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~ The research reported falls under the headings: (a) order statistics; (b)
competing risks; (c) nonparam.tric statistics, and (d) cyclic designs.

(a) Concomitant s of order statistics ware introduced and studied as a class,
and applications in selection and double saapling provided. The robustness of
various estimators of locat ion and scale in th. presence of outliers was
examined and the n.c.ssar y tables pr.par.d. Characteri zations of distributions
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being revised.

(b) A parametric approach to the theory of competing risks was developed
and a monograph on competing risks prepared. Applications to reliability under
multiple causes of failure are included.

(c) A number of problems were resolved in nonparametric estimation and in
the asymptotic theory of linear rank statistics, U—statistics, and quantiles.

(d) Following earlier work by the author a monograph on cyclic designs was
co—authored. This is in a form ready for use, with worked examples provided.
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- 1. FOREWORD

This Final Report covers Grants DA—ARO—D31—124—73—G55 and DAAG 29 76 C 0057
for the period October 1, 1972 to September 30, 1978. During this time the
following individuals received some salary support:

H. A. David , Principal Investigator
J. Calambos, Visiting Professor (Temple University)

B. C. Arnold, Professor (Iowa State University)

M. Chosh , Visiting Professor (Indian Statistical Institute)
W. J. Conover, Visiting Professor (Texas Tech University)

M. J. O’Connell , Research Assistant (Ph.D. 1974)

S. S. Yang , Research Assistant (Ph.D. 1976)

V. S. Shu, Research Assistant (Ph.D. 1978)

2. Table of Contents - None

3. List of Appendixes, Illustrations and Tables — None
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4, BODY OF REPORT

A. Order Statistics

1. Concomitants of Order Statistics. [B6 ,8,9,14,16; ci] * • These
statistics were named and first studied as a class by the Principal
Investigator. In a random sample of n pairs (Xi, Y1), I 1,2,...,n,
drawn from a bivariate distribution let Xr.n~ 

r — 12 ,...,n , be
the r—th order statistic among the X1 and let Y[r.~ 1 

be the Y— variate
paired with X • We have called Yr , the concomitant of the rthr:n Lr:nJ
order statistic. The properties of these concomitants were studied
extensively and two main applications were developed. The first,
to some double sampling situations, showed that if an inexpensive
auxiliary variable X could be measured on n items, then the order-
ing of the X’s could be used to advantage in the selection of a
smaller number of items for measurement of a correlated expensive
main variable Y of interest. The second application addressed
itself to the following selection problem; If an individual A1
has rank r among n candidates scoring X1,..., X in a certain
test , what is the probability that A

1 
will have rank a in some

future test with scores Y1,..J ? What is his expected rank?
Tables permitting tamediate application of the methods advocated

were computed when X and Y are bivarlate normal. A general theory
of concomitants of order statistics has now been developed.

• 2. Robustness in the ~r~s~.n~e_oL Outliers. [8 7 , 10; C23. Within
the broad and active field of robust estimation it is important
to know how various estimators of location and scale behave
when one or more outliers contaminate the sample of interest. In
preparation for such a study an extensive set of tables [87] was
prepared giving the expected values, variances, and covariances
of order statistics in normal samples, with one observation
differing either in mean or variance. With the help of these
tables it was possible to obtain the bias and mean square error,
in the presence of an outiler, of estimators expressible as
linear functions of order statistics. Further work is in progress,
mainly by simulation methods , on the bias and mean square error
of more complex estimators , including adaptive ones, in the
presence of one or two outliers.

3. Characterizations ~y_P!op.e!t1.! !f_O~d~r_S~a!i~t1c!.
. [81, 1l;D8]

The subject of characterizations has seen a burst of activity in
recent years. These papers are of more theoretical interest
in throwing light on th. nature of th. distributions characterized.

*Entri.s in square brack.ts refer to the bibliography in Section 3 of
this report.
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4. Order !t~t1s~i~,s_T!x.~.. The Principal Investigator ’s research
monograph and text Order Statistics, published by John Wiley &
Co. in 1970, is scheduled for a second edition in 1980. Work
has been proceeding steadily on the preparation of an updated
and extended version. This is a considerable task in view
of the large literature on order statistics since 1970. It
is expected that the number of references selected for inclusion
will be raised from 700 to at least 1000.

B. Competing~~isks [A i; B 4, 5]

Work in this area , begun in 1969 by the Principal Investigator
in conjunction with a Ph.D. student M. L. Moeschberger has
culminated in the publication of the monograph A 1. The subject
has a formal connection with order statistics in that it is
concerned with properties of the minimum of a set of random
variables (the hypothetical lifetimes associated with the risks
under study) . The monograph emphasizes parametric approach
developed by the authors but provides a much more general
account as indicated in the following si~~ary.

The theory of competing risks is concerned with the assessment
of a specific risk in the complicating presence of other risks.
It is of particular interest to statisticians confronted by
reliability or survival analyses, as well as to vital statist icians,
demographers , and actuaries . Non—experimental applications to
lif e table data have a long history. The emphasis of this
monograph is, however, on experimental situat ions or observational
studies, often of modest size, for which the more traditional
actuarial methods are not designed.

An individual’s death from one of several competing causes is
analogous to the failure of a series system due to the mal-
functioning of an identified component . This parallel is
exploited to unify applications to biometry and reliability.
Parametric assumptions on distributions of lifetime are examined
in detail when the risks are assumed to be independent. A
number of models for dependent risks are also studied and problems
of non—identifiability in this case are discussed . Recent
developments incorporating concomitant measurements are
reviewed.

Many of the methods described as well as certain graphical
techniques are Illustrated on two data sets giving survival
time and cause of death after a treatment for cancer and after
heart surgery. The monograph concludes with some exercises
and a historical note.
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C. Nonparametric Statistics [B 12, 13, l5;D 1, 2, 3, 4, 5, 6, 93

Dr. Malay Ghosh, in conjunction with colleagues and students,
has been successful in resolving a number of problems in (a)
nonparametric estimation, (b) asymptotic distribution theory of
linear rank statistics and U—statistics, and (c) asymptotic
theory of quantiles . These papers are of considerable interest
to mathematical statisticians and several constitute significant
advances. Dr. Conover , together with a student , provided tables
and approximations to facilitate the use of two well—known
nonparametric tests

D. Cyclic Designs [A 2; B 2]

These items round off research which arose out of the Principal
Investigator’s work on the method of paired comparisons described
in earlier reports. Originally the aim was to fill the need for
additional designs for paired—comparison experiments. These designs,
of block size two, used in preference testing, were extended later to
any block size. An extensive tabulation of such designs, with aids
for their analysis is given in A2 which also provides worked examples.
The P.!. has been invited to supply the entry on Cyclic Designs
for the Wiley Encyclopedia of the Statistical Sciences.
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