis that several essentially different varieties of grain' have the same
(population) mean yield is an unrealistic one since it is obvious that if the
varieties actually are different, the (population) mean yields also be different,
and a sufficiently large sample will establish this fact at any preassigned level of
significance. Moreover, should a significant result be obtained, the experi-
menter’s problem usually have just begun. For having established that the
varieties are different he may now desire to select the one which is ‘best’. Here
the best variety might be defined as the one having the largest (population)
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mean yield. Whenever the experimenter ultimately is faced by the prospect of
having to choose a best variety, it seems reasonable that the experiment should
have been designed with this outcome in mind.”

This thought motivated the development of variety of multiple comparison
(decision) procedures (see for example Gupta and Berger [9], Hsu [16]) and
among which, ranking (ordering) and selection procedures, proposed first by
Bechhofer, played very important roles. These procedures were proposed
under the so called indifference zone formulation. Soon after the Bechhofer’s
proposal, Gupta proposed some selection procedures under the subset selection
formulation (explicitly in [14], originally in his Thesis).

Bechhofer treated first the selection of z-best populations with respect to
the population means [3] and population variances [4] of normal populations.
Since then, varieties of methodologies and algorithms have been proposed
for ranking and selection problems. Here we cite several keywords which
illustrate the spread of ranking and selection problems—with respect to dis-
tributions (such as normal, binomial, exponential), with respect to parameters
(such as location, scale), with respect to the selection of the best or worst,
sequential method, two- or multi-stage procedures and so forth. Details of
these spreads can be seen through the books by Bechhofer, Kiefer and Sobel [5],
Gibbons, Olkin and Sobel [7] and Gupta and Panchapakesan [13]. Also we
have a categorized guide of this field due to Dudewicz and Koo [6]. In [15],
Gupta and Panchapakesan indicate and discuss some directions for future
research in this field.

There are two streams of procedures based on the ranks, for the selection
of populations with distributions having the location or scale parameters. One
is based on the combined ranks (Wilcoxon type rank) and the other vector
ranks (Friedman type rank). In the indifference zone approach, the first result
using a statistic based on the combined ranks appears in Lehmann [18]. He
obtained an asymptotic result under the assumption that the slippage configu-
ration of population parameters is the least favorable configuration (LFC).
While Rizvi and Woodworth [28] showed that the assumption is incorrect by
giving a counter example. Further, under another assumptions, Puri and Puri
[26], [27], Alam and Thompson [1] have given some relevant results.

The subset selection approach based on the combined and the vector ranks
has been extensively studied by Gupta and McDonald [11], [12] and McDonald
[24], [25].

The indifference zone approach based on the vector ranks was investigated
from the exact theoretical points of view by Matsui [19]. He also treated
the selection problem under the assumption of the slippage configuration of
parameters to be LFC [20], but the assumption is not generally correct, as is
shown by Lee and Dudewicz [17].
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In most of the selection procedures, slippage configuration and equi-
parameter configuration of population parameters play an important role as the
parametric configurations giving the minimum of the probability of correctly
selecting the target population(s). This is the so called least favorable configu-
ration. The difficult part of the problem is how to obtain such a configuration.

In this paper we investigate the exact properties of selection procedures
based on the vector rank, for both the indifference zone and the subset selection
formulations, with paying attentions to the structure of population parameters.
Our attention is also given to the structure of the least favorable configuration
of population parameters. Further, using the same type of assumptions as
Lehmann [18], behaviors of two procedures based on the combined and the
vector ranks are investigated asymptotically for both the indifference zone and
the subset selection formulations.

In Section 2, the distribution of the vector ranks in relation to the
underlying distribution of the population is given. Applications to some main
distributions are also given. In Section 3, exact results of selection procedures
are given under both the indifference zone and the subset selection formula-
tions. In general, the problem of determining the least favorable configuration
on population parameters is an open question, for selection procedures based
on the ranks. So, we attempt to give some relevent results. In Section 4, we
give some preliminary results on the PCS using exact moments in the framework
of slippage configuration. Finally in Section 5, asymptotic results of selection
procedures based on the vector and the combined ranks are presented, under
the given parametric assumption, for both the indifference zone and the subset
selection formulations.

2. Distribution of the rank sum statistics

The purpose of this section is, first to explain the features of the vector
ranks with reference to the underlying distributions of populations, then to give
the distribution of the sums of the vector ranks.

2.1. Distribution

Let [];,II5--. ]I, denote k given independent populations. Suppose
that [, i =1,2,...,k has a continuous cumulative distribution function (c.d.f.)
F;(x) = F(x;0;) specified by parameter 6;. The probability density function
(p.d.f.) of F;(x) is denoted by fi(x) or f(x;6,).

In this paper, we use two types of ranking systems to organize the statistics
of concern. Since there are no popular wording to these ranking systems, we
start to define one of the ranking systems ‘‘vector ranks”. Another definition
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(combined ranks) is given in Section 4.1. Note that this wording is not
necessarily used in general, but can be seen in Gupta and McDonald [12].

DerFiNITION 2.1, Let X; = (Xy;, X2j,...,X4j), j=1,2,...,n be n indepen-
dent vectors of random variables corresponding to the j-th observation of the &k
populations [];,[],,...,]Ix- For each vector X;, form a new vector of rank
order statistics

(2.1) R(X;) = (R(Xyj), R(Xy)), - . -, R(Xk)),

where for each j, R(X;) = r if Xj; is the r-th smallest among the k£ components
of Xj, i=1,2,...,k, j=1,2,...,n. Then R(Xj) is called a vector rank.

The rank defined in this way is known as Friedman’s ranks in a nx k
table. The raws and columns indicate blocks and treatments, respectively.
Such a rank occurs when n independent judges orders k populations according
to some criteria of classification. Ordeing may be given to the objects, cate-
gories, etc. and sometimes useful in reducing the effects of extreme values or
unknown (or lost) data with size information. Ranking processes can also be
applied to some preference or sensory type of data and in such type of data,
observations may be supposed to be distributed according to some continuous
distribution.

Now, consider the rank sum 7; based on the n independent observations of
populations [[;,, i=1,2,...,k,

n
(2.2) T; =) R(Xy).
=
We first consider the joint distribution of Ty, T3,..., T} in connection with the

distributions F;(x)’s or parameter 0,’s, i=1,2,...,k. The approach by the
joint distribution was proposed by Matsui [19]. Here we express the result in a
general way, by introducing some vector and matrix notations.

For any given i, let (my,...,m;,...,m;) be a permutation of numbers 1
through k, with m; fixed tobe k (1 <mj <k—1,;=1,2,...,k;j#1i). Order
s = (k—1)! such permutations lexicographically, namely (m;,ma,...,mg) <
(my,m),...,m) when my =m|, my=mj,,... ,m_y =m,_; and m, < m;, for
some r. Denote the j-th vector in this order by

(2.3) r; = (mlj, P ,m,'_l’j,k, Mir1,jy--- ,mkj)', i= 1,2, v ,k,

j=12,...s.
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For example, when k = 3,

¥ = (3, 1,2),, rpy = (3,2, 1),, r) = (1,3,2),,
rp = (27311),7 r31 =(1’213)I) r32=(27173),-

By using these vectors, let us define the basic probabilities py;,
Pk—1,js--->P1j> (J=1,2,...,5) as
(2.4) pi =Pr(R(X)=ry), i=12,...k, j=12,...,s,
where R(X) is the vector of rank order statistics for any observation X =
(X1,X2,..., X))

By introducing the above basic probabilities p;’s, (i=1,2,...,k;
j=1,2,...,s5), we have the following theorem concerning the joint distribution

of rank sums (T, T»,...,T¢). This theorem is essential to consider some exact
theoretical results on selection procedures based on the vector ranks.

THEOREM 2.1. In an n repetitions of experiments, let T\, T,,..., Ty be the
rank sums defined by (2.2). Then the joint distribution of T = (T1,T>,...,T)
is given as follows.

k s
(2.5) Pr(T=1)=) nl H( II %p;”).
nel =1\ j=1 "V

Here t= (t1,b,...,t), t’s are integers, n<t\ty,..., t <nk, Zf;l ti=
nk(k +1)/2, and I is the index set such that

(2.6) I = {n;Kn=t,J;,n = n},

where K is a k x k! matrix

(2.7) K= (re1, . Prsy P11, - -y Pk—l5y - -+, F115 - - -, Fl5),
(2.8) n= (nkl,...,nks,nk_lyl,...,nk_lys,...,n“,...,nls)', k!'x1
and

(2.9) Jay = (1,1,...,1)", k!'x1.

