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FOR •WORD -

The First Conference on the Dlesign of Experiments in Army Research,
Development and Testing was hold on October 19-21, 1955 at the Diamond
Ordnance Fuze Laboratories and the National Bureau of Standards and its
Proceedings hAVe been published. On the basis of the success of this
Conference the Army Mathematics Steering Committee of the Research and
Development Office of the Department of the Army decided that a pimilar
Conference should be organized and held during the fall of 1936,

Accordingly, the Second Conference was held on Octobe 17-19, 1956
at the Diamond fu-e Laboratories'ana the National Bureau of Standards.
The organization of the Second Conference was similar to that of the First
Conference. There were three categories of sessions, The first category
consisted of invited papers by well-known authorities in the design of
experiments. The second consisted of technical papers contributed by__
research workers from the -ious Army research, development and testing
facilities. The third category was composed of clinical sessions devoted
to presentation and discussion of partially sol,ved or unsolved problems
which had arisen in these facilities. The program of the three-day con.
ference appears on the next few pages of these Prceedings,

The Second Conference was attended by 181 registrants and participants
from 67 organizations. Speakers and other participants oarie from the
Bell Telephone Laboratories, General Electric Company, National Bureau of Ax
Standards, National Institute of Health, Princeton University, University
of North Carolina, Virginia Polytechnic Institute, and 17 Army facilities.

The present volume of Proceedings contains 26 papers and an appendix
which contains 3 classified papersaall of which were presented at the
Conference, The papers are being made available in this form as a con-

4 tribution to wider dissemination and use of modern statistical principles
of the design of experiments in research, development, and testing work of
concern to the Army*

The members of the Army Mathematics Steering Committee take this oppor-
tunity to express their thanks to those research workers In the various
Army research, development, and testing facilities who L:rtioipated in the

2 Conference; to Lt. Colonel J. A. Ulrich, the Commanding Officer of the
Diamond Ordnance Fuze Laboratories and to Dr. A. V. Astin, the Director of
the National Bureau of Standards, for making available the excellent
facilities of their two organizations for the Conferince; to Mr. John A.
Wheeler who handled the details of the local arrangements for the Corferenoe
at both installations; and to Dr. F. G. Dressel of the Office of Ordnan'3e
Research who carried through the details, including all correspondence
involved in organizing the Conference and in preparing these Proceedings,,

S. S, Wilks
Professor of Mathematlos
Princeton University

S-.y
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AN EXAMPLE OF DESIGN OF EXPERIMENTS AT
THE NATIONAL BUREAU OF STANDARDS

R. D. Huntoon
The National Bureau of Standards

I wish to extend a dual welcome to the members of the Second Joint
Conference on the Design of Experiments in ArM Researohj Development and
Testing. You are hereby welcomed to the laboratories of the National Bureau
of Standards and to the Diamond Ordnance Fuse Laboratories. We both wish
you every success in this your second conference.

To some of you, it may seem a little confusing that you came to DOFL
for the conference and find your meeting starting off in NBS. It may help
if I explain that DOFL was, until 1953, a part of NB8. At that time, the
ordnance activities of NBS were transferred to the Department of Defense
and DOFL was established as a facility of the Office of the Chief of Ordnance,
Department of the Army. This was in some respects merely a change of title,
since essentially the same people are doing the same work in the same labora-
tories, and we still woak closely and harmoniously together as we did earlier.

The reason for this separation is interesting and worth discussing
briefly, for it gives an insight into the aims and missions of the two insti-
tutions. The statutory functions of NBS, as authorized by the Congress, are
six in number. They fall into two groups which I like to call direct and
indirect. Stated briefly, the direct functions ares

1. Development and custody of the national standards and their
dissemination via calibrations.

2. Determination of physical constants and critical properties of

materials.

3. Development of methods of testing materials, mechanisms and strictures.

An institution which is properly staffed and equipped to fulfill these
functions in all the fields of the physical sciences is in a unique position
in the Government to perform additional functions which derive from these
three. The derived functions are:

4. Cooperation with other government agencies and private organiza-
tions in the development of codes and specifications.

5. Scientific and technical advice and consultation service to other
government agencies.

6. Invention and development of devices to serve the special needs of
the government.

Before proceeding with the discussion, it is appropriate to pause here
and emphasize the fact, which should be clear from the statement of the
functions, that NBS is not a consumer testing organization as is sometimes
mistakenly believed. ITTs an institution devoted to the science of
measurement as a service to the country's scientists and engineers.

-.. 4 - , . -.. . . . . ' ".* * , .. ." , *',.' ,.. , , , "• • ,, . *- - •
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Design of Experiments

The advent of the last war naturally brought great emphasis on the
third number of the trilogy of derived functions, iLe., the invention and
development of devices to serve the special needs of the government. During
the war and the years immediately following, there grew up within NBS an
institution within an institution whose mission was to perform research and
development leading to end item hardware for military use. In fact, this
institution already known as the Diamond Ordnance Laboratories had grown to

S the point where its program was larger than that of the rest of NBS. A
careful study of the situation in 1953 led to the recommendation that the
"Diamond Laboratories" should become a separate institution, and the recom-
mendation was implementedi We now work together compatibly, each toward
its own objectives with mutual assistance and sharing of facilities.

The importance of design of experiment is well recognized in both
institutions and in fact we consult and collaborate from time to time in
the deeign of experiment in the full technical sense of the term. We are,

- I therefore, pleased to have this conference assemble here for we feel that
., our staffs will benefit.from the stimulating new information and points of

view which should emerge from these meetings,

And now it is interesting to turn for a few moments from the general
to the specific and take a brief look at an example of design of experiment
in progress in the physical constants work at NM,.

We, along with the other national standardizing laboratories of the
world, are engaged in devising new experiments for a precise determination '.

of the acceleration of gravity., g, Strictly speaking,4 g is not a physical
constant, although it is commonly referred to as one. It varies from place
to place over the surface of the earth and very slightly from time to time
at any one place. However, it is essentially a constant at any one -lace .

and the changes between locations can be very precisely determined. The
problem is to measure its absolute magnitude at some one selected place.

Our interest in the problem arises this way. In order to have a
consistent set of units and standards in the various fields of science, each b

must be appropriately related to the arbitrary prototype standards of mass,
length, time and temperature through an unbroken chain of measurement. The
determination of g provides the transfer from these to force measurements
and thence, for example, to the electrical standards and via them to our
knowledge of the fundamental atomic constants, e, h, m, etc.

The unit of force follows from Newton's law

as that force which will impart unit acceleration to unit mass. Now the
attraction of the earth provides a convenient reproducible force acting
upon every mass. Unfortunately, this force at the surface of the earth,
where we are interested in it., is not unity on unit mass, If a mass is
allowed to fall (accelerate), it does not accelerate with unit acceleration
but with an acceleration g. However, if we measure carefully the accel-

Seration g, we can then measure a force by means of a balance. We let the

, .. . ' -
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Design of Experiments 3

force pull one arm of the balance and hang weights from the other arm until
true balance is indicated. If m is the mass of the weights added, then the
unknown force is given by I-A

f m g.

We thus see that g is a transfer constant enabling us to make force measure- 'ý r
ments in terms of our standards of mass, length and time, for the measurement

ýQ of g is essentially a precise determination of how long (time) it takes a
body to fall a given distance (length).

wo ou may be thinking that it should be possible to arrange a force which
would give unit acceleration to unit mass and use it for our standard. This
could, of course, be done but no one has devised a system which will do it
as preciasely and reporducibly as the scheme which uses the attraction of
the earth.

Now, our electrical standards are based upon the ampere and the ohm.

To determine the ampere, in absolute units, we measure the force between N,
two conductors carrying a current, Thus, g gets into the ampere. The
ohm does not involve it, so we drop it from consideration here. Our
nmeasurements of many constants and in particular the atomic constants are
done by means of electric and magnetic fields and hence involve the ampere,
also unavoidably g.

It is indeed surprising to find that our presently accepted value of

this important transfer constant g depends upon three "independent"l
measurements all using the method of the Kater reversible pendulum.

The results of these determinations are referred, by means of very
precise transfer measurements, to one specific location Potsdam, Germany.
They are shown in the table

Potsdam 1906 Kuhnen & Furtwangler 980.100

Dryden Revision 1942 Dryden (NB) 980.088

Washington (NBS) 1936 Heyl & Cook 980.080

Teddington, England (NPL) 1939 Clark 980.084

Mean of last three 980.084

P.E. of mean 2 in 106

This looks like very good agreement but attention should be called to
the 1942 revision of the 1906 measurement. This shows that a later look
at the same data brings a change of about 12 parts per million. Also, all
the measurements are subject to the same possible systematic errors and so

.4- the measurements are not truly independent. In fact, study shows that a
systematic error estimated to be as large as 15 ppm could be present.

•...j ... -A & • •, ., ... . ... .,\ *. K ,. , . . ...:,. ...v. .,... . .... + , .: .* .. .- ,, • .
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4 Design of Experiments

Thus, the experiments show that the probable error for measurements of
g by reversible pendulums is about 2 ppm. There is already some preliminary

evidence Based upon measurements by other methods that these measurements do
in fact have at error of about 10 parts per million from the true value.

Here at nBS two of our scientists C. H. Page and D. R. Tate are now
designipl new experiments to getsat the answer by methods which differ in
principle from the older ends.

They vill use a quite different type of pendulum and also will time a
freely falling object, falling in vacuum. 7hey are making every effort to
design the experiment to eliminate known sources of error, to have each error
subject to experimental estimation or below the desired limit of accuracy

5(about I part .per million) and to take advantage of the use of statistical

variation of parameters in the experiment itself. They are working 0:1o8e6y
in their work with our Statistical Engineering Section to get the benefit
of their advice in the design phases of the experiment instead of waiting
until the data is in as is all too often done.

