TEQUILAP: TEN QUANTITATIVE ILLUSIONS
OF ADMINISTRATIVE PRACTICE*

Clifford J. Maloney

In 1949 I had occasion to install a punched card tabulator for the purposs
of machine calculation of analyses of variance arising in a research, develop-
ment, and testing program., At that time no need was felt to impose extra-
ordinary restrictions on the procurement and utilization of such equipmaent,
About the time of the beginning of the Korean War, however, higher author-
ity, under the impression apparently that punched cards were employed
only in Comptroller functions and that all such machinery was rented,
instituted a requirement for monthly reports of per cent utilization, with
a somewhat informal understanding that good management would secure a
level of utilization of each piece of equipment at least as high as 50% and
that 80% would be much more appropriate. Having encountezed what has
since come to be called queuing theory in Thornton Fry's text on proba«
bility theory many years earlier, ! had & summer worker in 1958 make an
application of these considerations to the congestion delays which would
result {rom any given level of per cent utilization, These are shown in
Figure 1. This study has appeared in a paper given at the Second Statis-
tical Engineering Symposium at Edgewood Arsenal in April of 1956, How-
ever, my efforts and those of others--a few of which have come to my
attention--to point out the costs as well as the benefits as per cont
utilization increases had an absolutely rero effect on ""administrative
practice. ! Two major conclusions f{rom this expsrience and many
others, before and since, were, however, made clear to me. The first
conclusion is that decision making is an ¢motional, net a rational, opera-
tion, Feople often bolster their decisions by arguments--some of them
rational--but seldom reverse the process. Iam sorry to say that so {ar
as I can see this holds as much for logicians and mathematicians as for
anyone else. This is of course what is meant by that well known saying:
"l've already made up my mind; don't bother me with the facts, "' The
second conclusion deals with the arguments by which it is customary to
rationalize emotional decisions. Ewven where the ''reasoning' can be
accepted as not totally irrelevant, it will be based, not invariably but
very often, on unwarranted but unquestioned assumptions. My example

“The views expressed herein are those of the author and are not to be
ascribed to any other agency or individual,
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of per cent utilization as a measure of punched card installation efficiency
{llustrates this, One assumption was that the equipment was rented and
not owned. Another, that efficiency was not mesreiy & Jjunwiion of utiliza-
tion but actually a monotone function of it.

1. cannot claim originality in this insight, In a commencement address
at Yale University, June ll, 1962, the President of the United States said:
"For the great enemy of the truth is very often not the lie--deliberate
contrived, and dishonest, but the myth--presistent, persuasive, and
unrealistic, Too often we hold fast to the cliches of our forebears, We
subject all facts to a prefabricated set of interpretations, We enjoy the
cornfort of opinion without the discomfort of thought . . . . Mythology
distracts us everywhere--in government as in business, in politics as in
economics, in foreign affairs as in domentic policy. " The former
President's indictment is much stronger and more inclusive than mine,

Allyn Kimball* has defined 'errors of the thizd kind'' as giving correct
answars to the wrong quastions. The assumptions of the question become
postulates of the answer, He obsarves that a {irst step in finding useful
answers {8 to query the question, Thae originator of the cognate inaight
that most of what in common life passes for argument consists of more or
less accurate deduction {rom wrong premises (s lost in the mists of timas,
But perhaps there is room for me to assert some small claim to origi~
nality in the recognition that many of these {alee premises spring {rom an
inability or an unwillingness to think in quantitative terms, to see the
clarifying role of an appreciation of their quantitative nature, and to see
that soms at lenst of thess {alse deductions cannot be resolved by logic
alons; a8 their very nature is inherently quantitative.

The application of mathematical principles in administrative practice
which I illustrated in my first example, specifically an application of prob-
ability, is relatively sophisticated, Further, the problem which gave rise
to it, while important, was rather limited in scope. Most of what adminis-
trators do day in and day out consists of more homaly if more important
actions, though it ia true that queuing theory has many applications thaere

I o o

» Allyn Kimbsall, "Exrors of the Third Kind in Statistical Consulting, "
JOURNAL OF THE AMERICAN STATISTICAL ASSOCIATION, June 1957,
p. 133,
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also. Dr. Edward F. R. Hearle* in an article "How Useful Are 'Sciertific’
Tools of Management ?'' enumerates them as: ‘'linear and dynamic program-
ming, queuing theory, game theory, simulation, and monte carlo, to name
a few, " The general tenor of his appreciation of these tools and, hence,

of quantitative thinking in management is believed expressed in his sentence;
"Furthermore these tools do not deal with some of the more exciting parts
of the total management process . . . . ." I take exactly the opposite view
to the one that I believe Dr. Hearle is espousing; that quantitative thinking
is not (as he asserts) limited to formal manipulation of numerical quantities
but is very useful where the mere recognition of a variation from instance
to instance of a given type is involved, **