Proor. This distribution is a kind of multinomial probability but differs
in summing up to form rank sums. By using the basic probabilities p; defined
by (2.4), the ranks of any observation vector X = (X1, X,...,X;)" is specified
by rj = (myji, myj, - . . ,mkjyi)' where myj;, myj;, ..., my; takes values 1 through
k exclusively and my;; =k, j=1,2,...,5; I = 1,2,...,k. Denoting the number
of occurences of rank vector R(X) = r; among » repetitions of observations by
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nj, we have the rank sum of X; to be myn; for given i and j,i=1,2,...,k;
j=1,2,...,5. Adding for every j and i, we have the rank sum of the I/-th
population as

i s

my;in; = 1.
i=1 j=1

Thus we have the theorem.

The cases k =2 and 3 are of special interest from both the practical and
the capable theoretical viewpoints. In the rest of the paper, distribution
functions F(x;6;),i=1,2,...,k are supposed to belong to the location or
scale parameter family of distributions, i.e., F(x;6;) is expressed as F(x,6;) =
F(x—6;) or F(x;6;) = F(x/6;) depending on whether they belong to the
location or scale family of distributions. Here, we note that when we are
dealing with the scale parameter, ranking should be given to the absolute values
of the observations, if necessary. In this case, F;’s should be the distribution
functions for the absolute values of variables.

2.2. Exact forms of distribution

By using Theorem 2.1 we attempt to give some exact forms of the vector
rank distributions in more reduced expressions. As we mentiond before, some
types of the ranked data which are categorized based on sensory preference or
empirical knowledge may well be considered to be derived from continuous
distributions. We consider the cases when the observations are from popula-
tions with normal and exponential distributions, both belong to the location
and scale parameter families of distributions.

More precisely, we consider the four seperate cases when populations [];
have the following main distributions (i =1,...,k):

A-1: Normal distribution with the location parameters; N(6;,0?)

A-2: Normal distribution with the scale parameters; N (0, 6?)

B-1: Exponential distribution with the location parameters; E(6;, o)

B-2: Exponential distribution with the scale parameters; E(0, ;)
Here N(u,0%) expresses the normal distribution with location and scale
parameters u and o. Also, E(0,0) expresses exponential distribution with
location and scale parameters 6 and o respectively.

First, we will give some notations and preliminary results. Let the
probability density function (p.d.f.) and cumulative distribution function (c.d.f.)
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of the standard normal distribution N(0,1) denoted by

(2.10) #x) = 7= e,
(2.11) D(x) = JX #(x) dx.

respectively. Also the upper probability of the bivariate normal distribution
with means 0, variances 1 and correlation coefficient p is expressed as

00 00 1 1
2.12) L(u,v; =J J ———— X {——— x? — 2pxy + y* }dxd,
(2.12)  L(u,v;p) T P A=) Ty pdxdy

u v

which is called L-function. L-function has the following properties.

(2.13) L(u,v; p) = L(v,u; p),

(2.14) L(—u,v;p) =1— ®(v) — L(u,v; —p),
I SR S

(2.15) L(0,0;p) = 4+ 2 S p-

Now, by the transformation of variables, we have following relations. This
lemma is useful to evaluate the joint distribution of T when the underlying
population is normal.

LemMmA 2.1. For any real a; and w;, i=1,2,...,k—1, let
k
(2.16) u:”mjﬂmman
N L, i=1
D
where D = {(x1,X%2,...,Xk); Xi <aixg+w;, i=12... k—1;—00 < x¢ < 0}.
Then the k-fold integral can be expressed as
_ |2,_1/2 1 /y—1
(2.17) Ik—JJ"'JWI—)—/—Zexp —EuE u | du,
D
0

where u=(u1,u2,...,uk_1)/, Dy = {w;u; <w;,i=12,...,k—1} and X = (oy),
ai,-=1+a,2, i=12... k-1, g = aia;, Lji=12,...,k—1, i#].

As a special case of Lemma 2.1, we have the following. This lemma is
important to evaluate the PCS function numerically, and used frequently in
later section.
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LEMMA 2.2. In the expression (2.17), if Do = {w;u; < h,i=1,2,...,k—1}
and X = (0y4), ou=1, i=12,...;k—-1; oj=p,i,j=1,2,...,k—1,i #],
then

(2.18) L= J cp(‘/\/ﬁl’%f’)k_lqs(x) dx.

By letting k=2 and 3 in the above lemma, we have the following
relations.

(2.19) L =®(c)),
(2.20) I = L(—c1,—c2; p),

where ¢; = w;/\/1+a?, i=1,2 and p = ajaz/4/1+aly/1 +d3.
In the same way, we have the following relations for any real a;,a; >0,

0 payx 1
(221) [ sty = s,
0 Jo 2n
00 pa2X pa1x 1
(222) [ 7] sy s = sinl g
0o Jo Jo 8n
where p; = ai/\/1+a? and p, = aja3//1 +a}\/1 +d3.
The case k=2

In this case, two rank sums 77 and 7, are dependent, and their joint
distribution can be expressed as

n! —n _
2 BT =0T =) = Gy P )
where t; =3n—t,pb =n,n+1,...,2n and
pa = Pr(X2 > Xl) = J Fl(x) sz(x)
(2.24) JF (x+ 60, — 61)dF(x), (location parameter case)

Jw F((6,/0:)x)dF(x). (scale parameter case)
0

Again, turning to the four cases above, we have the following reduced
forms of ps;.
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(2.25) A-1: py = ®{(6, — 61)/V2a}.
A2 py=@2/m)sin' p, p=(62/61)/1/1+ (62/61)".
B-1: pa =1-(1/2)exp{— (6, — 61)/a}.
B-2: py=1-0,/(61+6,).

The case k=3

When k =3, the probability distribution of T is given by (2.5) for
t= (t1,t2, t3)/ and n= (n31,n32,n21,nzz,n“,nlz) such that #, +6+ 1= 6n,
n3; + n3p + nyp +nxpy +nyp +npp =n, t and n have the relation

121233
(2.26) z=(2 1331 2>n.

332121

Further, there are six cases of basic probabilities p3; through p;>, whose
original forms are given by (2.4). For example, p3; has the following form.

(2.27) p31 =Pr(X3 > X, > Xi)

_ “J £3(63) fo(x2) fi (x1) dxy dxa dx.

X32X22X]

By evaluating these integrals for the location and the scale parameter cases, we
have the following basic probabilities p3; through ps; for cases A-1 through
B-2.

A-1: Normal distribution with location parameters

(2.28) p31 = L(—w1, —w2;p), p3 = L(wi, —w1 — wa;p),
P21 = L(wa, —w1 —wa;p),  pa = L(—=wi, w1 + wa; p),
pu = L(=w2,wi +w2;p), p12 = L(wi,wz;p).

where w; = (6, — 01)/\/50, wy = (03 — 92)/\/50 and p=-1/2
A-2: Normal distribution with scale parameters .