Unless one has had an opportunity to participate in one of these
precision measurements, it is difficult to understand the complexities
that arise. In pendulums, the motions cause bending and stretchings
minute temperature changes cause changes of length, wear changes the
form of the bearings, even stray electric and magnetic fields cause signi-
finant perturbations. In the free fall experiments mention of only one of
many difficulties indicates the kind of factors that must be considered,
One assumes that the laboratory is at rest on the earth during the time the
object falls. This is not strictly true. Due to minor earthquakes, micro-
seisms, the laboratory does not stay at rest with the precision heeded. It
is, therefore, necessary to set up a seismograph and record the microseiums.
The free fall can then be made during quiet periods and corrections can be
made for the motion of the laboratory during the fall. These motions may
be as small as 40 millionths of an inch but they are still significant.

-It is the consideration of the whole array of such errors and the
design of experiment to take account of them that makes precision measure-
ment such a fascinating science and one which depends very strongly upon
proper design of experiment.

'N'
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RECENT RESEARCH IN STATISTICAL PROBLEMS
IN SUBJECTIVE TESTING 1 , 2

Ralph Allan Bradley Al
Virginia Agricultural Experiment Station

of the Virginia Polytechnic Institute

1. INTRODUCTION. There is widespread interest in the design, conduct,
and analysis of experiments involving the subjective opinions of samples
and panels of individuals. Applications arise in food processing, photo- I X
graphy, distilling and brewing, textile research, wood technology
petroleum products research, and in a host of other areas of research.

Problems, many of which at least have statistical aspect., arise in
the selection of consumer samples and expert taste panels, in the training ,
of panel members, in the design of experiments, in the development of
scoring scales, and in the analysis and interpretation of experimental
data. We shall present the results of recent research and illustrative
examples on techniques that deal with the sensitivities of scoring scales,
the variabilities of judges using scoring scales, the design of experl-
ments with scoring scales, and the design of ranking experiments.

We shall not here discuss in any detail the selection or training of
a taste panel, the selection of a consumer panel, or the development of a
scoring scale. Some general discussion of the problems involved are
given in the reference (Bradley C1953. ) which has a large classified
bibliography including papers on these subjects. Expert taste panels are
usually selected through use of a system of triangle tests (a triangle
test involves the selection of the odd sample from three samples of which
two are identical). In the cited reference, we illustrate the use of
sequential triangle tests. Hopkins and Oridgeman (195) compare the
sensitivities of paired and triad flavor intensity difference tests.
Kramer (19•5, 1956) has provided tables and discussions on the use of
multiple matching systems for the selection of judges as an alternative
to use of triangle tests. Procedures for the selection of a oonsumer .....
panel should basically depend on sampling survey techniques and those
used in opinion polls. In such studies it is well to keep the techniques
simple and paired-sample preference tests are usually used along with a
supplementary questionnaire. Ranking techniques in paired comparisons
may be used in these surveys and the method is summari.zed in a subsequent .
section. There are many psychological aupects to the development of a
scoring scale and we shall not discuss them here. When a scale is
developed, the distributions of scores on the scale should be examined.
Hopkins (195o) considered such distributions.

1, Fresented at the 1956 Gordon Conference on Statistics in Chemistry
and Chemical Engineering, New Hampton, N, H., August 23, 1956. -

2. A report based largely on research sponsored by the Agricultural
Research Service, U. S. D. A., under a Research and Marketing Act
Contract, No. 12-14-100-126(20).

SO-..------ _
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6 Design of Ecperiments

In the following sections we shall use the notation of the various•.•;, asic reference papers rather than maintain a more uniform notation in •
this paper. This should permit the reader to more easily associate our

examples with the theory in the references.

2. SESITIVITY COMPARIIOSOW In the development of scoring scales and
other experimental techniques, it is often desirable that two alternative
methods be compared. Cochran (1943) discussed the comparison of different

mcales of measurement for experimental results and, indicated where further
research was required. We have provided means of comparing the sensitivi-
ties of siiilar experiments in two recent papers (Schumann and Bradley
" 119561, Bradley and Schumann [19561). This recent research permits a
test on the equality of the parameters of, nop-centrality.of F-distribu!.
tions associated with tests of treatment equality in two independent but
parallel experiments containing the same set of treatments in identical
experimental designs. The experiments may differ in the scoring scale
used or in some other criterion of measurement that does not interact
with treatmentsa Oood experimental data to illustrate the method
appeared as this paper was in preparation.

IKauman, Gottatein, and Lantican (1956) were interested in the
quality evaluation of dried veneer. Two schemes were used to evaluate
quality or sheets of veneer and they are designated as "numerical" and
"subjective" although both were somewhat subjective.. In the numerical
schema various types of degrade were listed with numerical scorem for

S the severity of the degrade and weights were given for use in combi•ing
degrade scores to obtain a quality score. A quality rating of 50 in
the numerical scheme was very .bad and tho maximum possible occrej a
quality rating of 0 was excellent and indicates a sheet free from
degrade. In the subjective scheme "quality ratings" were assigned on a
C-8 scale with 0, excellent and 8, very bad. Twenty selected sheets of
veneer were evaluated by three observers, twice with each scheme. and
repeat observations were spaced by several days with the order of
presentation of the sheets changed. The complete tables of scores
are given in the reference; we repeat the analyses of variance in
Table 1.

Table 1..

Analyses of Variance for Quality Ratings*4

Numerical echeme Subjective scheme

k Factor Degees of Sum of Mean Sum of Mean
freedom squares square squares square

(heets (S) 19 12826.16 675.1 336.90 17.73
bservers (0) 2 170.72 85.36 3.70 .L852
epetitions (R) 3 168.13 56.0 4  0.61 0.2042

Interaction (SO) 38 823.61 21.67 30.12 0.7928
Error (SR) 57 595037 1045 22.13 03884

* A reproductnon of nart of TAble 6, Kauman, Gottstein, and Lantican (19 6),
page 146.

-- ~ II I ' " ""l "'I .4 .'I. .&.I.* ! I T T :, ','"V ;;.: :___.__ T"::
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Design of Experiments

*'•' While the authors of the cited reference properly considered Model II • ,.
.• of the analysis of variance and estimated variance components, we shall

"illustrate how to apply a test of the sensitivities of the two experiments
conditional on the observers and samples actually used in the experiments
and assume Model I of analysis of variance with "fixed" effects. Under
these conditions, the expected value of the mean square for sheets isS~t

(1.2) E(M.S.(S)3- ÷2 + kZ'Tf/(t-1)

is general for t sheets and k observations on each sheet. ' is the
"effect" of sheet i i I 1, ... ,t. In the examples,

(2.2) +E~.s) 62 29

o2is the expectation of the error mean square in both (1.2) and (2.2).
The parameter of non-centrality of the F-test for sheets is, in general,

and, in the examples,
S•2 0

4 ..2) 6~ *6 2~/2c72

when the F-density is writ-ten
!• (5.2) f(F) • a b a e a b] l ' t '~ ~ ~ ) '(&+b) E ••

,F 1 Ea"'b, a, *6./b (l+aF/b)3 , F -' F o.

where F has 2a and 2b degrees of freedom F is the confluent hyper- N
geometric series, and B represents the beta iunction. It is seen at
once that X is a parameter expressing the magnitudes of treatment
effects in a scale in terms of the experimental error associated with
the scale. A. is the appropriate parameter to measure the sensitivity of•'.' ~a scale. We shall test the hypothesis, Hot X 1 -)%21, against the alter- ..

native, HatI X X., using the subscripts 1, for the numerical scheme,
and 2, for the subjective scheme.

To apply the test, we compute the two F-ratios with 19 and 57
degrees of freedom" (Now a- 9.5, b-n 28.5.) and obtain K

F1-64.60 and F2  4565

The statistic used is

(6.2) w *F 1 /F2 *6J4.60/45.65 1.4j2.

, 40 '
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8 Design of Experiments

The distribution of w under Ho depends on ) "L i - X2 which in general is
unknown. In practice it is clear that the test is not very sensitive to Vt
small charnes in A. and we in fact estimate A from, the data using,

(7".) & a(Fj-l), i -l, 2.*

In the exaiples.,

X " 9.5(64.60-1) - 604.2

and
A

A.2 - 9.5(45-65-1) - 424.2. '

We take A to be the average of Al and AAV
A

(8.2) X. - '(604.2 + 424.2) -514,2.

A table of values wo such that P(w > wo Ho) w 0.05 is given by Bradley and
Schumann in the cited references. To enter this table, one requires
(9.2) a'-(&+X)2/(&+2X) - (9.5+5i4.2)2/(9.5.lo28.4)

- 264.2 T

and b - 28.*5. The table is symmetric in the sense that w,(a',b) - (ba')
and we obtain wo =1.85 by consulting the table. Now Ha,&as postulated,
is two-sided and hence the significance level being used is 0.10. v in
(6.2) does not exceed w. and consequently we do not rejeot"H at the 10%
level of significance. We are in accord with the authors (Kauman at al.)
who stat( "the present experiment has shown that the subjective evaluation
can yield results of an accuracy approaching that of the numerical scheme,
although the accuracy of the latter was slightly superior".

The theory of the test of sensitivity is given in detail by Schumann
and Bradley (1956) and other applications are given by Bradley and Schumann
(195•6 As a somewhat ýifferent application, the method may also be used
to compare values of R , the square of the multiple correlation coefficient,
for two similar but independent regression studies based on the usual
regression model. The theory involves an approximation which appears to
be good. The distribution of w should come from the joint distribution of
two non-central variance-ratios with equal pairs of degrees of freedom and
equal parameters of non-centrality. What was done was to approximate to
the non-central F-distributions using central F-distributions and to obtain
the distribution of w taking w to be the ratio of two independent central
F-variates.

Applications are limited since a table is only available for a one-
sided 5% level test, Schumann is preparing additional tables.

,. -.* . ~ 6 * 4~ * *_ _ _
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Design of Experiments 9

3. JUDGE VARIABILITY AND JUDGE COMPARISONS. When items are scored in 4'.

subjective experimentation, there is rio knowledge of the "true worth" of
the sample in the units of the scoring scale. It is then difficult to •'
assess the judging ability of a judge. Russell and Bradley (1956) have
provided means of estimating the variability of a judge in terms of the
deviations of his scores for an item from those of the remairAing judges
but permitting a judge a possible constant bias in his assignment of
scores. Similar procedures were considered by Grubbs (1903/ and Ehrenberg
(1950) and they obtained the same estimators from somewhat different
demonstrations but did not develop the test procedures illustrated below.