The serviceability of adhering rigidly to the '"channels'' of an orginiza-
tion chart can be judged by indicating the lines of contact that exist in the
absence of '"organization." (Figure 2). The organization chart of Figure 3
was selected, not to suggest that administration goes around in circles, but
because the chart is round and, hence, emphasizes the contrast with Figure
2. The organization replaces an unorganized conglomerate. Now, when
the production department gets ready to {ill an order, they send the goods
and the invoice to the President's office, and his secretary passes them
on to the shipping and accounting departments. At least no organization
chart of which I am aware gives any guidance to the contrary. This may
be the reason that organization charts and the 'authority lattices’' behind
them have such a low reputation outside of organization and management
departments. There is a great deal of discussion and some useful
research which distinguishes between '"formal'" and "informal' organiza-
tional relationships, but a recognition that a great gulf so frequently exists

*Dr, Edward F. R. Hearle, "How Useful Are 'Scientific' Tools of
Management  PUBLIC ADMINISTRATION REVIEW, Autumn 1961, pp. 206-
209,

**In making his statement Dr. Hearle had the type of mathamatical tools
which he had enumerated, and others like them, in mind. So my challenge
to him relates to the inference which can fairly be drawn from his remarks
rather than to any direct statement which he makes.
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between these structures is itself a witness of an inadequate formal structure
in the organization--as is the fact that tl » disparity is so widespread a
testimony to the unrealistic (and unhelpfu.) nature of current theories of
organization,

The comparatively sterile status of organisation theory may be due
to the inherent difficulty of the sibject, the low ability of those who work
in the field, or to the absence of one or a few easential concepts not yat
sufficiently clearly delineated, The author is encouraged to propose that
the latter may be an essential fenture, and that the principles to be
discussed .nay be included araong the missing essential elements. Few of
these points are entirely original, yet essentlally none are clearly and
widely appreciated,

Reflection of many years, exponentially snhanced in intenasity in
recent months, has led me to subsume the most significant examples of
quantitative illusions in administrative practice which have comas to my
attention under 10 headings, partly because I have 10 fingers, and partly
because this produced the acronymic title, This paper will consiat of a
lsting of thene 10 principles with a few exemplifications.-not to convinee
anyone of the truth of my position on the examples; it would be impossible
todiscuss more than one or two in the little apace allotted to me-=but to
damonstrate the clarification let into many administrative {forms of action
which otherwise must remain, as they were formerly to me and must still
be to you, an enigmatic mystery If the reader feels that my examples are
inadequate or wrong, he is invited to refer to others from his own expe-
rience, Only if he feels that none or few can be found does he have a
quarrel with my principles per se,

My first "quantitative lllusion of administrative practice, ' (Figure 4),
is antitled '"Peas in a Pod, ' to emphasine that (a) the assumption that s
generally made is that "if the nama's the sama, the thing's the same'--
ag alike a8 peas in a pod, ' and (b) that the assumption s wrong, I see
this a8 the exact opposite of Professor Hearla's (implied) position cited
earlier, We can gain greatly by merely recognising this fallacy, without ;
in any way being able to quantify it. This is at once the most important i
and the most fundamental of my 10 illusions. The f{allacy lies in the
denial of the reality and significance if quantitation in situations where
{t is real and important, Sometimes it takes the slightly mora subtle
form of acknowledging: yes, the several members of any one class do
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differ and perhaps differ widely, but it is administratively impossible to
allow for every possible variation; therefore, we will allow for none,
The same punched card computing installation provided a glaring example
of this "reasoning. " We needed a card punch operator. The position
analyst referred to a job standard whi ch explained that card punch oper-
ators work from edited repetitions item records which are punched
mechanically with no exercise of individual intelligence or ingenuity.
The position analyst had no need to look at the facts when he had a book
to tell him that (a) this position was identical with all other positions
called by the same title, and (b) one such position filled the book
specifications, Another exemplification of the illusion which receives

a great deal of public attention is lowest bid procurement. Since all
items (even those not yet invented) and all services can be exactly
described in the invitation to bid, all are equivalent; and hence the pur-
chase price is the one remaining variable, Of course, there is a
contrary cliché: 'you get what you pay for." There is no requirement
in "administrative practice'' that the system of clichés be consistent, *

My second illusion (Figure 5) attempts to deal with the assumption
that all the good qualities reside in one product or one course of action,
and, by inescapable logic, all the bad lie in any alternative=-=~though if
there are several, these bad qualities may bs distributed among them.
lam sorry to say that I was supplied with a perfect example of this

»It {s & truly remarkable thing that philosophers, since the time of
Plato, have been concerned with the problem of 'mominalism' versuas
nrealism, "' which, however, important theoretically, seems not to
constitute a stumbling block in day to day relaticnships; whereas this
first illusion is &t cnce the most pervasive and most pernicious loglcal
fallacy entering not just into almeost every discussion between friend
and foe, between advocats and adversary, but between even so
intimately related and favorably disposed groups as members of one
family. It was the essence of the "hyphenated-American'' diopute, the
merits and the abuses of political party labels and party loyalties,
methods versus subject matter in education and of occupational juris-
dictional disputes, whether within one organization or between cocmpet.
ing parties or groups.