2, . _ . 2, _ -
(2.29)  pa =;(sm 'py —sin”! py), p32=;(sm 'py —sin™! py),
2 . -1 o1 2 . -1 i1
P =_(sin™ ps —sin" pg),  pn=_(sin" p; —sin~ py),

2, . _ - 2. _ .
i =—7;(sm py —sin™! py), P12=;(Sm pun—sin”! py),
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where

P1=Pu :‘51/M\/Iga pr=—01/1/1+8},
P3=P7:—1/mv1+5%5§’ P4=—m,
ps=po =0\ 1+B\1+818,  po=-5162/\/1+56}
Pg = —m, P10 = —02/1/1+63,

P2 =~y 1= plo,

and 51 = 02/01,52 = 03/02.
B-1: Exponential distribution with location parameters

(2.30)
1 1 1 1 1 1

— 1 _Z oW _Z W2y~ ,—(wi1+2w) — — oW _ = (witw2) | = —(wi+2w2)

p=1 7¢ 5¢ +6e , Pn=3e 5e +6e ,
1 1 1

— e W2 _ _ —(w1+2w3) —— —(w1+2wz)
D21 P e 3 € ) P22 6 € ’
pi1 = _;_e—(wrsz) _ _l_e—(w1+2w:), pra = _é_e—(w1+2wz),

where w) = (6, — 61)/c and wy = (65 — 6>) /0.
B-2: Exponential distribution with scale parameters

231) & &  as i
' P =TS, T+0,+00° P27 14010, 1+0,+010
1 1 o a4
P =TS T 156,400, P2T1%6, 1+6+010,
1 1 1 5
P

- 1 +5152— 14+38,+616,° 2= 1+, 1 + 0y +616>’
where 1 = 6,/0; and J; = 65/6,.

2.3. Moments of the vector ranks

In this section, we give moments of the vector ranks with reference to the
underlying distributions of populations as given in Section 2.1. Since moments
of the vector ranks R(Xj), i=1,2,...,k; j=1,2,...,n, defined in Definition
2.1 do not depend on j, each repetition of observations, we denote R(Xj;), the
rank of Xj, by R;. Then we have the following results, which can be seen in
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Matsui [22] and play an important role in considering behaviors of selection
procedures in later sections.

THEOREM 2.2. The mean, variance and covariance of the vector rank
statistics R = (R, Ry, ..., Ry) are given as follows.

(2.32) E(R)) =kJG(x)dF,-(x) +%, i=1,2,... k

(233)  Var(R) = ZkJ G(x) dFy(x) — 2kJ G(x)Fi(x) dFi(x) — k JH(x) dFi(x)

+R J G(x)? dF,(x) — k2 (I G(x) dF,-(x))z— é ,

(234)  Cov(RyR) = k(z - JFj(x) dF,-(x)) J G(x) dF;(x)
+k(2- [F) B ) [ 6 Rt

k
-3 JFI(x) dF;(x) JFI(X) dF;(x)

I=1

-2k (J G(x)Fi(x) dF;(x) + J G(x)F;(x) dF,-(x))
+ [ Bx) drin) | Fix) ) — 2 [ R ) i)
- 2[R R + 1,

where

k k
(2.35) 6 =1 > Fx), HE) =73 Fx?
— =1

1

x| -
tll

J

One of the important implications of this theorem is the close relationship
between ranks and parameters stated in the following theorem.

THEOREM 2.3. If the distribution functions F(x;0;), i = 1,2,...,k belong to
the stochastically ordered family of distributions, then we have

(2.36) E(R;) = E(R)) if and only if 6; > 6;.
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Proor. We have
JF(x; 0,) dF (x; 6;) = 1 — JF(x; 0)dF(x;6), (i,1=1,2,...,k).

Thus, from (2.32) and (2.35), we have the following.
k

(2.37) E(R;) — E(Rj) = J Z {F(x;60;) — F(x; 6;)} dF (x; 6;).
=1

Since c.d.f. F(x;0) is stochastically ordered, we have F(x;6;) < F(x;0;) for
0; > 0;, thus the theorem follows.

From Theorem 2.3 we can expect that the selection procedures of the best
population (with largest parameter, say) based on the ranks can be warranted
in appropriate conditions.

In Tables 1 and 2, we will give some values of mean and standard
deviation of the rank statistic R; for the cases A-1 and A-2 with k = 3. Some
behaviors of the rank statistic can be seen from these tables.

Table 1. Mean and Standard Deviation of Ranks; Normal Population with
Location Parameters and k =3

wi 0.0 1.0 2.0

Wy 0.0 1.0 2.0 0.0 1.0 2.0 0.0 1.0 2.0
E(R5) 2.00 2.52 2.84 2.26 2.68 2.90 2.42 2.74 2.92
E(R;) 2.00 1.74 1.58 2.26 2.00 1.84 242 2.16 2.00
E(Ry) 2.00 1.74 1.58 1.48 1.32 1.26 1.16 1.10 1.08

SD(R3) 0.82 0.69 0.42 0.75 0.56 0.32 0.61 0.46 0.28
SD(R) 0.82 0.75 0.61 0.75 0.67 0.54 0.61 0.54 0.40
SD(R;) 0.82 0.75 0.61 0.69 0.56 0.46 0.42 0.32 0.28

Table 2. Mean and Standard Deviation of Ranks; Normal Population with
Scale Parameters and k =3

o 1.0 3.0 5.0

0y 1.0 3.0 5.0 1.0 3.0 5.0 1.0 3.0 5.0
E(R3) 2.00 2.59 2.75 2.30 2.72 2.83 2.37 2.75 2.85
E(R;) 2.00 1.70 1.63 2.30 2.00 1.92 2.37 2.08 2.00
E(Ry) 2.00 1.70 1.63 1.41 1.28 1.25 1.25 1.17 1.15

SD(R3) 0.82 0.70 0.58 0.74 0.56 0.46 0.68 0.51 0.42
SD(R;) 0.82 0.70 0.64 0.74 0.62 0.56 0.68 0.56 0.50
SD(R:) 0.82 0.70 0.64 0.61 0.49 0.46 0.49 0.40 0.37
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3. Selection problems based on the vector ranks—exact results

In this section, we deal with selection procedures based on the vector
ranks. First, we give two formulations of the selection procedures. Then the
exact results of the procedures are given by using the distributional results of
Section 2.

3.1. Two formulations

Consider k& populations [[;,[l,,...,IIx (k>2) where [],’s are charac-
terized by the distributions with parameters 6,,6,,...,60;. Here 6;, i=
1,2,...,k, take the values of some interval @ in the real line and denote the
parameter space @ = (0,6, ...,6;) by Q. Also, the ordered values of parame-
ters are denoted as ;) < 6 <--- <6, and the population associated with
0y is written as [, i=1,2,...,k.

We assume that the ordered relation of populations is determined by the
corresponding parameter 6. We say H( ;) is better than H(i) if i <j. Then,
the population J] is the best population, and the populations [[;_y1),---»
H(k) are called the t-best populations.

Indifference zone formulation

As we mentioned in Section 1, Bechhofer [3] considered the problem of
selecting the z-best normal populations. Here we give the so-called indifference
zone formulation due to Bechhofer for the case of selecting the z-best populations.

Our goal is to select the z-best populations associated with the parameters
Ok—s+1),---,0y- To attain this goal, i.e., to select correctly the target popu-
lation(s) is called “correct selection” and denoted by CS. Let £ be a selection
(decision) rule. The probability of a correct selection by £ is written by
Pr(CS|#), which is abbreviated as PCS.

Further, we specify the following two constants in relation to the probability
requirement,

k
(3.1) @114, and P*, where0<gp_, 4, , <0, 1/({) <P <L

For a rule #, we impose the probability requirement:
(3.2) Pr(CS|®) = P* whenever ¢;_ .15+ = Ok _11 41

where ¢;; is a distance function relating to two parameters such that
9;; = ¢(0,0;;)). We try to guarantee the probability Pr(CS|#) to be greater
than P* over the subspace of the parameters Qo = {0; 04,11 k—s = @141 41}
and this region of parameters is called the preference zone. While if the
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distance @y_,i1x—r < $i_r114—p then we do not have much concern to select
(or to identify) the relevent population—i.e., we dare not to discriminate the
population—and the region is called the indifference zone.

Our aim is to investigate the behavior of Pr(CS|#) under the probability
requirements as above.

Subset selection formulation

The subset selection formulation proposed by Gupta (see e.g., [14]) is to
select so (so > ) population(s) from k populations [];,[],,...,Ix, in order
that this subset S contain the z-best populations, i.e., the populations corre-
sponding t0 Oj_;y1),--.,0k. Here we note that the size of the subset S is a
random variable and this formulation has the aim of considering a procedure
which guarantees the probability of a correct selection (PCS) with as small a
sample size as possible. In this case, the probability requirement is given by

(3.3) Pr(CS|#) > P* where 0 € Q,

where P*(1/(*) < P* < 1) is a preassigned constant. Note that the Pr(CS|%)
is considered over the whole parameter space Q.