Consider a two way classification with t items or treatments and r
judges. The model with fixed effects is

(1.3) Yij 2 +'ri *AJ +Ej&, i - l•,.,t, J -l,,or

where Yi. is the score assigned by the jth judge to the ith item, 2 is •.. *!,
the grana mean, the average level of Judging, pi is the effect of the ith
item, 4j is the effect (or bias) of the jth judge, and ýij are independent
normal variates with zero means. Contrary to the usual model of analysis
of variance, we admit the possibility of heterogeneous error variances in
the sense that

(2-3) E(til j~ he'

is the variance of the jth judge and is to be estimated.
The estimator of to be used is

)3

where
t

(4.3) QJ _ ~ (.yiJy.-.y.j+.r..)2

and
t r

(5-3) 3 i-i)2Ss" Y.-Y

"the latter being the error sum oý squares from the analysis of y riance

"of the two-way classification. is an unbiased estimator of' but,
like an estimate of a varianceolponent, may occasionally be neative. .

In (4.3) and (5.3), yi. is the average of scores for treatment i, y.j is ,.. .'*

the average of scores assigned by the jth Judge, and y., is the average
of all scores. The requirement that &.j in (1.3) be normal is only met"approximately $n use of a discrete sioring scale but does not affect the

estimation of 14. In later ps .agraphs of this section, we shall assume
that departures from non-normality do not serioumly affect our test
procedures. .j

4,~

4.' .* ' .4'...'i 4.'-... ,.'.
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1O Design of Experiments

We shall again illustrate this work using the data of Kauman et al..
The detailed example is for Test 1 using the subjective scheme. Scores
are listed in Table 2. In Table 3 we show values of (yi. + y.j-y..) ob-
tained by first writing down the marginal entries and then computing the
required table entries. In Table 4 we have the residuals, (ymj-yi.-y.y..),,
obtained by subtracting entries in Table 3 from corresponding entries In
Table 2. Values of Gj and E are given in the lower margin of Table 4 and j \.
are obtained by accumulating the squares of entries in the olumns aboyv an
required in view of (4.3). r was so obtained. The values of Z'1

computed using (3.3) are listed in Table 5 along with those for the other
three tests of Kauman et al. To illustrate the computations, we use
observer A and obtain

A a 30.10 22.50 0.72.
""loa(ra odau l v eined

Certain checks on the computation are possible. The residuals in
Table 4 have row and column totals that are zero except for rounding.
Also, as already noted, r and B will usually have been obtained

Qj - Z

directly from the analysis of variance. A final check follows from the
fact that

(6.3) ~ tir-

In the example,

(t-l)(r-1) rj19l2
r . [(0.2) + (0-53) + (0-53)] 22.55

A test of homogeneity of varianoes is ossibje only when r - 3.
The only situation wherein the estimators of 0are maximum likeli- ,•,,'

hood estimators is when r * 3 and then an a~proxi~ate test may be made. ,
Consider the hypothesis,

0 d2. .d2
,,'-1 2 3'

and the alternative,

Ha3 (12 . for some j and kI, J, k I, 2, 3.

The likelihood ratio test statistic, distributed approximately as
%?-variate with 2 degrees of freedom for large samples, is
(7.3) • -.(2.3026)(t-l)[2 log (t-1) +log(02-82- Fi'÷ Fa2) •

1 2 1 3 2 3
,-21og E+log 4/3]

- -(2.3026)(19)[2 log 19+log L(o.72)(0.53)*(0.72)(0.53)+(0.53)(0.53))

-2 log 22.5O+log 4/3] - o.:14.

A_" . d *;.*L*'
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Design of Experiments

Table 2 Table 3

Quality Ratings for the Values of (y .+y.1-y.)fOt the
Subjective Quality Evaluation Subjective 1ualioy kvaluation

Test i* Test 1

Observers , Observers

M.eet I. . She -I
Not , B 0 f n, A B . . -

1 t 3 3 '3 '3.00 1 '2.41 3-09 3.09 t3900 ..

2 ' 7 5 7 '6.33 2 '6114 6.42 6.42 16.33

II
3:6 5 5 5*331 3 '5.14 5.42 5.42 1 333 .

4 1 7~ 8 7 '7.33 4 I7.14 7.42 7.42 ?e733

5' 1 2 3 '2.00 5 '1.81 2.09 24.09 2.00

.6 5 5 5 '5.00 6 ' 4.81 5.09 1 .09 5.00

7 5 6 5 15433 7'15s14 542 5442 503

8 3 5 4 '4.00 a '3.41 4.09 4.09'4.00

9 ' 4.5 5 5 '4.83 9 '4,64 4.92 4.92 '4.83

0 '

10 ' 6 7 7 ' 6.67 10 ' 6.48 6.76 6.76' 6.67

11' 5 4 4 ' 4.33 11 '4.14 4.42 4,42'4033
II

12 a 8 7 a '7.67 12 7.48 7.76 7.6 7,.67

13' 5 7 5 5.67 13 ' 5.48 5.76 5.76 ' 5,67

A 14,' 1 2 2 '1.67 14 ' 1.48 l.76 1-.76 1•.6

15 ' 7 7 7 ' 7.00 15 1 6.81 7.09 7.09? 7.

16 ' 1 3 4 1 2.67 16 , 2.48 2.76 2.76 ?2.67 ,A

-- y'".. .. ' , ". . . . . . - . ,

17 4 3 3 13.33 17' 3.14 3.42 3.42' 3.3

1' 6 6 5 -567 8 5-48 5,76 5-76 5,67

19' 5 5 " '5.67? 19 '5.48 5.76 5-76'15.67

20'1 3 3 2'12,67 20' 2.48 2-762476'1 2.674.;62+ 4;0 ' ,90 ,[ , .62 4,.90 •.. :• "•
Y~j 1 4.62 4.90 4.90

* From Table 3. Kauman Gotto•aein, and Lantican (1956), page 135.

*•.+ +.+ -++ ,,\. , +,•__ , .,. %+ .

@'41 1 • .* * • -'.* .., &t : * *••,•,+:.i ¢ ,,,,',:':;... - ' - 'U 4' +••:.::,•++- S',-"...•. .
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S. . •O .. .j... . .....

,-.bjccu-a ,"21 t -V`I.ULa ý onl T051 1

SObsarver-3

_ Peo. A B' C

1 0,19 -0.o9 -oo9

2 0.86 -1.42 0.58

3 ' 0.6 -0,42 -0.42

4 -o0914 0.58 '-.42

5 -0.81 -0.09 -0.91

6 9 0.19 -0.09 -0.09
t

7. -0.14 0.58 -0.42

8 ' -0.81 0.91 -0.09

9 -0.14 0.08 0.08

10 -0.48 0.24 0.24

11 , 0.86 -0.42 -0.42

12' 0.52 -0.76 0.24
I

13 -0.048 1924 -0.76I

14 , -0.48 0.24 0.24

15 0.19 -0.09 -0.09

16 ' -1.48 0.24 1.24
9

17 o.86 -0.42 -0.42

18 0.52 0.24 -0.76
9

19 -0.48 -0.76 1.24

20 0.52 0.24 -0.76

Gj 8.36 7907 7.07

E- 22.50 Preceding Page Blank



Design of Experiments 15

The multiplier, 2.3026, in (7.3) is included so that conmmon logarithms may
be used in the computation of 1-4. The small value of X2 indicates that the
observers may be taken to have homogeneous variances.

In Table 5 we have included values of Y3 for all four tests and show
also values of J2, the error mean square from the analysis of variance.
Note that only in one of the numerical tests wasjf significant at the 5%
level of significance. The estimates of variance in the numerical scheme
are considerably larger than in the subjective scheme. This does not of
course suggest a preference for the subjective scheme but is merely a
result of the scales used in the scoring methods. The appropriate method
of comparing the scales is the one given in the preceding section.

Table 5
.2

Estimates of Variance and ,/2 to Test for
Homogeneity of Observer Variances for All

Four Tests of Kauman et al.

Observer 2 Error Mean 2
Tests Variances,"al Square, 32 X2

A B C

Subjective Test 1 0.72 0.53 0.53 0.59 0.14
Subjective Test 2 0.46 0.58 0.74 0.59 0.26
Numerical Test 1 4.58 10.79 33.02 16.13 6.42*
Numerical Test 2 2.19 26.40 21.69 16.84 4.14

Observer A was the only observer with previous experience in judging
veneer except for brief training sessions before the experiment began.
Another test, and this is an exact test, is possible. Consider the null
hypothesis

H : 2 2  given 2  2 2
o 1 ' 2r r 0,

and the alternative,

H 2  2 g 2 2 2a 12 --Ha' aI< , given 2 = ... = cr

the statistic used is

(8.3) F = r(r-2)G1
(r-l)E-rG1

with (t-l) and (t-l)r-2) degrees of freedom. H may have either of the
possible one-sided forms or be two-sided. For the form of H shown,a
small values of F are significant. In the example, there is no point in
testing H versus H in this test in view of the homogeneity of variances
demonstrated above. However, we shall proceed in order to illustrate the
method.

Preceding Page Blank



Design of croteiments 17

"adaption", the effect of the presence of one treatment on another in the

same incomplete block. A doubly7 balanced incomplete block design is one,

which in addition to being balanced, has all triplets of treatments appear-

ing in incomolete blocks an equal number of times. The use of doubly

balanced incomplete block designs permitted easy evaluation of the addi-

tional parameters inserted in the linear model. Calvin's model is

(2.4) yhi h (• + + + E n.m.a + P_)

j~i

where

yhi is an observation on treatment i in block h,

n = 1 if treatment i occurs in block h

- 0 otherwise,

Srepresents the average level of scoring,

Ph represents the effect of block h (perhaps due to the taster doing

the scoring, the time of day, etc.),

is the effect of treatment i,

mij =1 if i < j

-- lif j<i,

a.. is the effect of the presence of treatment j on treatmentij

i (a i = -aji), and

Shi is equivalent to eilk in (1.4) above.

Calvin called the effects meazu:'ed by a.., the correlation effects. We
shall not give examples of analyrses usin either the Scheff "or the Calvin
designs here but instead refer the reader to the references for such
examples.