"',f;i
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illusion in the 16 October 1964 issue of SCIENCE. Two of this country's
most illustrious scientists explained their choice of candidate for
President. I have examined these statements with some care. Neither
protagonist could find a fault worth mentioning in his own choice nor a
good quality in the latter's opponent. This action constitutes a conform-
ance to the practice in disputation.* But it is the fact that the practice
prevails i the day to day administrative process that concerns us.

Why does it? The complete explanation must lie in psychology. A
plausible treatment of just this phenomenon has been contributed by
Professor Leon Festinger of Stanford University. ** Of course, Profes-
sor Festinger is not responsible for my understanding or use of his
theory. In essence, the mind demands harmony. Yet all real things
and all real courses of action involve advantages and disadvantages.

The only achievable harmony is a quantitative one--a balancing of
opposing forces. But this type of harmony is uncongenial to many
minds. -

That, if one embraces one course of action or one belief, he must
impute all virture to the chosen, and all evil to the rejected, was long
ago recognized as a fundamental error by Georg Wilhelm Hegel, last
of the global philosophers, who saw progress of social organization in
the reconciliation of the thesis and the antithesis into a synthesis that
removed the conflict by absorption of the thesis and antithesis as
elements in a higher concept. Why Hegel never '"caught on' in adminis-
trative practice I cannot say. But it is possible that, since his view
was essentially qualitative and not quantitative, hence didn't in fact
apply in many instances, his solution tended to be neglected even when
perfectly applicable. An entirely analogous situation is known to have
delayed acceptance of the contagion theory of disease for centuries.

*One of the authors was good enough tc acknowledge receipt of an early
draft of this paper with the statement that the allocation between the
two discussions was a deliberate attempt to conform to the anticipated
expectations of the readership of SCIENCE. I do not have the boldness
to point out that insofar as the anticipation is correct, my strictures
apply then to the readership if not the disputants.

##Leon Festinger, ""A Theory of Cognitive Dissonance, "' (Evanston,
Illinois, Row, Peterson, 1957) pp. 260-285.
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Those who escape the first illusion and recognize that quantitative
variation pervades most, if not all, of life are candidates for the notion
that, if a little is good, more is better. (Figure 6), The ''spartan”
philosopher would put that from the standpoint that, if moderation is
good, abstinence is ideal. ] have seen this illusion active in the
question of wheru to put the statistician in an organization. The sams
holds for engineers, stenographers, air support, artillery, computers
and machine tools, If the drawbacks of the widest possible organiza.
tional scattering are recognized, then complete centralization appears
inescapable--and vice versa to moat administrators, organization
specialists, operations analysts and other people who move productive
{ workers around, The most extreme proposal that has come to my
attention is to centralize all computers in government, The one facet
of all these matters that is of concern here is the human tendency,
once embarked on a path, to assume that that path leads upwards (or
downwards) indefinitely, The visible existence of ''side effects' in
therapeutics has compelled an avoidance of this illusion with full
virulence in medical practice--but, as recent history shows, the
L{ - . tendency certainly exists.

T ——————

The rscogniticn of the existence--though I think not the nature..
of thin tendency has led thove who prefer the status quo to take refuge
in warnings against 'the foot in the door, ' 'the opening wedge, ' ''the
breach in the dike, ' 'the camel's nose under the tent,' with the

s consequence that anyone who fears extremism acte like and is char-
acterized as an obstructionist, A recognition that the action or state
. rebelled against would lose ita terrors (so that its advantages could
i be secured) if iilustion three could be eliminated might ramove much
acrimonious social debate,

1 Ferty years ago there was a principle in psychology, thatI

: have never heard mentioned since, which {nvolves a modified form
of this {allacy and provides & partial explanation for its existence.
1 can best exhibit its nature dy recalling to mind the once popular
medical treatment of bleeding, General Washington was bled in his
last illness and the practice continued, though with declining popular-
ity, to the Civil War, and even lingered till World War 1. Suppose a
patient is 'treated’' by bleeding but succumbs, Three conclusionis
are possible, The bleeding either wan (1) deleturious, (2) indifferent,
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or (3) helped but was inadequate. In the third case, the remedy is sven -
more heroic bleeding., This latter conclusion is associated most
strongly with the name of Dr. Benjamin Rush, Professor in the fizrst
medical school in America.