3.2. Selection procedures based on the vector ranks

Let us consider the ranking and selection problem of selecting the popu-
lation with the largest (or smallest) parameter value, based on the vector ranks
defined in Definition 2.1.

For the descriptions on populations, we use the same ones as in Section
2. Further, in this section, we suppose that the distribution functions F(x;6;),
i=1,2,...,k belong to the location or scale parameter family of distributions.

By the same procedure (2.2) as in Section 2, we construct the rank sum
statistic

(3.4) T, =) R(Xy), i=12,...,k

Jj=1

obtained by the n repetitions of observation vectors. Again, as we stated
in Section 2, note that the ranking procedure is carried out for the absolute
values of observations, if it is necessary, when we are dealing with the scale
parameters.

More specifically, the problem here is stated as follows. Let the ordered
parameters be

(3.5) Oy <0 <-- <0
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We consider a ranking and selection procedure # based on the rank sum T,
i=12,....,k or T=(T1,T>,...,T;) for selecting the population associated
with ). Here, we assume without loss of generality that the population [], is
associated with the parameter 6.

Now, let us consider the following two procedures of selecting the best
population based on T. These types of rules are used for selecting the best
population with either the largest location or scale parameters, using statistic 7.

3.3. PCS for the indifference zone formulation

First we consider the indifference zone approach due to Bechhofer [3]
under the above framework. We denote this procedure as %;(«), which is
given as follows.

(3.6) R (a) : Select the population associated with T} as the best,

where o is the index for two cases, i.e., we set « = 1 for the location parameter
case and o« =2 for the scale parameter case.

In this case, the rule #Z;(«), (x = 1,2,) is requested to satisfy the following
probability requirement.

(3.7) Pr(CS|#;(x)) = P* whenever ¢,(0k,0;) >y, + I,
where 1/k < P* <1, J; is a given constants, ¢, is a distance function,

38 (6,6) = 0;—6;, whena=1,
() Do \Ui, j)_{ai/ej

when a = 2,

and

0 whena=1,
(3.9) Vo = {

1 when a = 2.

Note that this is a little different from the usual notation because we are
treating the location and the scale parameter simultaneously. We sometimes
call (3.8) as the location gap (when a = 1) and the scale gap (when o = 2).
By using Theorem 2.1 in Section 2, we have the following form of the
probability of a correct selection (PCS) for the procedure %;(a).

THEOREM 3.1. Let #;(a) be the selection procedure defined in (3.6). Then
the probability of a correct selection is given as follows.

k k s
(3.10) Pr(CS|%:(%) Z don H(]‘[ l'pZ”>

g=1 neI i=1 \j=1
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where I, is the index set
(3.11) I, = {n; OKn (fl) 0, Juyn= n},
where Q is a (k —1) x k matrix

(3.12) Q = (Ek-1), —J (k-1)-

Here E ) denotes the unit matrix of order k, g corresponds to the “tied” rank
case and “a < O” means that some g elements of the vector a are equal to zero

g
and the remaining elements are negative.

Proor. If the population associated with [], is the best, then a correct
selection occurs if and only if Ty > T}, i=1,2,...,k—1. Thus, PCS is given
by using Theorem 2.1. concerning the joint distribution of (T, T3,...,Tk).
While ties may occur among rank sums including T}, and tied cases must be
broken by certain chance mechanism with equal probabilities. Thus, consider-
ing the number g of tied to the maximum cases, we have the theorem.

Note that the PCS for #;(a) will be given to various kinds of goals—such
as selection of the population with the smallest parameter—only by changing
the index set given above.

Form Theorem 3.1, we have the following results for kK =2 and 3.

The case k=2

By using the distributional results (2.23) of the rank sum and the relation
known as the sum of binomial probabilities

(3.13) f:(f),;va N = N(Nn_ 1) r (1= )V ax

v=0 P
we have

(3.14)
B 1, +1 B 1, 1 f =2 1,
Pr(CS|92,(a))={ ,(v+1,v+1)/Bv+1,v+1)  forn=2v+

=1,2,...
B,(v+1,v+1)/2B(v+1,v+2) forn=2v+2,(v ')

where B(m,n) and B,(m,n) are the complete and the incomplete beta functions
respectively, and p is given by the p,; in (2.24).

Now we have to give an idea related to the parameter configuration. The
least favorable configuration (LFC) for the procedure %#;(a) is defined as the
configuration of the population parameters which attains the minimum of the
PCS under the requirement (3.2) or (3.7). In this case, it is easily shown that
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LFC is given by

(3.15) 040k, 0:) = 7, + 0,
for a =1,2.
The case k=3

In general, as k increases, the form of the index set I, and the variable
relationship becomes tremendously complicated. For k = 3, the index set I is
given as follows.

(3.16) I = {n; D1 > 0,D, > 0}
L ={n;D; =0,D, > 0o0r D; >0,D, =0}
I = {n;D, = D, = 0}
where
(3.17) Dy = n31 + 2n3 — ny1 — 2nyp +nyy — np2
D3 =2n31 +n3 + na1 — np — nyy — 2np2

and n3 +n3p +ny +np +nn+n2=n.

PCS can be calculated by using Theorem 3.1, for various populations.
For the location and scale parameter cases of normal and exponential dis-
tribution given in A-1, A-2, B-1 and B-2 of Section 2.2, we can obtain the PCS
values by using the relations (2.28) through (2.31).

However, to obtain the forms of LFC is generally a hard nut to
crack. We will discuss on this topic in Section 3.5.

3.4. PCS for the subset selection formulation

Another approach is based on the subset selection formulation due to
Gupta [14], which selects the subset of populations using the following selection
procedures.

(3.18) s(@) : Select [, if and only if T; > max T, — d,,
i=1,2,... .k dy>0, a=1,2.

Recall that a correct selection (CS) occurs if and only if the best popu-
lation (in our case [],) is included in the selected subset. Our aim is to find a
selection procedure satisfying

(3.19) inf Pr(CS|%s()) > P*,

wherea=1,2,1/k<P*<land Q= {0=(61,0,,...,0¢); ;€ 0,i=1,2,...,k}.
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We have the following theorem.

THEOREM 3.2. Let Rs(a) be the selection procedure defined by (3.18).
Then the probability of a correct selection is given as follows.

(320) PI'(CSI.@S Z n! H(H 'p;q)

nel i=1
where s = (k —1)!, I is the index set such that
(321) I= {n; OKn < daJ’(k_l),J’(k!)n = n}
and Q, Jy) are given by (3.12) and (2.9).

Proor. If [], is the best population, then a correct selection occurs if and
onlyif 7 > T;—d,, i=1,2,...,k— 1. Thus, using Theorem 2.1, we have the
above result.

By the same way as in the indifference zone formulation, we have the
following results for k =2 and 3.

The case k =2
We can write the index set in the PCS formula (3.20).
(3.22) I = {(na1,n11);m21 — M1 = —dy, M2y + 11y =n}.
Thus we have
(3.23) ny = (n—dy)/2.
Letting n* = {(n — d,)/2} — 1, where {x} is the smallest integer not less than x,
from Theorem 3.1 we have
B,(n —n*,n*)
B(n—n*,n*+1)’

(3.24) Pr(CS|%s(2)) =

where p is p; in (2.24). The least favorable configuration is given when
6, =6, ie., when p=1in (3.24).
The case k=3

The index set in the PCS formula (3.20) is given for n=
(n31,n32, na1, n22,m12,n11) which satisfy the relations

(3.25) n31 4 2n3y —nyp —2np 4Ny — R = —dy

2n31 +n3p 4+ Ny —np — Ny — 2012 = —dy
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and n3 +n3y +ny +np +nyy +np =n. Further, p;(i=1,2,3;j=1,2) is
given in Section 2.2, for seperate cases of corresponding populations.

3.5. LFC and the slippage configuration

Since the probability of a correct selection (PCS) is a function of the
unknown parameters, we try to evaluate its value under the scheme of prob-
ability requirements given by (3.2) for the indifference zone formulation and by
(3.3) for the subset selection formulation.