Factorial treatment combinations are often required in subjective test-
ing, for food samples may result from a variety of process changes in their
manufacture as may photo!graphic samoles, dye samples and the like. Means of
incorporating factorial treatm•r'ts in incomplete blcck designs are then re-
auired. That t-is ma- bc dono [: balanced incomplete block designs seems to
be well knowan although we h'nve not found a direct reference. Kramer and
Bradley (1956, 1956a) h've .ho'-n how to use factorials in group-divisible,
two-associate class, prtiillv balan"ced, incomplete block designs. We shall
give an example here and rote t`;at additional exeanpleo are given in the
references alon, i.0ith the theoz-r. Wve use only =, intra-block analysis of

S o aolytechnr.c Institute is considering inter-
block analyses. Kramer is :,l!,o considering extensions to other types of two-
associate c].a.ss, piartiailly balace, incomiplete block designs.

Preceding Page Blank



18 Design of Experiments

A group-divisible, two-associate class, partially balanced, incomplete
block design has design parameters as follows:

v: the number of treatments or varieties,
r: the number of observations on each treatment,
ki the number of units in an incomplete block,
b: the number of incomplete blocks,
m: the number of groups,
n: the number of treatments in a group, v =n,

where treatments in the same group are first associates and treatments are
not in the same group are second associates.

n : the number of times two first associate treatments appear togetherin intomplete blocks, andt:',

ho the number of times two second associate treatments appear together
in intomplete blocks. For these designs, the treatments may be given in an m
by n rectangular association scheme. Bose, Clatworthy, and Shrikhande (1954)

have catalogued all known designs of this class with block sie, 3 k < 10
and r< 10. We consider an example with v - 8, r w 3, k = 3, b 8, m -4,
n m 2, O O1 X 1 designated as Design R5 of the catalogue. This is a
made-up xaple is no data were available.

For the example, we have the basic association scheme of Table 6 where
treatments in the same row are first associates and we use a double sub-
script notation to designate treatments and the symbol V, In Table 7 we
show the association scheme for a 4 by 2 factorial with an A-factor at four
leysIs and a C-factor at two levels, The design lay-out, observations,
block totals B and grand total G, are given in Table 9. The treatments in
Table 8 are aslociated with the factorials through the correspondence of items
in Tables 6 and 7.

liii ". •II' '5.'

HisA¶•."\,jTY.
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Design of Experiments 19

Table 6 Table 7

Association Scheme for Association Scheme for
8 Treatments the 4x2 Factorial

V V AI0 AIO

V21 V22 A201  A2 C2

'31 '32 A3C A3 2

S41 V42  A41 A 02

Table 8
Design and, Observations for the Eight Treatments

Blocks Observations

1 V11  V 21  V 41  98
35 24 39

2 "2 3. V13. V12  135
42 45 49

3 V3  V
313 41 22  45

13 15 17
4V 4 V12  V32 66

19 22 25

V~ V

1 V12  V22  V4 2  89
28 30 31

6 V 2 2  V 32  V 11  157
51 52 54

7 V3 2  V42  V2 1  192

60 65 67
V 42  V1 1  V3 1  169

S6 V2 V32 ll 57

•_•54 57 59

Total G - 951

- k N 4 , , ,,
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The basic analysis of variance without consideration of the factorial
effects is straight-forward. The total sum of squares and the block sum of
squares are computed in the usual way. We find it useful to compute the
adjusted treatment sum of squares from the estimates of treatment effects.
The linear model is

(3.4) Yijs " '1 ÷ OJ + C iJs

where y 4  is the observation on V if that treatment is in block S,? is
the ovelll average, • is the eiect of V.', 0 is the effect of block s,
and e.. is the error vXiate as described a er t1.4). If tj is the

estimQ4r of TiJ' in general,

(4.4) t - fkvT(.-k(-)T.-v2B.. ÷(X 2-X)EBj.]/vX2 (Al+rk-r)

j

and, in the example,

(5.4) ti-T~ -l1 ST..- 1B + ,E
JY j J J-. j.

T is the total for V..; B is the total of block totals of those blocks'Atinig *' T ,Bij° 9Co~tiigVj Valuesiolf i. ' 'j.

and tij are given in Table 9 in positions corresponding to the array ofijtj "=tj
Table 6. In addition, in Table 9, we show the totals, ti o-t to t.

and the averages, t = ti./n and T t= /. The adjusted treatment sum

of squares may in general be written as

(6.4) Adj.Treat.S.S.--(;lrk-r) t + (2-_) 't2

k ij ij k i

and here becomes

(7.4) Adj.Treat.S.S. = 2t 2  + 1 Et= 49.54.

iP i e
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Design of Experiments 23

Table 9

• Values of Tij ETi Bij., EBij., and ti

, | t

14, I6 98 244 4.24 290 714 1.958 0.292 2.250 1.125
i,, 133 98 231 425 291 716 --3.954 0,979 -2.975 -1.438

S116 1317 253 349 41.5 764 -0.063 -0.562 -0.625 -0.313 ii•

73 1$0 223 209 450 659 1.458 -0.208 1.250 0.625

Totals t -0.ý0501 0.501 0.000. 0.000

Averages Z -0.125 0.125

To complete the basic analysis, we have
b

(8.4) Unadj.Block S.S. - A - 02 /rv - 6394.95,

2 2, * 6,9,,62
(9.4) Total S.S. -2 G- 02/rv 6593.62,

and the error sum of squares is obtained by subtraction,

(10.4) Error S.S. - Total SS. - Unadj.Block P.S.
- Adj.Treat. S.S.

- 159.13.

Degrees of freedom are: Treatments, (v-i) w 7; Blocks, (b-i) - 7;
Error, Ev(r-l)-b+l] - 9; Total, (rv-1) - 23. The analysis of variance is
given in Table 13.

To consider the analysis for the 4 by 2 factorial of Table 7, we need
only partition the adjusted treatment sum of squares into adjusted sums of
squares for A-factor, C-factor, and AC-interaction. This is easily done and
the basic formulas are

(11.-4) Adj. A-factor S.S. = (nK +n2K 2)E•, ..... 21 2 i .,••••
2(12.4) Adj. C-factor SS. - mK 1 ,

'IK
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)2 ,

(13.4) Adj. AC-Interaction S.S. Kij (tij-i.-" '- )

where .0 (1+rk-r)/k, K 2 (2-?)/k. Usually we compute

Adj. AC-Intetaction 8.S. - Adj.Treat.S.S. - Adj. A-factor A.S.

- Adj. C-factor S8.S.

In the example, K1" 2, K, = 1/3, m 4, aad n - 2. Then,

(14.4) A Adj. A-factor 8.S. - E(t j- 20-37,

3i1
('15.4) Adj,,.0-factor B.8. 9 - 0.2.5,

and

(16.4) 'Aaj.,AC-Interaction 8.8. - (t if.t±i-7t j)2 -28.92.

Single degree of freedom comparisons may be used, Consider linear,
quadratic, and cubic trends over the. lovels of the A-factor and their inter-
actions with the C-factor. This is done in much the usual way except that
additional and different multipliers are required for componbnti of,'the
A-factor, 0-factor and AC-interaction sums of squares. The method will be
evident from Table 10 but to' illustrite we consider theLinear A-.dmp6nen*t,
The linear contrast for Linear A is

L(lin.A) - -3(1,9$8)-3(0.292) + ... + 3(-00208) - -0,730, ' ,

)• The sum of squared coefficients is

A(1in.A) - (_3)2 (3) ( ' +. (3 )2 o. 40.

The multiplier is, in general for a component of the A-faotor,

M(lin.A) a (nK1+n2K2 )/n - 8/3;

the adjusted sum of squares for the linear A-factor component is
Adj.8.8. (In.A) -. ' A(lin.A) 40 0.04.

In general, the multiplier for a component of the C-factor and for a
component of the AC-interaction is K1 itself.

Now we are not restricted to a two-factor factorial but in general
may have several factors with levels ml,.,,mp and

'- nln..,q so long as m7 m m and n3 n no Suppose the A-factor

were in fact a 2xW factorial itself. If we designate these new factors ,,"
as N and P and associate them with the association schemes of Tables 6
and 7 as given in Table 11, we can analyze thlv nx.periment as a 2 x2

+..* factorial subdividing the adjusted treatment smn of squares as in Table 12.

0 44
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Table U1

Association Scheme for the
22 x 2 Factorial

N1P1C1 NIPIC2
N1112 1N1 P2C2NIP2CI NIP2C

N2PIC N2 P1 C2

N2P2C N2P2C
2 21 2 22

The analysis of variance for the various breakdowns of the experimental
data considered is given in Table 13.

We believe that these designs with factorial treatment combinations
offer a useful aid in subjective experimentation. -The analyses are
reasonably simple and straight-forward and out of the many such designs
catalogued it should be easy to select one appropriate for the planned
research. Other applications in many fields of experimentation should be
forthcoming.

Preceding Page Blank
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Table 13

Intra-Block Analysis of Variance for the Illustrative Experiment

Source d.f. SoS. M.S.