In the psychological context this process--the persistence in a
wrong course of action under the misapprehension, entirely sincere,
that, while the strength was weak, the sense was right--was called
the beta hypothesis, It seems most curious that such a fecund insight
should drop from view,

But that it is more important to run in the right direction than to
gain great yardage was redemonstrated in a {ootball game Sunday,
25 October 1964, by Minnesota end Jim Marshall. A gyroscope persists
on the course of its setting despite contrary forces. But does that make
the sstting right? Maethods for determining the 'direction of ‘choics"
have long been known in the sclence of statics and have, more recently, ' .
been investigated in economics. The glaring fact that scholars cannot
agree on the dirsction of the consequences of an sconomic action is a
groeater blow to the status of the science of econemics than the uncer- .
tainty of the magnitude of the effact in those fow cased where there is
agreemant on the direction,

Innovators since the beginning of time Lhave regarded all who saw
merit in the old as obstructionists, That they may merely be victims
of the beta virus has, o far as [ know, never been entertained,
Galileo's sxperience is the most famous, i{ not the most meritorious,
example, but the theme (s commonplace. It is & reliable story to tell
in the movies, on TV, and in the pulp press., In real life it is as com-~
mon in criminal prosecution, apparently, as in sclentific innovation.,

In the common view, stubborn insistence on ons view and a
refusal to even hear the evidencs for ancther is a sign of malevolence
on the part of the deienders of the status quo, In the psychological beta
hypothesis it was a particular form of mental illness, possibly mild
in character and little disabling. In a seemingly neglected paper in
SCIENCE, the philosopher, Michael Polanyl, citing his own severe
injury from exactly this process nevertheless defends it as sssential
to progress in science. He says: ''there must be at all timesa
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predominantly accepted scientific view of the nature of things in the light
of which research is jointly conducted by members of the community of
scientists. A strong presumption that any evidence which contradicts
this view is invalid must prevail. Such evidence has to be disregarded
even if it cannot be accounted for, in the hope that it will eventually turn
out to be false or irrelevant. "

This thesis of Professor Polanyi seems to be receiving just the
treatment which he argues it must. Despite his evident eminence, both
as scientist and as philosopher, he appears to be suffering from an acute
case of the second (Profit and Loss) illusion, complicated by the presence
of the beta virus. He sees that science, functioning as it does, advances.
He does not see how it could do so were it to purify itself.

It is clear that the seriousness of the third illusion is unmistakable,
once its reality is granted, but when combined with the second illusion
(that one of alternative courses of action, degrees of centralization, size
of computer, has all the virtures and none of the faults--or that one
must at least act that way) explains, I believe, the peculiar property of
progress in administration. (Figure 7) At one extreme, (form of
organization, method of scheduling work, approval channels, work pro-
cedure, etc.) the adherents of the other will have ample proof of the
inadequacy of the chosen solution--and they will be right. Fears of the
"opening wedge' effect will, however, maintain the existing status quo
until proponents of the opposite extreme gain sufficient ascendency to
overcome these fears, when a shift towards a balanced solution will set
in. Now, just when the optimum position is reached, the third illusion
will add momentum to the swing until the opposite extreme is attained.

In consequence of the interaction of these two illusions, "Profit and
Loss'" and ""So Much the Better, " progress in administrative practice--~
and many other facets of human behavior--consists in discarding yester-
day's procedure and adopting that of the day before, with the assumption
and, indeed, the claim that the new is novel. There is no risk; for few
will have survived from the earlier period, and they can be suppressed.
The number who, not personally surviving, will have read history will
be of measure zero.
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Brofssscy Jay W, Torresiter of M, L. 1. argues™ that this result s
in fact a necessary and not accidential characteristic of administrative
progress under the existing circumstances, He writes; 'In the past,
managemant methods have been learned primarily through personal
experience, The developing manager rotates through numeroue assign-
ments, Management achools repeat the Jolklore and the experiences
of practicing managers, This experience is used as a basis for generali-
zing, so that past experiences can become a baeis for anticipating the
nature of new situations, "

", . . we have here at the M,I. T, School of Industrial Managemaent
been developing an approach to management policy design which we cill
'industrial dynamics. ' It is intended to be & new way to understand how
corporate structure and policy produce the different characteristics
which one sees in business enterprises. . . . Most managers are
surprisea to learn that those practices which they know they are follows
ing are sufficient, when assembled in a systemn model, to cause the
major difficultie s which they have been experiencing. "

Professor Forrester is too polite to do se, but I cannot resist
observing that the jibe: '"He has never met a payroll’ in a plsto!l peinted
backward,