As we mentioned in Section 3.3, it is sufficient to evaluate the PCS under
the LFC, that is, under the configuration of parameters attaining the minimum
of the PCS with respect to the respective probability requirements.

Various discussions have been made to get the least favorable configura-
tion of some selection procedures. Among which, the slippage configuration
played a significant role in giving the least favorable configuration of parameters.
Actually, for example, for the selection of the best of location or scale parame-
ter of normal populations, the slippage configuration is shown to be the LFC
(Bechhofer [3], [4]).

Now we define the slippage configuration of distributions as follows:

DenttioN 3.1, For given c.d.f’s Fy(x), F>(x),..., Fr(x), a slippage con-
figuration of distributions is defined by

(326)  Fi(x) ="+ = Fis(%)(=Fo(%)) 2 Fe—r41(x) = - - - = Fi(x)(=F(x)).
for all x, where ¢ is any given integer such that 1 <t <k —1.

Since we are dealing with the location and scale parmeter families of
distributions, the above definition is the same as

(3.27) Oh=---= 0](_,(500) < 0k—t+1 =...= 01((50)

Then one of the important problems is to find the LFC for each of the
selection procedures based on the ranks. Selection procedure based on the
combined ranks (For the definition, see Section 4.1.) is first considered by
Lehmann [18]. He obtained the PCS by assuming the slippage configuration
to be a LFC. But Rizvi and Woodworth [28] showed the assumption to be
incorrect by a counter example. Matsui [19] also considered the procedure
using vector ranks and assuming the slippage configuration to be the LFC.
But this assumption is also shown to be incorrect by Lee and Dudewicz [17], by
giving a counter example.

These two counter examples are very tricky ones. So it may be noted that
still slippage configuration is one of the nearest paths to give LFC for most of
the selection procedures based on ranks. Actually, for selecting the location



74 Takashi MATsUI

parameter of normal populations based on vector ranks, it is partially proved
and partially numerically confirmed that the slippage configuration is the LFC
(Alam and Thompson [1], Matsui [21]).

Finally, we give a result concerning the distribution of T given in (2.2),
under the slippage configuration of ¢ = 1, (see Definition 3.1). In this case, the
probabilities p;,i=1,2,...,k;j=1,2,...,(k—1)!, defined in (2.4), have the
same forms for every j. Thus for every j, we have

i—1 k—i
— | P -
(328)  py=Pr(X, < <X, <Xi<X,, <--<ZX,_)

= J(’l‘_' 11>F0(x)"—‘(1 — Fy(x))*dF(x) fori=1,2,... k.
This simplifies the distribution (2.5) and hence also the expressions for the PCS
(3.10) and (3.20). We discuss this case again in Section 4.3.

3.6. Sufficient condition on the LFC

Now we give a sufficient condition for a configuration to be LFC for some
selection procedures. This result can be used to examine the LFC of some
selection procedures based on the ranks.

Let k-populations [];,[I,,...,]I, be given with stochastically ordered
distribution function as follows:

(3.29) F(x;60;) > F(x,6;), i=1,2,...,k—1, forallx.

Let X; = (Xij, X,..., X)), j=1,2,...,n, be the j-th independent sample from
each population, where X1, X>,...,X are assumed to be independent. Let
R; = U(X;) be functions of Xij, which are defined with respect to Xj
themselves, or with respect to relations among the components of X;. Now,

n
(3.30) T,=3 Ry
j=1

is the statistic associated with the i-th population.

Our aim is to choose, among k populations, a population [], with
the stochastically smallest c.d.f. Fi(x) = F(x;6;) by means of the statistics
(T, T3,...,Tk). A natural procedure is to choose [[; if 7 is the largest
among Ty,T3,...,Tk.

Now, the probability of a correct selection is given by

(3.31) Prg( max T; < Tk>,
I<i<k-1
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where
(332) Q@ =A{(Fi(x),F(x),...,F(x)); Fi(x) > Fe(x), i=1,2,...,k—1}.

The least favorable configuration of populations is defined to be a configuration
Qo such that

(3.33) Pro (1211'_3321 T; < Tk) > Prgo(lgligc)il T; < Tk)
for all Q.
The following theorem gives us a sufficient condition for
(3.34) Qo = {Fi(x),F2(x),...,F(x)); Fi(x) = F(x) = - - - = F_1(x) > Fe(x)}

to be the least favorable configuration to our selection problem (see Matsui and
Choi [23)).

THeEOREM 3.3. If the c.df Go(y) = Go(y1,)2,---,Yk-1) of y = (Ry; — Ry,
Ryj — Ryj,...,Re—1j — Ryj), j =1,2,...,n, satisfies the relation

(3.35) Go(y) = Gg,(y) forall y,
then the configuration o in (3.34) is a LFC.

4. Selection problem based on the ranks—asymptotic case

As we mentioned in above sections, especially in Section 3.5, LFC is a key
notion to the selection procedure based on the ranks. We have seen that
several investigations have been made.

In this section, we consider the selection procedures of selecting the largest
(smallest) location parameter or the smallest (largest) scale parameter from an
asymptotic viewpoint. Since we are considering two formulations and two
types of rank sum statistics—vector rank type and combined rank type—Ilet us
restate our framework on the populations, parameters, statistics and proce-
dures. Note that notations of statistics and procedures are different from the
previous sections, since we are treating another (combined) type of statistics also.

4.1. Restatement of the problem

Let [I;,Il,,.--,IIx be k independent populations where []; has the
associated cumulative distribution function (c.d.f) F(x;6;),i=1,2,...,k. Ttis
assumed that {F(x;6;)} is a location or scale parameter family, i.e., F(x;0;) =
F(x—6;), —0 <0; <o, or F(x;0;) = F(x/6;), 6; >0. Let the ordered 6;
be denoted by ;) <0 <--- <0y. The population associated with 6 is
defined to be the best. Note that selection of the worst can be treated in the
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same as the best case, as is explained below. Our procedure for selecting the
best population is based on the ranks of observations from these populations.
Then we have

(4.1) F(x;0)) = F(x;0p)) 2 -+ = F(x;0)

for all x. We assume, without loss of generality, that [], is the best popu-
lation (i.e., O = 0;, i=1,2,...,k—1).
We now consider the rank sum statistics based on the combined ranks.

DEFINITION 4.1. Let Xj, X, ..., Xy, be n; independent observations from
the population [];, i=1,2,...,k, and let N = Zf=1ni. Then, the combined
ranks of the observation Xj; is defined as

(42) R(X) =1
if Xj; is the r-th smallest among all N observations.

The combined rank is known as Wilcoxon type rank, and its rank sum is
used in Mann-Whitney-Wilcoxon Test, or in Kruskal-Wallis Test for k-sample
problem.

We are going to give a unified treatment for the selection procedures based
on the vector ranks (Friedman type rank) deﬁned in (2.1), and the combined
ranks (Wllcoxon type rank) defined here. Let R )denote the rank of Xj as a
vector rank, R( denote the rank of Xj; as a combmed rank and consider the
rank sum in the following way.

For s = 1,2, define

(4.3) T = b, ZR,], i=1,2,...k
and
(4.4) 1O = (19, 19,..., 1YY,

where by =1 and b, = 1/n;.

We now consider the two selection procedures—the indifference zone
formulation and the subset selection formulation—based on these two statistics.
First, under the indifference zone formulation, we define the selection procedure
Ry(s,a) as follows:

4.5 (s, ) : Select the population associated with T as the best.
]

This is the selection procedure selecting the population with the best location
parameter (x = 1) or scale parameter (o = 2), based on the statistic T

In this case, the rule %;(s,a), (s,a =1,2) is required to satisfy the fol-
lowing probability condition:
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(4.6) Pr(CS|Z;(s,«) > P* whenever ¢,(0k, 0;) > y, + 0,

where 1/k < P* <1, 9, > 0 are specified constants, ¢,(6;,6;) and y, are given
by (3.8) and (3.9) respectively.

Under the subset selection formulation for selecting a subset containing the
best population, we define the following procedures:

(4.7) Rg(s, ) : Select [], if and only if T,.(s) > max Tj(s) —d,,
i=12,...,k; dy,>0; s,a=1,2.