Treat.(adJ.) 7 42.54 7.08

Subdivision for 4 by 2 Factorial

A-factor(adj.) 3 20-37 6.79

C-factor(adj.) 1 0.25 0.25

AC-interaction(adj.) 3 28.92 9.64
Subtotals 7 49.54

Subdivision for Trends in 4 by 2 Factorial

Linear A(adJ.) 1 0.04 0.04

Quad. A(adj.) 1 16.33 16-33

Cubic A(adj.) 1 4.00 4.00

C-factor(adj.) 1 0.25 0.25

Linear A by C(adj.) 1 1.42 1,42

Quad. A by C(adj.) 1 14.69 14.69

Cubic A by C(adj.) 1 12.80 12.80
Subtotals 7 49.53

Subdivision for 2 by 2 Factorial

N (adj.) 1 0.52 0.52

P (adj.) 1 3.52 3.52

NP (adj.) 1 16.33 16,33

C (adj.) 1 0.25 0.25

NC (adj.) 1 7.11 7.11

PC (adj.) 1 7.11 7.11

NPC (adj.,) 1 14.69 14.69
Subtotals 7 49.53
Blocks (unadj.) 7 6384.95 912.14

Error 9 159i13 17.68

Total 23 6593.62

Preceding Page Blank
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5. RANKING METHODS FOR SUBJECTIVE TESTING. We have discussed statistical
methods for subjective testing for use with scoring scales up to this point.
It is our opinion, and one that is not easy to prove or disprove, that in
many experimental situations it is easier and more efficient to use ranking
methods rather than scoring methods. Any loss in efficiency due to ranking,
if indeed there is such loss of efficiency, may be offset by increased ease
and speed of experimentation which permits use of increased sample sizes for
the same time of experimentation. As we see it, the disadvantages of using
ranking methods is that such methods are not fully developed. Experimental
designs that permit use of factorials in incomplete blocks are not directly
available unless one is willing to use analysis of variance on ranks trans-
formed to scores through use of Table XX of Fisher and Yates (1948).
Similarly, except for the method of paired comparisons (which is widely
applicable), we do not have well developed ranking methods for use in in-
complete blocks unless transformation is again used. We shall briefly re-
view, but not discuss in detail, the method of paired comparisons intro-
duced by Bradley and Terry (1952) and Terry, Bradley and Davis (1952) and
the method of concordance for ranking in balanced incomplete block designs
presented by Durbin (1951).

Consider t treatments in n repetitions of the possible t(t-l)/2
paired treatment comparisons. The basic model for the method of paired
comparisons assumes the existence of parameters, n1l,e.*,Ttt, 7i ZO, E.R -- 1i

such that, if X. is an observation on treatment i and X., on treatment j,
the probability that X. < X treatment i receives rank~l and treatment j
receives rank 2, treatient ý is preferred to treatment J, is

(15 P(x i < X)=

Methods of maximum likelihood are used to obtain estimators p. of n..
These estimators are obtained by solution of (t+l) simultaneous (bui not
independent) equations

(2.5) a.i E(25)a.- n =0O, i = l,....,t,

pi Ji pi+p

(3-5) 1pi= l
i

where a. = 2n(t-l)-Eri, Eri is the total sum of ranks for treatment i, and

a. is essentially the number of times treatment i was given first choice.
Difficulties in application stem from the problem of solving equations
(2.5) and (3.5). Iterative methods have been suggested and tables of
values of Er.i and p.are given in the first reference cited on this subject
anl] by Bradlely (195•)t Recently Dykstra (1956) has provided easy means of
obtaining good approximations to the solutions of these equations and, if
his approximations are used as first estimates of the solution, at most one
or two iterations are reuiiired to obtain the solution with desired accuracy.
When the estimators !re obtained, a test of the hypothesis of treatment
equality,

Ho n i = '/tt Preceding Page Blank
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AC against the gener-al alternative,
H:a i ý i1/t for some i,

is based on the statistic,

(4.5) B1 E log(pi+pj) - Eai log Pi
i<j

Aand

:(55) -2 In " - (2.3026) [nt(t-l) log 2 - 2BI]

the latter of which has approximately the V'2-distribution with (t-l)
degrees of freedom.

The method of paired comparisons has been further developed. The
experiment may be performed in groups of repetitions (by judges, days, etc.)
and a test of group by treatment interaction is possible. A test for the
appropriateness of the model is discussed by Bradley (1954a) and tests on
the model using extensive experimental data were made by Hopkins (1954).
The properties of the method and power comparisons are the subject of a
paper by Bradley (1955) and Abelson and Bradley (1954) attempted to in-
corporate factorial arrangements of treatments into paired comparisons.
Algebraic difficulties essentially prohibit the use of factorials in

Ail practise. Wilkinson (1956) in a thesis considered the use of our model
for paired comparisons in certain designs of Bose with blocks of size two,

Durbin generalized the method of concordance, previously available
for paired comparisons and randomized block designs [Kendall (1948)]. Mv

M • Durbin supposed that n objects are presented in blocks of size k with
each object ranked m times in the experiment. X is the number of blocks
in which any particular pair of treatments or objects occur,

- m(k-l)/(n-l). The coefficient of concordance, in the absence of
tied ranks is

2h 2 2 )2
(6.5) w- 11 .1 xj - 3m n(k+l)

where x is the total sum of ranks for the jth object, A test for indepen-
dence among the m rankings of an object, essentially a test for treatment
effects, is made by computing

:L _ (7.5) F - (k+l)' -

~ and taking this statistic to have approximately the F-distributioin of
analysis of variance with v, and '2 degrees of freedom where

A A
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(85) - 2(k+l)

L (n-l - (k-1) 3 (nl

and
(9o5) 02 fL(n+l) _

""and)2 may not be integers but interpolation in F-tables is possible.

A numerical example is given by Durbin and a somewhat large example is
! given by Bradley (1955a5.J

6. DISCUSSION We have illustrated some of our recent work on statistical
methods for subjective testing and summarized and referred to new develop-
ments by other authors. We believe that our discussions indicate the
direction of research and thinking on problems in subjective testing. We
have made one notable omission at least in referring to current research in
this area and now note the work of Ferris (1956). Ferris conmnents in detail
on problems in subjective testing and reviews much of the literature of
importance. His contributions deal with the construction and analysis of
statistical designs in the field of taste-testing. In the abstract of his
thesis, he notes

"Three models of the analysis of variance are put forward
as appropriate, illustrating respectively
(i) how classical latin square and incomplete block designs
may be modified to incorporate feature (f) above [the, phenomenon
to carry-over or residual effects ("after-taste")J , recommended
especially when various food-samples are being tasted serially
for flavor;
(ii) how the feature (e) [the psychological phenomenon of
adaption-3may be incorporated in judging various samples of food
set out simultaneously, for color, viscosity, or other visually
determinable physical characteristic;
(iii) how one may find a suitable design even when physical
considerations impose severe limitations on the choice of
statistical designs, as in the case of incomplete block designs
of two limits".

We have further research in progress, Still is considering the
correlation between the Fisher and Yates' scores for ranks and ranks
and between the scores and variate values for various populations.
Stuart (1954) had previously considered the correlation between variate
values and rAnks. Is is possible that this study may yield additional
light on the use of the transform of ranks to scores.

Pendergrass has considered the use of discrete scoring scales and
the possible losa in efficiency in using scores instead of actual
observations on a continuous variable, on the assumption that such
observations could have been available. He is also working on the

S*,
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extensions of the model for paired comparisons to ranking in triple compari-
sons or in incomplete blocks of size three. In terms of parameters and
notation similar to those discussed in the section on paired comparisons,
the ap)ropriate model for triple ranking seems to yield the probability,

2P(xi < xj < Xk) a •i• ,;
b 2 2 2 2 2 2(n_• i n iRk "'n 19 +Uk+Rk"R i + R j).

While it appears that the mathematics associated with this model may be •

developed, it remains to be seen whether or not application will be simple
, ~ enough for applied use, • ••'
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,LICATIONS OF ORDER STATISTICS IN lNMEDICAL EXPERINENTS

.(B.G. Greenberg and A. E. Sarhan
"p Department of Biostatistics

University of North Carolina

1. Introduction. The use of the term "order statistics" connotes various
meanings and is here defined to assure understanding in its present usage. '-'c •

Order statistics is that body of knowledge utilizing the rank or order :bYo'-'
of an observation as well as its magnitude. In other words, it is a combina-
tion of the techniques used in conventional statistics (which consider the
magnitude of the observation) with those of rank order statistics (which
consider only the relative rank of the observation).

A detailed bibliography of contributions to order statistics is not
"presented here but several lists may be found in Mostellei [113 , David .
and Johnson/6,7, and a recent doctoral dissertation by Lottfll,.

2. Objective, The purpose of this paper is to illustrate for the applied
statistician how to employ recent developments in order statistics for
typical statistical problems.

The first two examples will be selected to illustrate how order statistics
can be a powerful tool when observations are censored; that is, the exact
value of some observations are unknown because a barrier has been imposed by
the observer or the measuring process.

The third example will be chosen to illustrate how the use of order
statistics can enable the experimenter to estimate the mean and standard
deviation of a distribution with high efficiency without the tedium of using
all observations in a sample.

The last illustration will be an application of order statistics to the
problem of grouping observations into a frequency distribution.

The application of these techniques will arbitarily be restricted to the
normal and single exponential distributions since probably they are of most
practical value. Order statistics have been applied, nevertheless, to other V'*'\'•
distributions, (e.g. Sarhan 118./ , /19/ ), and the problem of truncation
and censoring has been considered in other distributions such as the chi-
distribution in Cohen/3], the Type III in Cohen/l/, the Poisson in
Raj /167 and Cohen/21, and response-time distributions in Sampford/ ."V
3. Censored Observations. The word censored is applied to instances where

sampling is from an unrestricted population, but the exact magnitude of
specific observations in the sample may be unknown. The number of censored "
observations in the sample is known and their ranking relative to some point
of censorship is also available.

Censored is different from the term truncated ihich is applied to
numbers that would hove occurred in the sample above and below the trunca- , -

tion point are not known. Censored was first used in this context by
Hald/Jat the suggestion of Kerrich.

"w , % %.___________ 
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This difference between censoring and truncated is best emphasized by an
illustration. If one were to measure the heights of American military
personnel, the sample would be from a truncated population of heights because
members of that group have qualified by falling between certain minimum and
maximum allowable heights. In an industrial context, if one were to selectsamples from lots that had undergone quality control checks to assure that •i,,

the manufactured units fell within specifications, the sample would again be
from a truncated population, other than for those samples accepted but which
should have been rejected.

In measuring the incubation period of a disease, or in life-testing, the
experimenter may not have sufficient time or facilities to await the develop-
mpt of the phenomenon in all cases, and might censor the observations on the
d"" day (Type I) or after p per cent of the observations had responded (Type II).
Censoring is usually practiced at the extremes of the distribution. This KN

illustration of censoring observations in life-testing situations is vith the
exponential distribution.