Figure 8 shows ancther {llusion widely prevalent but not recognimed
as quantitative. It is cloasly akin to illusicn one, but dilfers in that
here the underlying phenomena is recognised as quantitative, e, §.,
different grade levels for different duties, adjustments in the general
level of compensation, {rings benetits, quality of tonls or equipmaent,
work space, and so on, but it is Assumed that all maxima are cusps,
that {f some precise (even if unknown) value is optimum, then that even
alight departures result in great waste of rescurcas. My own chle!
experiance in this field had to do with the erection of a building to houss
A computer and associated staff, We were asked to build for the future,
but to justify in great detail just how every square foot would be avsigned,

wJay W, Forrester, '"Dynamics of Corporate Orowth. ' Paper delivered
at & conference on ''Management Strategy for Corporate Growth in New
England, '"held at M. I, T. November 12, 1963, This brilliant paper
deserves reading {n its entirety for its positive approach to rescuing
administrative practice irom the grip of injurious if plausible "folklorse. "
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The interests of the government would be served if we were adequately
housed, but, though the building would have a life expectancy measured
in decades, it seemed to be assumed that any attention to contingencies
beyond the needs of the instant, (e. g., an anticipation of the tortuous
delays in the path to actuality) whether of our unit or of other units on
the Post, could only be ''wasteful. ' Opposition to grade escalation; to
better than ''necessary' research facilities, military aircraft, weapons,
uniform belt buckles, or missile boosters fall in this category. If!

say that I think this line of 'thought'' led to the Russian scoop in space,
the importance of this illusion, if not ite actuality, will be obvious.

In his treatment of '"The Economics of American Medicine' Seymour
E. Harris,”* {t seems to me, suifers severely {rom this {llusion when
he refers to the ''waste' of better than "necessary' medical attention or
hospitalisation,

Illusion five (Figure §) is more conventional. At first blush one would
assume that the factor which varies between the three figures is one of
height only, despite the fact that we all know that the human figure is a
three-dimensional object; hipa, walst, and of course, height, "Perhaps
others. I include this illusion only to pay homage to a factor well
recognized in all circles, mathematical and anti-mathematical, the
multi-dimensionality of real life problems. The reader is asked to
stretch a point in the interest of economy of illustration and view the
figures as also suggesting the non-linear (curvilinear) character of most
renlistic situations. Again, the availability of the computer could push
these difficulties back & step or two, wers the nonquantitatively oriented
administrator aware of the potentialities,

This {llusion is unique in that it cccurs with great {requency in twe
oppotite formas. The tendency to 'oversimpli{y a problem!' {s widaly
indulged--but ‘widely condemned. Indeed the opposition to automation,
to 'thinking by computer, " while reaching a crescendo in modern times,
has had its Cassandras in all ages.

"Seymour E. Harris, '"The Economics of American Medicine' (New
York, Macmillan, 1964).
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Tlese anti-mathematicians assert that no amount ot complicating
the model can hope to mirror reality and that at the administrator deals
with reality, Thsre is a complementary consequence. The adminis-
trator, like the observer, 'never knows what he is talking about or
whether what he concludes is true,' and without recognieing it, he has
conceded as much by the above argument. Philoscphers of the scien.
tific method have repeatedly pointed out the contrast between the rigor
of conclusions derived from contrived but designed experiments and
from passive observation of a complex, if real, world.

A particularly striking example of this phenomenon appeared in a
recent column of Walter Lippmann, concerning the place in history
of Herbert Hoover. Lippmann says: 'we avoided such a crash [the
Great Depression] after the Second World War because we had so well
learned the lessions of the First World War," Clearly, we didn't learn
the larger lesson of how to avoid war., And is our continuing prosperity
a reward for a lesson well learned or a penalty for a cold war still in
progress?

A widely publicized illustration of this phenomena has arisen in
the controversy over smoking and disease. The evidence in the human
is observational and not experimental. The same administrators who
most adamauntly cling to this objection to an unwanted conclusion, ver
hesitate to advance the sales force on the basis of their ''proven record. "
That these two attitudes are inconsistent is my only point,

All soothsayer type forecasting of the future, including forecasts
of election cutcomes, depends for its acceptance on the fact that the
public suifers from the misapprehension that one success is a guaranty
of syperhuman powers. Business chooses its tycoons, and government
its "bright young men' by this technique. I hasten to add that it
guarantees the wrong choice no better than it does the right. It may be
called the one step (two step, k-step) beta decision rule,

The complexity that defeats description cenies certainty. If the
adrainistrator must act today, guided only or principally by his "intuitive
graspi' of the 'total situation" and not on the basis of previously enunciated
rules thought to embrace the situation at hand, then he cannot carry over
__xleuon {for tomorrow whether he is successful or a fajilure today.
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That experience coniirms error as often as truth is hardly a novel observa-
tion, This is in fact the beta hypotheais. One does indeed learn by experi-
ence, but at present only by an extravagant volume of repetition, which
then forces an abstraction into the consciousness of the "man of action, "
Once verbalized, experience can confirm or refute the hypothesis. Again,
the beta hypothenis asserts that experience will lead to the explicit formuy-
lation of wrong inferences quite as much as right, But just as bleeding

as a medical treatment finally gave way to overwhelming contrary evida-
ence, 0o must any belief in conflict with reality, if only there is sufficient
experience since, ultimately, despite the influence of the forces described
in the beta hypothesis, there will be an attrition of incorrect deductions
and an enrichment of correct ones. There is a statistical technique to

deal with auch cases--Sequential Analysis--but {ts applicability in
administrative contexts must so far have occurred to only one individual,

True, the practical administrator would never assemble the number
of observations suggesated by Sequential Analysis before making his
decisione«-except in matters of trivial mmoment., He is thereby protected
by (and confirmed in) his belief that his poor batting average belies the
very quantitative reasoning he ignores!