Again, a =1 and 2 correspond to the location and scale parameter cases,
respectively. We say that a correct selection (CS) occurs if and only if the best
population (in our case [],) is included in the selected subset. Our aim is to
obtain a rule Zs(s,«) satisfying

(4.8) inf Pr(CS|%s(s,%)) = P",

where 5,0 =1,2; 1/k < P* < 1; Q={0 = (61,0,...,0,);6,€0,i=1,2,... k},
@ is a real line. The constant d, is the smallest non-negative number satisfying
(4.8), so called P* condition.

As we mentioned before, it is fairly difficult to construct the LFC for both
the rules %;(1,a) and #s(2,«) based on the ranks. This problem is still open
in general (for « = 1,2). For example, as in the counter examples, it is pointed
out that the configuration 6, = 6, = --- = Or_1; ¢,(Ok,0k—1) =7, +3J, in the
indifference zone procedures, or the configuration 6, =6, =--- = 6; in the
subset selection rules, do not yield, in general, the minimum of the PCS. A
discussion on the LFC can be found in Gupta and McDonald [12].

Our purpose is to discuss the LFC under an asymptotic framework with
reference to the underlying distribution of populations. We assume that an
order relation holds between the ‘“‘gaps” of parameters. This assumption is
similar to those considered by Lehmann [18], and Alam and Thompson [1]. The
LFC’s of the procedure are studied by using the exact moments of the
combined and vector rank statistics T®), s = 1,2 for the location and the scale
parameter cases (a« = 1,2), for both the subset selection and the indifference
zone formulations. :

Now we consider the asymptotic distribution of T®), s = 1,2 with reference
to the exact moments of population distributions. Then we will investigate the
PCS under the slippage configuration of parameters.

4.2. Moments of the ranks

Let us denote the mean vector and variance-covariance matrix of T by
,agf) and Agf), (s = 1,2), according as we are dealing with the location (¢« = 1) or
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the scale (« = 2) parameters. Under the distributional set-up we considered in
Section 1, the elements of 4 = (,ual, ﬂffz), . p(s)) and AY = (agj), ij=
1,2,...,k are given as follows.

For the vector rank case, the moments were given in Matsui [22] from
which we obtain the elements of mean vector ﬂ.ﬁ,‘) and variance-covariance

matrix A of statistics T as follows:

42 W) = nE(R),
(4.10) S _ [nVar(Ry), for i =,
| “  InCov(Ri,Ry), fori#]j,

where E(R;), Var(R;) and Cov(R;, R;) are given in Theorem 2.2.

For the combined rank case, the mean vector /l() and the variance-
covariance matrix A§3> are obtained from more general results given in the
Appendix. In this case, since we are going to compare the two procedures
based on the vector rank and the combined rank statistics, we consider the case

(411) n1=n2=...=nkEn

in Definition 4.1. Then we have

(4.12) w2 = jG(x)dFi(x)+1/2, i=1,2,...k
(4.13) 'k(3n—1)JG(x)dF,-(x) 2k(2n—1)J (x)G(x) dFy(x)

+ anJ G(x)? dFy(x) — kj H(x) dFy(x) — k?n (J G(x) dF}(x))2
(n—1>2(j )) ~1/12, it i=,

(2 [ B ) ) [ 6(x)

+in(2 [ Fw ar0)) [ 6 arico

flop

oif

—n iJF’" JF (x) dFj(x) — 2kn-[Fj(x)G(x) dF;(x)

1

- 2k F()G() dF () + | F() dFy () | £ (x) dFi(x)

+ jFi(x)2 dFj(x) + J Fy(x)* dFi(x) - 1, if i # j,

where G(x) and H(x) are the same ones as in the equations (2.35).
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4.3. PCS under the slippage configuration

In this section, we derive asymptotic results on the PCS for both the
indifference zone and the subset selection formulation, under the slippage
configuration of distributions.

The slippage configuration of distributions we consider here is the cases
t = 1 in Definition 3.1 and hence we have the following distributional structure,

(314) F] (x) = Fz(x) == Fk_l(EFg(x)) = Fk(x)(EF(x)).

For the vector rank sum statistics (2.2), we have, from the expressions (2.32),
(2.33) and (2.34), the following means, variances and covariances
(i=12,....,k—1).

(4.15) u =n{-a+ (k+2)/2},
D = n{(k - a+1},
ol = n{(k — 1)a — a® — (k — 2)b + k(k — 2)/12},
ol = n{(k — 1)a— (k — 1)%a* + (k — 1)(k — 2)b},
o) =6 = n{—a+ (k- 1)a® — (k — 2)b},
o) =n(-a—a’+2b—k/12), i#j, i,j#k

Also for the combined rank sum statistic (4.3), from (4.12) and (4.13) we
have the following expressions.

(4.16) /4,(2) =—na+ (kn+n+1)/2,

ud = (k- Dna+ (n+1)/2,

o = (kn—1)a— (2n— 1)a® — (kn = 3n+1)b —2(n — 1)c
+ (k%1 — 3kn + 2n+ k — 2)/12,

6 = (k- 1)(2n — 1)a — (k — 1)(nk — 1)
+(k—-1)(nk—n—1)b—-2(k—1)(n—1)c,

0 =6 = (—=2n+ Va+ (nk — 1)a® — (nk —n— 1)b+2(n — 1)c,

0 = —na—na® +2nb — (nk —n+1)/12, i#j, ij#k,

where
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(4.17) a= J Fo(x) dF (x),
(4.18) b= J Fo(x)*dF(x),
(4.19) c= J Fo(x)F(x)dF(x),

Thus for large n, the rank sum vector T) is asymptotically distributed as
a k-dimensional normal distribution with mean vector yt(f) and variance
covariance matrix A(‘) where elements of ;z(s) and Agf) are given by (4.15) and
(4.16), respectively for s =1,2.

Using Q defined by (3.12), let Z¥ = QT®. Then, Z¥ is asymptotically
distributed as a normal distribution

(4.20) N(QrD, 040 Q).

Here Qpu, is the vector with kK — 1 elements

(4.21) oul) = (V... W),

where

(4.22) v =y =12, k-1,

and QAYQ is a (k— 1) x (k — 1) matrix

‘c(()s) 7
(4.23) 040)Q = - ,

) ‘L'(()S)
with

@24) P =6P 0¥ —6¥ 16 i=12... k-1,
) = a,(;) a‘(.,i) —a,(:,) +a§dz, iL,j=1,2,....,k—1, i#]j.
That is,
(4.25) v = kn(—a+1/2),
o\ = n{2ka — k*a® + k(k — 2)b + k(k — 2)/12},
™™ = n{ka — k%a® + k(k — 1)b — k/12},

and
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(4.26)  v® =kn(—a+1/2),
1_(()2) = (3kn+2n—k —2)a— (k’n+kn+2n — k — 2)a?
+ (KPn—kn+2n—k—2)b—2(k +2)(n—1)c
+ (k*n—3kn +2n+ k —2)/12,
1@ = 2kn+n—k—1)a+ (—k*n—kn—n+k+ 1)a?
+(Kn+n—k-1)b—2(kn+n—k—1)c— (kn—n+1)/12,

If the underlying population is normal, then from the statements given in
Section 2.2, we have the following forms.

Location parameter case: Let the location gap of Fy(x) and F(x) be 4( > 0),
then

(427) a=®(4/V2), b=L(-4/V2,-4/V2;0.5), c=L(-4/v2,0;0.5).
Scale parameter case: Let the scale gap of Fo(x) and Fx) be 4( > 1), then
428) a=(2/n)sin" {4/V1+ 4%}, b= (2/n)sin " {£2/(1 + A},

¢ = (2/n)sin"1{4/1/2(1 + 4%)}.

According to the statements on PCS’s of two formulations, we have the
following propositions. Where the notation =~ means the (asymptotic)
equivalence of both sides of the equation when n is large.

PROPOSITION 4.1. The PCS for the selection procedure Ri(s,a) under the
slippage configuration is given for large n as follows (s,a =1,2).

k-1
9 4 /70
(4.29) Pr(CS| %1 (s, 2)) ~ j o XYV 404,
‘L'(()S)—-T(S)

where ¢ and @ are given in (2.10) and (2.11) respectively.