Censoring with the normal distribution might be for the same reasons or
for others as eaually important, In certain industrial applications, (e.g.
tensile strength) the cost of measuring an observation at the extreme of the
distribution is relatively higher than elsewhere. That is, the cost of an
observation might be functionally related to its distance from central
tendency, and extreme observations are uneconomical to justify. Another
reason for censoring a normal diatribution might be termed "precision censor-
ing." The measurement error at the extremes of a normally distributed variable ;XV
might be considerably greater than that of the observations toward the center
by having a flat-U-shaped distribution. This occurs in some situations where
measurement of physiological functions of the body are involved. Counterparts
for precision censoring in industrial and other applications undoubtedly are
also available.

The first example in censoring is with the single exponential distribution,
and the data are taken from Sarhan and Greenberg/21J . The number of days
incubation period resulting from an inoculation is a measure of the amount and
potency of the inoculum as well as the individual susceptibility of the test
animal. Below are listed the unord red responses from ten rabbits inoculated
with a solution containing (0.2) 10 treponema pallidum:

Rabbit No. Incubation in days

1 <18.
2 18
3 >45

%4 < 18
5 25
6 21
7 18
8 25
9 25
10 21

- **AMA- , ',I
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Estimates of the earliest possible incubation period (a), the mean (a + a), .

and the standard deviation (a) are desired from the two-parameter single iN•
exponential distribution having the following fUnction:

0 otherwise

Coeffioients from .tables provided in the same paper from which these
data came make estimation of the two parameters possible despite the censoring
of three observations. The observations are rearranged in size order and the
coefficients written alongside af follows:

Ordered ( )
9bervatign _ _ _ _ *___,.

< 1
a< 18 - --

16 3007/?2160 -7/6 47/ 2160
18 -121/2160 1/6 239/2160
21 -121/2160 1/6 239/2160
21 -121/2160 1/6 239/2160

25 -121/2160 1/6 239/2160
25 -121/2160 '1/6 239/;160
25 M242/2160 2/6 47if/2160,

-••,, , - ,,- ,, r -

Estimate 16.1O 5.67 21.76
Variance(n n'___.....
tiM I_ o• f .. • Q0567991 0.1666667 0. l•la2s
Ef ficienoy rela-
tive to complete
sample 19.56 66.67 89.74 .

The calculations are as follows:

a*. 7- (18) + 1(18) + (21) + +. 2 (25)1 5.67
2..

21•0 [ (87 (18)+239(18) + 239(21) + 2478(25)] 21.76

The variances of each estimate are found in the tables of the same paperand are also shown in the above table in terms of c2. Below the variances of

eaih estimate, the efficiency relative to the complete uncensored sample is
indicated. For example, the estimation of a is only 19.56 percent effici'ent

Z4 4F.
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because two observations were missing on the left and one on the right. The
most valuable observations in estimating the start of the distribution,
viz. a, should be expected to occur at the left hand side of the distribu-
tion. This is verified by the fact if all three missing observations had
occurred on the right hand side of the distribution instead of two on the
left and one on the right, the efficiency relative to the complete sample
would rise from 19.56 to 95.24 percent.

The censoring in this example was of the Type I variety, i.e. employing
fixed points on the abscissa. The coefficients used to estimate the para-
meters, however, were based upon the assumption of Type II censoring. This
raises an important question whether a possible bias exists and how much
lower the precision is because the known points of truncation, viz. 18 and
45 days, are not utilized in the estimating process,

Several authors, e.g. Sampford :17.7, have expressed the opinion that
the difference between the two is of no great import. The exaqt solution
of the loss in precision is a difficult problem, and work is in progress to
measure it. In the interim, we have conducted a sampling study to investi-
gate whether there is a bias, we well as the magnitude of the imprecision.
As a result of this investigation, we feel that there is no bias,,nd the
order of magnitude of the imprecision is small, particularly in large samples.

The sampling study consisted of 40 samples of size 10, selected from
Rand's Table of 100,000 Normal Deviates (m a 0, a - i), and estimates of the
mean and standard deviation by both Type I and Type I1 censoring were com-
pared in each sample. For instance, below is a segment, chosen at random,
from the sampling study.

Sample Censored* at - 0.253
No. 36 and ordered

0.088 (-1.729)
-0.331 (-1.075)
-1.729 (-0. L.67)
1.209 (-0.331)
0.840 -0.118
-1 -075 0.082
0.894 0.088

-0.118 0.840
0.082 0.894

-0.467 1.209

* The C ) indicates that the value was censored.

A comparison of the estimates of the mean and standard deviation calcu-
lated from each sample included the following: The uncensored data; maximum
likelihood method of Uohen [L I for Type I censoring; the method of Ipsen /10]1
for Type I censoring; and the best linear estimate (BLE) with minimum variance

for Type I! censoring.

The tabulation below gives some idea of the comparisons for the given
sample No. 36, thus indicating why it in thought that there is no bias.

* .... .. . ~....~.... . . , .- *,_, \. .. .. ...
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Method of estimation Mean Standard deviation

PQpulation 0 1.0000
Uncensored sample -0.0667 0.9520

Censored-

Cohen (Type I) -0.0293 0.8042
Ipsen (Typ If) -0.0362 0.4375
3.L,. • I -0.0069 0.8527

Calcl•ltion ot the W of the mean ,,•• ,tandard deviation employed in
the foregoing sample for the normal distribution can'best be demonstrateo
by application to another example. The data are taken from Sarhan and
Greenberg [20 I and represent Type I censoring at both.,oxtremes of the
sample.

The observations consist of ten indi 4dual systolic blood pressures
which were performed by persons learningto measure such readings. Owing
to the relatively larger measurement error known to e9ist for beginners
at the extremes, the data thought to be liee than 105, p. and greater than
125 mm. were censored. This resulted in censoring two observations on the
left and three on the ;'ight.

The data have been arranged in size order, and alongside of them are
the coefficients to estimate the mean and standard deviation as follows:

O~rderedobservations _______________________

i. - 0 0
2. - 0 0
3. 108 .20496319 -. 88982266
4-. 1l .10382533 -. 11005067
5. 119 .11220127 -. 02620385
6. 121 .11982080 .05494874
7. 125 .45918942 .97112842
8. - 0 0
9. - 0 01 .. 0. -... 0..=.. 0-

E1t9mates ,18.9 16.61
Variance (in
terms of o2) .11795177 .17132071 _

Efficiency rala-
tive to complete
sawI s 8,L, 78 33,62

From the percentage efficiency given in the table, the estimate of the
a. mean was 84.78 percent relative to the complete sample despite the omission

of 50 percent of the observations. The estimate of the standard deviation
does not fare as well, for its efficiency drops to 33.62 percent. ',*

xe k
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4. Simplified Statistics In the foregoing paragraph, mention was made of
the fact that the estimate of the mean from the sample was relatively efficient
although only 50 percent of the sample was used. The optimum combination of"
half of the sample elements, if the estimation of the mean were to be maximally .
efficient, might not be the five observations actually used. In fact, owing
to the impetus given by Mosteller [13 J, a whole branch of linear systematic
statistics has recently developed in which the purpose is to make efficient
"estimates of the mean and standard deviation using 2, 3, 4, ,.., k < n sample
elements.

The most readily identified measure of linear systematic statistics is, .

of course, the median as an estimate of location. An estimate of dispersion
might be the range, semi-interquartile distanoe,, and others. We shall explore
these now in a little more detail using data from the exponential distribution
as an illustration.

The data come from Table I of Maguire, Pearson and Wynn [12], and

represent the time intervals in days between explosions in mines involving
more than 10 men killed from December 6, 1875 to May 29, 1951. The 109
observations have been rearranged in size order as follows:

Table 1. Time interval in days between explosions in mines

involving more than 10 men killed

X Observation Order Observation Order Observation Order • efl.

1 1 31 59 61 199 91 `354
2 4 32 59 62 189 92 361
3 4 33 61 63 195 93 364
4 7 34 61 64 203 94 369
5 11 35 66 65 208 95 378
6 13 36 72 66 215 96 390
7 15 37 72 67 217 97 457
a 15 38 75 68 217 98 467
9 17 39 78 69 217 99 498

10 18 40 78 70 224 100 517
11 19 41 81 71 228 101 566

12 19 42 93 72 233 102 644
13 20 43 96 73 255 103 745
14 20 44 99 74 271 104 871
15 22 45 108 75 275 105 1205
16 23 46 113 76 275 106 1312
17 28 47 114 77 275 107 1357
18 29 48 120 78 286 108 1613
19 31 49 120 79 291 109 1630

20 32 50 123 80 312

21 36 51 124 81 312
22 37 52 129 82 315 t,,

23 47 53 131 83 326
24 48 54 137 84 326
25 49 55 145 85 329
26 50 56 151 86 330
27 54 57 156 87 336
28 54 58 171 88 338
29 55 59 176 89 345

*, , 1, 8 , .90 111A.,
,- .. , ,. , , -.. , ,, , ,. , , ,
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The single one-parameter exponential distribution represented by

S",

0 , otherwise

has been shown to fit these data quite nicely. If the two-parameter ex-
ponential distribution must be used, a simple transformation of location
can be used.

The estimate of the standard deviation a, using all observations, is
equal to 241 days. To estimate the value of a using k < n, tables for
k-1, 2, ... , 13 are available for exponential distribution in a recent
paper by Ogawa (15]. For example, if k - 5 were selected, the relative
efficiency to the complete sample estimate would be 94.76 percent. From
Ogawa's table of optimum spacings for k w 5, one also learns that the five
sample observations which are best to use are as follows:

kI - (109)(.39347) * I w 43

k 2 a (109)(.67044) * 1 w 74

k3 a (.o9)(684433) + 1 - 93

k• 4- (1019)(.94397) *, 1 -010

' c5 a (109)(.98855) + 1-106

The coefficients in the above forumation, viz. .39347, .67044, ... .
.98855 were obtained from Ogawa's Table 11 and the calculations are rounded
to the lowest whole integer. Using that same table for the weighting oo-
efficients, the calculations for a are as follows:

Observation Observation Coefficient
Number (ad)

43 96 .33051
74 271 .21896
93 364 .13173

103 745 .06668
108 , 1613 .02286

Then, a - E (X (al)..