Illusion six (Figure 10) is the most pervasive of all, for we each
see the world only from our own point of view, In Adam Smith's day
it was argued that the interplay of universal self interest would produce
a general maximum of social well being through the action of an "unseen
hand. ' It has since become clear that the hand is either unsteady or
uniriendly, But the same illusion has taken refuge in the cry 'let the
experts decide. ' Curicusly, it is in the military field where the dictum
of Clemenceau: ''war is much too important to leave to the generals"
is most known and most accepted, Clemenceau should have realized
that if he didn't say that road bullding is too iimportant to leave to the
enginesrs and management too important to leave to the managers that
no successor would arise capable of that generalization. The experts
should be left to their own devices--when they are concerned with matters
of interest only to themselves. In particular, ''research managers' are
only effective when they adhers to Jeffersonian principles of government
(not his actions). What happens when diverse activities impinge~-each
the field of a different group of '"experts''--is the subject of illusion seven.

2
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TAIL OF THE DOG*

Figure 10

«Used by special permission of THE SATURDAY EVENING POST,
() 1964 by The Curtis Publishing Company.
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The 'blight of the expert'' takena twn farmae,  In the provicu
graph I discussed the effect of letting the expert ""do his own job" where
it, however, impinges on others and/or on their capacity to do theirs.
The second form is to extend the expertise from the field in which it i
earned into other distinct fields where it is not. This illusion is related
to but quite distinct from illusion one. In '"Peas in a Pod, ' the assump-
tion is that, for example, every engineer ie interchangeable with every
other engineer. This second form of the "Tail of the Dog'" {llusion is
that any engineer (physician, military officer, educator, or bricklayer)
and only an engineer (physician, military officer, educator or brick-
laye?y-cyan perform any other function regardless of the skills involved
in an engineering (medical, military, educational, or construction)
organization. The example that caught my eye here is: * 'l think all
good statisticians agree--and I define a good statistician to be one
who agrees--that statistics is not mathematics, On the other hand,
it happens to be a peculiar subject of {ts own, which mathematicians

when they do take the trouble, can teach much better than non-mathema-
ticians.

Illusion seven (Figure 1l) is intended to conjure up in the viewer's
mind not just the genus Rosa but the whole field of classification. Classi-
fication is aseociated most securely in the popular mind with the fields
of zoology and botany--but is somewhat less frequently recognieed as
a universal tool of science, Languages, rocks, and forms of tribal
kinship relations are classified. The most famous classification in
mathematics is that of Klein, but others continue to arise in every quar-
ter, Second only to biology the public comes in contact with classifica-
tion at the public library, Librarians, at least in America, will strese
that a universal classification is not obtainable--but administrative

practice has not yet learned this lesson. The form in which this , . T
illusion enters here is in the search for the holy grail of the perfect RS
organization, l 2

wJohn G. Kemeny in '""New Directions in Mathematics, " proceedings of
conference arranged hy John G, Kemeny and Robin Robinson. Edited by
Robert W, Ritchie. (Englewood Cliffs, New Jersey, Prentice-Hall,
1963), 1 strongly suspect that Professor Kemeny made the above i

remarks with tongue in cheek and has succeeded in pulling my leg. ‘
Why else would he commit such a transparent logical non sequitur? "

PR AU IS ST
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A Rose is A Rose is A Rose

Figure 11
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That a satisfactory organizational classification for the distribution
of responsibilities has not yet been achieved is shown by the fact that we
are forever reorganizing, What I wish to call attention to here is that
this process is never interrupted to check on the existence theorem, nor
to seek a fruitful setting for an examination of the problem. Organisation
is the replacement of the disorganization chart by the organization chart,
Bureaucracy is the conversion of the paths in the disorganization chart
from paths of persuasion to paths of coercion. One testimonial to the
fact and to the consequences was the establishment by the Army of the
"Program Managers, '™

e oy g e o e Sy L S ey o T g e )

In the Navy's Polaris Program, (the one instance success which
convinced the Army) according to an article in the Civil Service Journal
for July-September 1964, Admiral Raborn was authorized by latter to
get "'whatever people and whatever cooperation he required from any of
the Navy's bureaus and offices. " Yet ""Admiral Burke admonished him
that if the letter ever had to be used to force cooperation, the project
would fail, " Notice that Admiral Raborn went out of channels, he used
the organization of the disorganization chart, he used these lines as
lines of persuasion--not as lines of control, This is where organisza-
tionbegan!