Proor. If the population [], is the best population, then a correct
selection occurs if and only if QT®) < 0. Thus using (4.20) through (4.23), we
have for large n

(4.30) Pr(CS|%(s,a)) ~ Pr(Z¥) = QTY < 0)

N(O,BY)dw®,

B J WO <—0ul) /¥
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S

where BY = (1/7 Y )QA(’ Q and WY =(Z© — Qu)/ Here, using

Lemma 2.2, we have (4.29).

The integral (4.29) is a special case of the integral investigated by Gupta
[8]. This type of integral can be evaluated numerically by using the numerical
integration method of Gauss-Hermite type.

PROPOSITION 4.2. The PCS for the procedure Rs(s,a) under the slippage
configuration is given for large n as follows (s,oa = 1,2).

k-1
dy — v 4+ V/706)
(4.31) Pr(CS|Rs(s,0)) ~ j @ ”(S) (’) Y1 () ay.
Ty — T

Proor. Since a correct selection occurs if and only if QT ©) < dod (k-1),
thus we have for large n

(4.32)  Pr(CS|Rs(s,)) ~ Pr(Z®) = QT < d,J4_1))

N(0,BY)dw®),

JW(’) <(dod k-1~ )/ \/

where W®) = (1/70)049Q and W = (Z© — Qu)/+/7). Here, using
Lemma 2.2, we have (4.31).

Note that in most of subset selection procedures, LFC is given by the equi-
parameter case (but not proved in general, for the present case). In the equi-
parameter case, V) =0 in (4.31).

5. Asymptotic properties

This section is devoted to obtain the LFC under the assumption of order
relation between gaps of parameters. Several relevant results are also given.
First, we will set an assumption in relation to the pairs of parameters.

5.1. Assumption

We assume the following relation to hold between the gaps of parameters:

(51) q’a(aiaaj) =Yt Kﬂlijn—l/z + o(n—l/Z), o= 1,2’

where y, is given by (3.9); for each pair (i, j), k; depends on 6; and 6; and is
increasing in ¢; when 6; is fixed, and decreasing in ¢; when 6; is fixed; also,
Kuij = Yy when 6; = 0]‘.
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Then letting

(52) 1oy = Vil [ F() dFis) - [ i) dFio) ),

we obtain the following lemma.
LemMaS.1.  For ¢,(0;,0;), (x = 1,2) given by (3.8), we have the following:
(53) Iaij = Kaij + 0(1)7

where

Kl,-jj f(x)*dx, whena=1,

5.4 K=
(54) / Kzijj xf(x)*dx, when o =2,

i j=1,2,... .k i#J.

Proor. By using the Taylor expansion to the integral I,;,

Ly = ﬁUF(x+ 0(61,6)) dF (x) — 12,

we have the lemma.

In the special cases when the underlying distribution is N(0,1), we have
the following:

1
(5.5) Ly =mklij+0(1),
and

8
(5.6) Ly = \/;xz,-,- +o(1).

5.2. Asymptotic distribution

Let us define

(5.7) T - T), s=1,2.

i \/— (
Then

5.8 we = L or®), s=1,2,
*oVn
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where W = (WS W, ... WY and @ is given by (3.12), has the mean
vector rl() with elements

(5.9) 78 = f(y(‘) A, i=1,2,..,k=1,
and the variance-covariance matrix X ©) with elements

(5.10) o) = ().(’) A9 2848, =12, k-1,

olf oij

where 4 and %) are given by (4.9) throught (4.13).

aj
Now, under the assumption (5.1), using Lemma 5.1, we have for a = 1,2

and s=1,2

k k
(5.11) ) = ,,(nJZE-dE—nJZF;dFk)
= =1
_’ZKGU ZKakp (= ﬁ(s))

I#l

as n — oo, where K,; is given by (5.4). Also, under (5.1), we have

—(k+1)/12, for i+,
5.12 At
(5.12) 1§ { (k2 ~1)/12, fori=j,
—k/12, for i #j,
5.13 Aaij
(5.13) 2 { (k? - k)/12, fori=].
Consequently,
v fori+#j
5.14 o) © ’
(5.14) Ty {ZUS, for i = j,
where
k(k+1)/12, whens=1,
5.15 =
( ) g {k2/12, when s = 2.

Thus using the central limit theorem, we have the following asymptotic dis-
tribution of W:

(5.16) WS ~ NI, ZO), a=1,2,
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where r]u (’7‘91):’7«2: . ,na(k l) with lements given by (5.11), and

(5.17) ) = v(E-1) + Gk-y),
with G(k—l) = "(k—l)"zk—l)'

5.3. PCS and LFC

In this section, we give the probability of a correct selection (PCS) for the
indifference zone and the subset selection approaches and consider the least
favorable configuration (LFC) of parameters for these two approaches.

Indifference zone formulation

Using the asymptotic distribution of W, (s, = 1,2) given by (5.16), the
PCS for the rule %#(s,a) (s,a =1,2) is given for large n by

(5.18) Pr(CS|:(s,a)) ~ Pr(W® < 0)
= Pr(Ugf) < - ﬂg’)/\/2vs),

where

5 1 -
(519) U == (W0 - i),
(5.20) vY ~ N(O-1y; (E-1) + Gg-1))/2).

Since LFC is given as the minimum of the (5.18), we study behaviors of
#) under the requirement

(5.21) Pu(Ok; 0:) = v, + 63,
we have the following theorem.

THEOREM 5.1.  Under the assumptian of order restriction (5.1) the (asymptotic)
LFC of the PCS for the rules #;(s,a), s, = 1,2 is given for large n by

(5.22) 00, 0) =7, +8, i=1,2,... k-1
Proor. By using (5.11) and (5.4), we have

k-1
(5.23) i =Y (kaj — Kakg) Ax + (Kaik — Kaki) Aa,
j_

i

where
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Jf(x)2 dx, whena=1,
(5.24) Ay =
fo(x)2 dx, when o =2.

From assumption (5.1), we have

(5.25) Kaij = Kakg = Vn(95(0:: 6;) — 04(6k, 6))) + o(1).

Here we examine the location and the scale parameter cases seperately.
The case a =1 (location parameter): From the probability requirement (5.21),
we have ¢,(0k,6;) > ], thus

(5.26) Kiij — Kig = —vV/np, 6k, 0;) + o(1) < — /nd} + o(1).
Thus we have, for large n

27y i< —Va(k-2)84;, i=1,2,...k—1.
The case a =2 (scale parameter): Since

(5.28) K2jj — Koj = \/’7¢2(0k, aj){1/¢2(0k70i) -1} +o(1)

and ¢,(6,6;) > 1+, for scale parameter case, we have

(5.29) Koy — Kag = < —+/ndy +o(1).

Thus we have, for large n

(5.30) i) < — nlk—2)8%d,, i=1,2,...k—1.

In summary, for both the location and the scale parameter cases, we have
(5.31) i < — L g1y,

where

Atk - z)j f(x)?dx, fora=1,

(5 32) Ca =
itk — 2)fo(x)2 dx, fora="2.
Since the region of integration for PCS is Ugf) < - :7&"/ v/2v5, the minimum of
the PCS is given by the minimum of ﬁgfi), i=1,2,...,k—1, that is when
9u(Ok, 0:) = 7, + 8.

Thus, neglecting the terms of o(1), we have the following expressions for
PCS.



Selection problems based on ranked data 87

COROLLARY 5.1. Under the asymptotic LFC,

1
\/27)‘; Ca"(k—l)) °

Using lemma 2.2, the expression (5.33) can be rewritten as

(5:33) Pr(CS|at(s,0) ~ Pr( U9 <

(o
25

ke
(5.34) Pr(CS|Ru(s, 0)) ~ j¢(x+ ) ' p(x) dx

for s,0=1,2.

As we mentioned before, this type of integral can be evaluated by using
the Gauss-Hermite method of numerical integration.

Subset selection formulation

Following the arguments similar to the ones for the rule %;(s,a), we can
derive asymptotic results on the PCS for the rule #s(s,a), (s,a=1,2). We
have, for large n,

dy
(5.35)  Pr(CS|%(s,a)) = Pr(ng) < WJ(,,_l))
dy
= Pr(Ugf) < (— ~§f) + W-’(k—l))/\/ 2vs>a

where Ugf) is same as (5.19).