1 (225.56662) - 238,0

This compares favorably with the value of 241 calculated from the complete •I'•

sample. If k - 10 were chosen, the efficiency would have risen to 98.32 per- •
cent and the value of a* 242.6. •Z 5

s...p.e.""f k nu 10 were.... chsn th efiin cy wol hav r n to93 percetad h aleo l226
ILS1~
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If the parameters of the normal distribution are to be estimated by
simplified statistics, an earlier paper by Oawa '14/ provides the optimum
spacings for that distribution. Although Ogawa's spacings are optimal, other
combinations of sample observations may be much more convenient to use with-
out any great sacrilfce in precisi n. Such systematic statistics can be
found in Mosteller 113], Dixon ?`7,7 and Lott ['ll j].

5. G 2ouin,. The optimum spacings used in the previous section for the beut
linear estimate of the parameters' have been shown recently to have another
most interesting property in application to a normal dW.atribution. SuppQse
there are available observations on a continu4ous variakL,0, and it is desired

S ,to classify them, or the population from whi4h ',hey were drawn, into k groups.
This might'be done either for, purpses of co•nerience in exposition, calqula.
tion, or for simplification in the collectior oe' furth~r observations., Thus,
if hei#ts of individuals are to be classif!., as tall, medium and short,. the
problem is to locate the ,dividing lines to be drawn without restricting our,
selves' either to equa~lly-spaced groups or group's with eq4,4. expeotation of a"

frequency of observations.. .The criterion for grouping -is that 14.,the,.,observa-
tions in a Proup are to'be represented by a group central value, the loss in
efficienoy by this procedure should be a minimum. Furthermore, if this classi-
fication is warried out, the loss of efficiency in k 2o, 3, 4s, .. , groups is
also of interest.

:'fit. This same problem occurs when there are measurements on.. wo continuous
variables for a given sample. The experimenter, instead of testing the

,V, correlation between the two variables, T*,y prefer for reasons of ecposition
to group the x variable into k classifications so as to maximize the test of
the differences in the y variable tunong groups by &aanpnysi ,of -variance.
Regardless of the correlation between the two variables, D. R. ox £ 5 i has
recently shown that the solution for grpping the x yariable oome. 4own4,,.o the
problem of optimum ,pipings if the distribution is normal. Thus, if sample.
data were available on heights and weights, classification of the individuals
into tall, medium, and short could be aocomplished optimally by divid.ng the
range of heights such that bhe tall and short groups each had 27.027.peroent
of the observations and the medium group had the remaining 45.946 percent,
This means that the limits of the three intervals would be as follows in a
unit normal distribution:

Short: - cU to -,0,612

Medium: .. 0.612 to + 0,612

"Tall: + 0.612 to + cO

The lose of precision of this arrangement by substituting one group
value for the inrividual observation results in an efficiency of 80.98
percent. Ii fact, the optimun Proups m d efficiencies can be obtained for
k = 2, 3, ... , 6 in Cox's paper and for k - 2, ... 11 in Ogawa's paper.
The former's values are more nearly precise in the last decimal place than
those of Oawa, ,nd.-certain results of Cox are reproduced in Table 2 hero
for convenience.

I.V
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Table 2. Optimum grouping intervals for unit normal distribution with

percentage distribution of observations and efficiency

- G -i Percentage dis- " Percentage efficiency

Group limits tribution relative to exact ob-

- ,, soreation
to 0 .500 63.66

;,o .500
-JO 'to - 0.612 .270

3 .12 to + 0.612 __59 ".. 80.98
+ 0.12 0, +
- co ..... - 0.980 .16J,

4 0.0990 to 0.336 " 89.25
So to0.9 o

4' _ _ _ _ __+7_ __7_ _ _ _ _ _ _

+,0.980 ,to + cO ._6_, _ , 90
-0 -O t 1.210 ,109 .

•.,1-2-30 to - O .S2 09123'7.
A- Go, + A9 .307 92.01

+ .•• to.+ 1.2S0 237.
+ 112 4,to+ 0o .',9
,. .Q .07&
6 _J_6_ to 0 .2LL 94,.20'
-0 . * . .2_ _

d R 0 + ______I.+ 4..9 t + o -- ILL,..

The info•rnation in Table 2 indicates that the substitution of a binomial
classificaWin (k - 2) for a normal variate results in an efficiency of 63.66
percent. This particular figure of efficiency may be helpful in estimating
required sample sizes in some experiments where there is no experience with a
variable to bi measured Iut there is some information on a binomial plane.

There are two points worth mentioning about the use of results in this
section. The first is that solution for optimum groupings is identical to
optimum spacings for the estimation problem in the case of the normal dis-
tribution. This does not appear to be true in general, however, and the
rectangular distribution is a case in point.

Secondly, after grouping has been performed, whether by the methods out-
lined here or not, the estimation of the mean and standard deviation will be
made by referring the observations in a group to some central value of that
group. Ordinarily, Sheppard's corrections are applied during this step if
the groups are equidistant. These corrections may lead to inconsistent
"estimates for both the mean and standard deviation even when the grouping is
equidistant. Consistent estimates for both the mean and standard deviation •,:',q,
can be made •yin~aximum likelihood according to the method outlined by

jddeback [i

JA * ' .Y.%
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S6. Sumay The uses of' recent contributions to the techniques found in
urdeir statistics have been applied in three instances. The first is in the
case of censored observations both with the normal and exponential distribu-
tioni~s. The second application involves estimation of the parameters of the
sware distributions using k < n of the sample elements. The final illustra-

N ti~on is of an application of grouping continuous data into frequency
c'lassifications.
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PROBLEMS IN A PARTICULAR MILITARY FIELD EXPERIMENT

Kenneth L. Yudowitch
Operations Research Office

I should like to commence my remarks with the enunciation of the three
principles which I propose for guidance in the design of military field ex-
periments, the subject of this conference. The three principles are: (1) the
exploitation of ignorance; (2) the agglomeration of imponderables; and (3) the
balance of weights. In case these designations are not patently clear, I
shall attempt to illustrate ea'h of the three principles.

I.

The first principle (Fig. l)* is rooted in the general technical ignor-
ance of our customer, the soldier, who might well quote from Sheridan's
Rivals: "Egad I think the interpreter is the hardest to be understood of
the two!" It is perhaps a horrid admission Which should be classified, but
probably not one Lt. Col. per Pentagon ring can define a Graeco-Latin Square.
To illustrate the point, consider a simple statistical test which one might
apply to a soldier. We offer him a bet on the drawing of straws, demonstrat-
ing first a sample drawing of ten straws from a population of many hundreds.
The soldier is offered a fifty-fifty bet on the selection of a straw of his
choice - either long or short. Let us suppose the demonstration drawing
yields six long straws and four short straws. As any of us here could tell
the soldier, all that he can reliably say about the probability of picking
a long straw is that it is significantly greater than 24 percent. This is
the customary acceptable lower 95 percent confidence limit on the probability
of picking a long straw. And yet our investigations show that the soldier
will accept the bet and select the long straw. What is further more dis-
couraging is that the soldier will take our money on such bets.

It is clear that the customer frequently ignores such refinements as
95 percent confidence limits. How to deal with such a barbarian? -- Search
out what his question really is before phrasing the objective of an investiga-
tion. Then design a test to answer only those objectives in the same language
in which the question was asked. If he is disinterested in the beauties of
symmetrically oriented test designs, let us exploit this ignorance (though
it pain our sensitivity) and make the crude minimum design required. In-
sistence upon revision of the customer's question to an extent which
eventually restricts our ability to answer his real-world question is
delusory of self-indulgence.

II.

The principle of the agglomeration of imponderables (Fig. 2) is perhaps
best clarified with an illustration from immediate experience: Some time
ago I was asked to design an experiment which entailed 180,224 sets of con-
ditions of measurement. The experiment requested had the objective of
measuring the relative hit probabilities of eight types of ammunition. Also
indicated was some interest in the particular effects of various related
parameters, such as qualifications of the subjects, positions of firing,
conditions of illumination, and a mass of variables associated with the targets.

* Figures appear at end of the articles.
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These target parameters are listed here (Fig. 3). Although obviously
in true context each of these parameters exists in a continuum, the range

of variations must here be represented by a restricted few values, so we

begin agglomeration of these imponderables by arbitrarily selecting the
numbers of values to be used for each, parameter. As indicated, the first
four are represented by only two values each. The justification for this

limitation is that careful selection of two rather extreme values will'

permit recognition of the 'existence and general magnitude of effect of

variation of any one of the parameters, and probably permit rough interpola- t2!% i

tion.

An immediate agglomeration is provided by the context for the last two

of the half-dozen parameters, when there is a marked interdependence in

these two, parameters. As both characteristics arg presented in any one

target, the number of the combinations of the two parameters s. limited to

the number of targetse4 A systematic attempt to repr,sent, all of the cpm-

blnations of values indicated for each of the six (now five)'parameters,
results in 352 combinations of parameters, which in this experiment would

mean 352 difeerent targets. It is clear, however, that the first four

parameters, as well as the last two are also ultimately represented in each

of the individual targets of the system. Our preliminary investigation also

revealed considerable, interdependence among, all of these parameters. it is

then perhaps the ultimate ipplication of the principle of. agglomeration of

imponderables to dump the variations of all six parameters into 'one presents-
tion of the target system. As the facts of life limited us to 22 targets,,

the ,application of the second principle results in a reduction of from six
times infinity to 352'to 22 representations of those hilf-dozen parameters.
Finally then, all 22 targets appear in a single sequence which we call a run.

In addition to the target characteristics, we are concerned also with

characteristics of the subjects, the environment and the test materiel.
Grouped here are these several parameters (Fig. 4). The subjects come to

us in four formal qualifications. From the variety of firing positions as
above, we selected two; similarly for the illumination. These three para-
motors then yield a product of 16 combinations. Qualification varieties

were oimply deleted from the experiment Droper, and four special runs pro-
grammed for measurement of variation in this parameter.

The handling of the four possible combinations of position and illumi-

nation is a nice illustration of a corollary of the second principle. The

little block diagram (Fig. 5) represents the four possible combinations I
(day and night, sitting and standing). If there is a degree of independence

between variations in position and variations in illumination, it is quite

possible to infer the value for a fourth box of this square array, given

three. In this instance we elected to make measurements for both positions

in the daytime and for the sitting position at night. We thus obtained two

measures of score degradation, one for the shift of position from sitting

to standing, and the second for the shift of illumination from day to night.