Procrustes' bed (Figure 12) was the ancients' way of putting the
principle of what we now know as 'the organization man.' In America
every man is an individual--"just don't step out of line, "' I wish to
unite this principle with another not perhaps widely known but at least
not due to me. It hae been remarked that never in history (of course;
seldom in history) have the professionals invented a radical departure
destined to lose them their jobs,

In an article, '""Revisionist Theory of Leadership! by Professor
Warren G. Bennis in the Harvard Business Review for January-February
1961, Volume 39, pages 26 {{f, the author on page 148 observes: 'along
these lines, Samuel Goldwyn was reputed to have said to his staff one
day, 'I want you all to tell me what's wrong with our operation--even if
it means losing your job!' " I thcught in Hollywood telling the boss what J
he was doing wrong was a sure way to lose one's job., I'm sure that :

“The beta virus strikes again! It is something of an achievement, surely, ‘
that bureaucracy is to be cured by increased bureaucracy. ,
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Professor Bennis, like me, thinks this story is aprocrophyl--but it at
least lists one impediment to people with an assigned mission ever making
very radical changes in how its done.

The National Road starts at Braddock's Rock nsar the Linceln
Memorial and runs through Frederick, Maryland, and then on west, [t -
has been said that the waggoners on the road didn't develop the canal
system, the latter didn't develop the railroad. No railroader developed
the automobile or the airplane--indeed, didn't even develop the diesel
locometive. But administrators have not yet drawn the obvious conclu-
sion, If a department is charged with a certain responsiblity, then thas. .
department will never introduce radical changes. If anyone does, somas;:
one else will do s0, But 8o soon as he does, he will have the organiss- -

tion manual thrown at him. Anything he may have done will-be destroyed

and the task will be transferred from one who cares and knows to one

who fears and opposes. At least that was my oxporhnca md oi nvoul
of my former colleagues,

This consequence is particularly unfortunate, since if my Aclu,n;

that the ''research manager is best who manages the lesst'' ia corgset, .

then this is the environment which will yield the largest number-of out.
standing results. But the consequence of illusion seven (A Rose s
Rose Is a Rose) will be that such a manager will get a low rating and be
accused of permitting 'excessive duplication.! Even here I can claim
no priority, Albert Hirschman and Charles Lindbloom in an article
"Economic Development Research and Development Policy Making:
Some Converging Views, "' in BEHAVIORAL SCIENCE, Velumae 7, 1962,
pp. 2i1-222, explicitly racognize the benefits of a little 'play'' in the
tight constraints placed onresearch and development efforts,

Illusion seven (A Rose Is a Rose) and eight (Procrustes' Bed)
together are at the bottom of much of the ferment over "'management'
of research, It seems sc simple to divide up the field of action and
portion out support, responasibility, and facilities to each, We may
even take a leaf from the military field commander, and recognieing
that liaison between adjacent commands is the weak point in a battle
line, we can be tolerant of a certain amount of interpenetration at the
peripheries, But innovation arises from the darnedest sources. If
‘t arises in the civilian economy or at least {rom non-governmental

surces, we need merely create an Cffice of Scientiiic Research and
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Professor Bennis, like me, thinks this story is aprocrophyl--but it at
least lists one impediment to people with an assigned mission ever making
very radical changes in how its done.

The Nartional Road starts at Braddock's Rock near the Lincoln
Memorial and runs through Frederick, Maryland, and then on west. It
has been said that the waggoners on the road didn't develop the canal
system, the latter didn't develop the railroad. No railroader developed
the automobile or the airplane--indeed, didn't even develop the diesel
locomotive. But administrators have not yet drawn the obvious conclu-
sion. If a department is charged with a certain responsiblity, then that
department will never introduce radical changes. If anyone does, some-
cne else will do so, But so soon as he does, he will have the organiza-
tion manual thrown at him. Anything he may have done will be destroyed
and the task will be transferred from one who cares and knows to one
who fears and opposes. At least that was my experience, and of several
of my former colleagues.

This consequence is particularly unfortunate, since if my claim
that the ''research manager is best who manages the least' is correct,
then this is the environment which will yield the largest number of out-
standing results. But the consequence of illusion seven (A Rose Is a
Rose Is a Rose) will be that such a manager will get a low rating and be
accused of permitting "excessive duplication.'" Even here I can claim
no priority. Albert Hirschman and Charles Lindbloom in an article
"Economic Development Research and Development Policy Making:
Some Converging Views, ' in BEHAVIORAL SCIENCE, Volume 7, 1962,
pp. 211-222, explicitly recognize the benefits of a little ''play' in the
tight constraints placed onresearch and development efforts.