By the same way as in the indifference zone formulation, the infimum
of PCS is given when ﬁff) = O(k-1), that is ¢(6,6;) =0, which implies the
following.

THEOREM 5.2. Under the assumption of order restriction (5.1) the (asymptotic)
LFC of the PCS for the rules #s(s,a),s,a = 1,2 is given for large n by

(5.36) 0(0k,0:) =0, i=1,2,... k-1

Also we have the following corollary to evaluate the PCS function
asymptotically.

COROLLARY 5.2. Under the asymptotic LFC,

d,
(5.37) Pr(CS|Zs(s, o)) ~ Pr(USﬂ < Jzn_:;sl("“))’
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Using lemma 2.2, the expression (5.37) can be rewritten as

k-1
(5.38) Pr(CS|®s(s,a)) ~ J(D(x+ 25%;) é(x) dx

for s, =1,2.

Appendix: Moments of combined rank

Let k populations [],,[],,...,]Ix be given, where [];, has the corre-
sponding continuous distribution Fy(x), (s =1,2,...,k). Take n, observations
X5, Xs2,...,Xm, from populations [],, (s=1,2,...,k) and consider the com-
bined (Wilcoxon type) rank Ry of X;; among all kn observations. Then the
means, variances and covariances of ranks Ry are given in the following way.

THEOREM A.l.

(A.1) E(Rj)=N J G(x) dFy(x) + %,

(A2)  V(Ry) = ZNJ G(x) dFy(x) — 2N J Fy(x)G(x) dFy(x) + N2 J G(x)? dF,(x)

-N J H(x) dF,(x) — N? (J G(x) dFs(x))z— é

(A.3) Cov(Rsi, Rgj) = 3N J G(x) dFy(x) — 4N j F;(x)G(x) dFs(x)

- If; " ( [ A dmx))ig,

(A4)  Cov(Rg,Ry) = N(Z - J F,(x) dFs(x)) jG(x) dF,(x)
+ N(2 - JFS(x) dF,(x)) jG(x) dF;(x)
- l}; n; J Fy(x) dF; J F; dF,
pyy j Fi(x)G(x) dF,(x) — 2N j Fy(x)G(x) dF(x)
+ j Fy(x) dF(x) J Fi(x) dF,(x) + j Fy(x)? dFy(x)

+ J Fy(x)?dFy(x) — 1,
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where s,t=1,2,... k,s# ¢t i,j=1,2,...,n,i#j; 7 =1,2,...,n and

k k k
(A.S) N = Z n;, G(s) :1—1,- Z mFi(x), H(x)= % Z nF(x)>.
=1 =1 =1

Proor. We sketch the proofs for (A.1) and (A.3) above. The remaining
results are obtained similarly.

Mean:

(A.6) Pr(Ry=s)= Z Pr(a; of X|s,azof Xs,...,ar of X;s < Xj
P

< (m —a1 —1)of Xis, (n — az) of X3s, ..., (nx — ax) of Xs)

where a; (i=1,2,...,k) is an integer such that

=

(A7) O<aism-1, 0<a;<n(i=23,...,k), > ag=s-1
j=1

and “a; of X;’s”, “(n; —a;) of X;’s” should be read as “a; variables out of

(Xi1, Xi2, ..., Xin;) and remaining (n; — a;) variables”, and so forth. Further,
the summation )_, is taken over all k-tuples (aj,ay,...,a) of integers which
satisfy the relation (A.7). From (A.6), we have

(A.8)

N —
E(R“) :J Z Z s(mal 1) (:2) e (Z’,:)Fl(x)ale(x)az .. .Fk(x)ak
s=1 A
x (1= Fi(x)) "1 = F(x)) ") .. (1 = Fe(x))™ ) dFy(x).

By changing the order of summation, we have

E(Ru1) =J i;s(nlaj 1) (Zi) (nk'l)1‘"1(35)0“172(x)a2 oo Frog (x) %

Q-1

x(1-F (x))(m—al—l)(l _ Fz(x))(nz—az) (1= Fk_l(x))(""'l—a““)

1

k—
X (nka(x) + Z a; + 1) dFy(x),

i=1

where the summation }_, is taken over all (k — 1)-tuples (a,as,...,ax_1) of
integers which satisfy the relation (A.7). Adding in turn over ax_y,ax-2,...,ai,
we obtain the result for E(R;;).



90 Takashi MATsUL

Covariance:
For s < t, we have

(A9)  Pr(Ru=sRu=1)=)_ Pr(aof Xjs,ayof Xjs,...,arof X;s
<Xy <bh OfX{S,bz OfXés, e, by OfX,’CS

< X21 < ¢y of Xis,c20f Xy, ... ., cx of Xys),

where a;,b;,¢; (i=1,2,...,k) are integers such that

(A.10) ai+bi+c=v, i=12,...,k,
k k k

(A.11) Z i=85—1, ij—t——s chzn—t,
j=1 =1 J=1

and v;=n;—1 for i=1,2, v, =n; for i =3,4,...,k.
The summation ), is taken over all tuples (a;,...,a, b1,...,bk,c1,..., k)
which satisfy the relations (A.9) and (A.10). Then

(A.12)
k
L= stPr(Ry =s,Rip = 1) = “ ZZHP, x,y) dFy (x) dFy(y),
s<t X<y s<t i=1
where

P )= (o 1 VEPOED) ~ B - EO) 1=1,20,k

By changing the order of summation, first for s and for t, we have

=l T¥a H Py(x,) dFi (x) dFy(»)

<y s<t B
where
k=1 k-1 k-1 2 k-1 _1
C1=a1+ﬂ12aj+y12bj+ aj> ( a,)(Z )j
=1 j=1 =1 j=1 =
and

oy = ng(ng — 1) Fi(x) Fie(p) + 3mcFie(x) + mcFie(y) + 2,
B = niFr(x) + meFre(p) + 3,
Y1 = mFe(x) + 1.
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The summation ), is taken over all tuples (ai,...,ak_1,b1,...,bk1,
¢i,...,ck—1) which satisfy the condition (A.10). By carrying out the addition
in turn for sets (a;,b;,¢;), =k —1,k—2,...,2,1), we have a reduced form of
I,. By proceeding on similar steps for > _,stPr(Ri; = s, Ra1 = t), we obtain
COD(RH y R21).

For rank sums

(A.13) T,=) Ry, s=12,..,k
=1

we have
(A.14) E(T;) = nsE(Ry), s=1,2,...,k,
(A.15) Cov(Ts, T;) = ngn,Cov(Rgj, Ry), s,t=1,2,... .k, s#t,
and
(A.16)

ng ns

V(Ts) = Z V(RSJ') + Z COD(R_“-, st)
j=1 i

= Nn;(3n; — 1) J G(x) dFs(x) — 2Nny(2n; — 1) JFs(x)G(x) dFs(x)

+ N, j G(x)2 dFy(x) — Nn, jH<x) dF,(x) - Nn, (] G(x) dﬂ(x))z

2

—ng(ng — 1) zk: n ( J Fi(x) dFs(x))2— ;‘—

I=1k

Especially, if Fi(x) = F(x) for all i, then we have

(A17) E(r) ="+ D,

_ ng(N —ng)(N+1)
(A.18) V(T = 2 .
(A.19) Cou(T,, T;) = — "—”’(f;—“—)

Also for k =2, we have the following:

_ ni(n; + 1)

(A.20) E(T) >

+nin,-JP‘,-(x)dF'i(x), =12 j#i,
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(A.21)
V(L) = g2 = 1) | E6) i)+ maytoy = 1) | F(x)? i)

+ minj(n; — I)J Fi(x)2 dF;(x) — minj(n; +n; — 1) (J Fj(x) dF,~(x)>2

_ninj(ni_l)’ l,]=1,2,l=;éj,

(A.22) COU(T], ) = nlnz{nl JFI (x) dF; + ny JFz(x) dF, (x)
Cmtm—1) JFI (x) dF(x) JFz(x) dF, ()

- (m - 1)JF1 (x)*dFy(x) — (ny — 1) JFg(x)z dF;(x) — 1}.
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