Presumably the score for the unmeasured category (night standing) is deduced 'N%

by applying both degradation factors multiplicatively to the day-sitting

score. Thus we reduce 16 combinations of these three parameters to only

three.

".... . , ..
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We come to the last two factors, the ammunition itself and variation in
subjects (Fig. 6). Our experiment has specified eight ammunitions. The
number of samples of subjects required depends on bhe anticipated variation

*•- from sample to sample. As a compromise with practicality, four samples
were agreed upon. This number seems sufficient to give a fairly reliable
indication of the degree of variation among samples: The average is meaning- CA;
ful if the variations are small; and the opportunity for variation is adequate
to indicate whether a larger number of samples was required, There is no
simple means of agglomeration here, so that our ammunition and population
parameters leave us with 32 separate experimental conditions.

Finally, however, a further agglomeration is made by limiting the
number of combinations of each of the four samples with each of the three
position-illumination categories. In this case, instead of the twelve
possible combinations, only eight of the combinations are selected so that
our ultimate number of runs is 3x32x8/12 or 64. In addition, the special
qualification runs consist of two ammunitions and two population samples.,
making a grand total of 68 runs (Fig. 7). We have reduced the number of
experimental conditions from a grand total of 16xl6x32 or 8192 runs by a
factor of 120, by application of the second principle.

As a very heavy schedule permitted a maximum of 8 runs per day, the
schedule of 68 runs (1496 conditions) required 8 1/2 days in the field,
following preparational field work, It is of interest to note that if
this same experiment were attempted without application of the second
principle, whatever conclusions might have been reached concerning the
test materiel would be totally obsolete; as the 8192 runs (180,224 condi-.
tions) would take four years of steady work to complete. -- This is based
on a five-day week with Christmas, Independence Day, and Armed Forces Day
off.

Inherent in the illustration used for the second principle is the
application of the third principle of experimental design, the balance of
weights (Fig. 8). Quite obviously among the 180, 224 combinations of para- V

4,1 meters possible in the illustrative experiment, there are some combinations
rather more important than others. It is essential that we consider not
only the nicety of design for simplified analysis procedures, but that we
consider why we are doing the experiment in the first place, The customer

# (who is the quite ignorant fellow we spoke of earlier) is unconcerned with
Sstatistical niceties. He is however very much 'concerned in finding certain

answers which are vital for his decisions, and somewhat less interested in
finding certain other answers which will be of incidental utility in guiding .
his decisions or activities. Thus, for example, it may be that the customer '.
is very vitally concerned with comparative capabilities of two of the eight
types of ammunition under study, and somewhat less concerned with compari-
sons involving the other six types. It is incumbent upon the experiment
deoigner to recognize this difference in interest, and to respond to it
with anopropriate distribution for weiphtinp of experimentail effort. Any
refuotl td conrsider balJncd of wcihtinR 6r exnerimfmntal effort io patently
jusbif:led,, as. justification for Lhe r, rrorrmricoi of Lh, entire expeftinsht
anrin!-,s-only fi~olt t~he interest of' thie customer. * Any weightirng of 'bub-
ac'tte!7orieb of I.nterest %ust in any honest exoriment he roflected In the
experimental ef fort.

W.9 4 4 .0 1, 0 .4~ * ~ i-S.. , - .• , . .• . , •. . . . . • .. ... • , , ' ,- ,,. .. ., .. ,', .. . . ,,.* . .. . .
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5 Design of Experiments

A second, more technical factor also affects appropriate weights of
portions of an experiment. For example, note the 8/12's of the possible
combinations of population sample with position illumination which were
selected. The diagram (Fig. 9) illustrates the eight out of twelve possible
combinations selected. It is cloar that emphasis has arbitrerily been
placed on the day-sitting runs; half each of the day-standing and night-
sitting runs having been deleted. The logical attempt to justify such an
asymetrical procedure is as follows: In the first place the reduction
from twelve is strongly urged by practical limitations on the total experi-
mental effort. One might, however, expect a more symmetrical or uniform
mode of reduction. But a uniform reduction of the experiment threatens
that the resultant measurements may bordur on statistical unreli ility,
morely because of the small sample size. The selection made obviously
permits all four population samples to be used with one of the conditions
of firing, providing a reliable measure for0 tat condition. The other two
conditions (day-standing and night-sitting) are less reliablykmeasured.
This is justified, because it is much-more important to debermine,,wheither
the ammunition differences sought exist under any condition than it is to
determine the variations of this difference with the several conditions of
firing.

met should like to close my remarks with a carefully considered state-
"My immediate point is that the questions involved can be di.-

associated from all that is technical in'the,,statistician's crat, and

that when so detached are questions onlyof the right use of humanrteson-.
ing powers, with which all intelligent people, who hope to be intelligible,
are equally concerned, and on which the statistician as such, speaks with
no special authority."

II
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HUMAN ENGINEEING EXPERIMENT ON 71BE TE•T•R TV-2/U

Harold Zweigbaum and Donald Donaldson '1 a '
Signal Corps Engineering Laboratories

The extensive use of electron tubes in military equipments has led to
a widespread acceptance of the conventional tube tester as a maintenance
tool. In the early days of electronics, when the multi-element electron
tube was coming into general use, the adequacy of the tube tester to deter-
mine the quality of the tube was quite satisfactory. Operating frequenoces
were relatively low, and emission or transconductance tests were made under
conditions that rather closely approximated the actual operating conditions.

Now, however, not only have the number of tube types increased by
sevei'l orders of magnitude but the applications have become more complex.
Operating conditions vary widely. The use of a conventional tester which
allows but oneo ralue of plate voltage and two values of screen voltage to
be applied to the respective elements has not proven to be of value in
military depots. There the need has been for a tube tester that will allow
the application of variable voltages to the tube element p so that a reading
of quality can be compared with the manufacturerve original acceptance data.

This requirement was staisfied by the development of the Zlectron Tabe
Test Set TV-2/f. featuring continuously variable and metered woltagee to the
several elements "of the tube umder test. While the flexibility thus attained
permits tubs testing within the requirements of MIL-E-l, this desirable
operational teature has created human engineering problems,

After the tube tester was built and during its prelim~iary use at the
Signal Corps Engineering Lab, it became apparent that, even though the
front panel was laid out in a logical sequence, the number of manipulations
required to perform a test on a tube was conducive to error.

In order to ascertain w1ether or not the operation of the tube tester
plaoed undue reliability on oderator capability, a statistical experiment
was designed, using the tube tbster and actual operators. (See the picture
of the front panel layout of the TV,-.2/U at the end o: this paper.)

Am we cn readily mee, the versatility of the TV-2/U was obtained at
the expense of an increases number of controls, switches$ and monitoring
meters. In the more .onventional tube tester used for simple maintenance
applications, about twenty separate and, distinct manual operations are
required in order to check the condition of an average receiving tubej
this same type of test in the TV.2/U requires that an operator go through
about thirty-four separate sttps, or about a 75% increase. In order that
we might see what effect, if any, in the performance of an operator was ,\,

due to the increased number of manual operations, an experiment was
devised to provide data pertinent to the precision of measurement obtained
by a normal clars of operatorm.

In planning the experiment, certain controlling conditions were evident~.
It was peceesary to select individuals whose performance could be considered
representative of that group0  Further., since individual variation among
operators is to be expected, more than one individual was required in order

,.
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74 Design of Experiments

to permit a measure of the sampling variation. It was also necessary that
the ,jquipment under consideration be tested across the range of its intended
operation in order to eliminate from the results any spurious homogeneity
codsioirned by too narrow a range of study. The standard for comparison
that was chosen was the set of measurements obtained by laboratory engineers
who were familiar with the equipment and its operation.

The specific test schedules involved the choice of twenty-five (2•)
electrun tubes, five (5) from each of live (5) generic groups, pentodes,
tri6des, voltage regulat0rs, diodes and reotifiers, thus covering most of
the operating range for which the TV-2/U is designed. Thyratr_ n were
excluded from the schedules. This group of tubes is one of the post diffi-
cult to test# and it Was depided to utilize statistical data from other tube
types in estimating operator precision."' The premiso of this dscision'was
.that dta from the thyzatron tube type would be unnecessary huld the results

from other types prove conclusive.

The test procedure was established in three phases, , First,, theo aleoted
tUbes were 'measured by laboratory engineerr (one of the two classes o- opera-

tors) at Evans Signal Laboratory on two test sets, and the data recorded.
Second, the test sets Wer'e transported to the Tobyhanna Signal Depot in
Pennelvania. After +the initial training of depot .,personnel (the secon r of
the tieo classes Iof operators) in the use of the equipments, several weeks
were allowed ZOr familiarisation and actual use, during which timmeithese
personnel tested over 40OO electron tubes. The sample tubes were then
measured on each test set by the depot operators, on separate days and
under the observation of a laboratory engineer. Third, after completing.
and reoording''these meamurements•t he tubes and test ,set were retured to
38L where the laboratry'measuremeits were repeated and recorded, Thi
latter step insured against tube damage during the testing intervals We
should note that at no time were the depot operators aware that they were
participating in the experiment. They were merely informed that the tube
testers were being checked for ruggedness under constant use.

In order to avoid a possible influence of repetitious measurements on
the data, the measurements were performed by both classes of operators on
individual tubes, selected in a random fashion.

Analysis of the measurements involved an estimate of the sampling vatS-
anoe for operators within each of the classes. This estimate was to be
derived from twenty-five pairs of measurements) the expected values of •L.
which were specially chosen to cover the range of use of the tube tester.
Each of these estimates of the sampling variance would then be used in anF test to detezftine whether or not the ratio of estimate values was oon- • •

sistent with an expected ratio derived from two random samples from the
same population. The hypothesis tested by the F test is: there is no
real difference between the use of the equipment by the laboratory engineers
and its use by the depot operators. After the depot data had been recorded, . .
it appeared that the second depot operator possibly had received insuffi-
cienL training in the use of the tube tester. In approximately twenty-five
percent of his trials he was unable to adjust the tube checker so as to
obtain a reading. Since the estimate of operator variability is obtained
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