Illusion seven (A Rose Is a Rose) and eight (Procrustes' Bed)
together are at the bottom of much of the ferment over '"management"
of research. It seems so simple to divide up the field of action and
portion out support, responsibility, and facilities to each. We may
even take a leaf from the military field commander, and recognizing
that liaison between adjacent commands is the weak point in a battle
line, we can be tolerant of a certain amount of interpenetration at the
peripheries. But innovation arises from the darnedest sources. If
't arises in the civilian economy or at least from non-governmental

surces, we need merely create an Office of Scientific Research and
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The financial pages of the daily papers have more than once announced
the appointment of some outstanding administrator as president of a ecom-
pany--gometimes to rescue it from financial difficulty, The aspect] wish
to draw attention to here is that in a number of such instances we leaarn °’
that the former wizard hasnowbeen replaced by a2 new one, The criteria
by which administrative competence is to be measured seem not yet ‘
always to have separated sound {rom substance, That is is more impor-
tant to look right than to be right is the foundation of those two esteemed
aspects of business-advertising and selling. It is also the foundation
stone of politics (at least of the office variety). No author of fiction or
movie director has the slightest uncertainty as to the great separation. - -3
between appearance and reality--or as tc which is better paid,

My final {llusion is perhaps the most subtle. That the whole is
more than the sum of the parts (Figure 14) has been most vehemently
asserted by those who most abhor quantitative thinking, But the claim
has been more often used as a bar to thinking than as a basis, It is the
source of the claim ''your vote does count''--though I think not for the o
reason usually given. The true reason is that, if the public would agree, . .
it could rule, and agreement does not require that we assembdle an over.
whelming force, but merely that we inform ourselves, Of course, it
does little good for just one voter or & few voters to do so--the answer

lies in the whole (nearly) doing so. Hence it dossn't occur, Hence the
principle.

This fallacy has been at the root of the argument over international
trade since the Industrial Revolution. Adam Smith wrote his book to
set the argument right, and while he did convince the sconomist, he
didn't convince anycne who counted, Our individual fortunes are con-
trolled primarily by our fate as producers, but our collective fortunes
are equally involved as consumers, Since the ordinary person considers
his individual (his producer) function first and foremost he penalizes
himaelf and his fellow citizens by supporting protectioniam. The moat
widely recognized recent large scale instance of this illusion has been
exposed by John Maynard Keynes in connection with governmental fiscal
and monetary policy, Fortunately, some of his resulting conclusions :
can be supported on valid grounds.

e — gy
T
" -

Public support of law enforcement '"crackdowns'' or of any other
initive or control measure, e.g., traific crackdowns, compulsory
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vehicle inspection, depends in large part on an assumption that it is
always ''the other guy' who will be affected. The risk of pergonally
being victimized is small. But it is not zero. And thu consequences
(where the action is misguided) injures society as a whole-<over and
above the fact that, of course, while wrong actionl are in progrc 8s,
right actions must wait, :

An exemplification closer to our topic and of vital importance lies
in the field of experience. No one's ownexperience is "'whole' till
completed, whether of an individual, “a firm, or a nation. Hence one
cannot profit by experience as a whole while he can yet experience it,

If the whole differs from the sum of the parts, it will have no effect.

But the very meaning of & ''rare' event is that a brief experience,
possibly even that of a life time (whether of a person or of a nation)

is not long enough. It has been claimed that while a fool profits by no
one's experience and an ordinary man only by his own, a wise man
profits by everyone's, Yet sven a wise man cannot profit by experience
he doean't know about, And there are many fields in which experience
is so rare that it is next to impossible to assemble it (1. e, complete it).
The Constitution says the right of the people to kesp and bear arms shall
not be abridged. This was based on experience. But no living man can
have had their experiences, and how to apply them to modern conditions
is not obvious. Every teen-.ager begins with much confidence and little
experience and ends with more experience than confldence. That gang-
sters, racing drivers, entrepreneurs, dictators, explorers, and
inventors base thelr future actions on their own past but necessarily
incomplete experience is insufficiently recognized, Had all past experi-

ence been considered, many of these occupations would become deserted.

The constant advice to the young and gullible to ''take a chance'' in
choosing & career and sc secure an opportunity to win a handsome
financial reward is not seen to be at one with advice to gamble on the
stock market--or on a slot machine. And, of course, the prospec: of
a material reward (or fear of material failure) is assumed to motivate
all choices in our society.

That statisticians are professionals at extracting the lessons of

. others' experience is recognized in a few circumscribed fields like

esearch, development, and testing, or quality control, or acceptance
'mpling, but not, it seems, in opinion polling--or in safeguarding the
» of a president.

3,
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My final figure enumerates these ten guantitative illuaions ot
administrative practice. It is my belief that if administrators generally,
almost universally, acquired an instinctive capacity to recogiilze
instances of any of them on sight, despite their infinite capacity for

disguise or {ragmentary manifestation, then rational administration
just might some day be possible.

TEQUILAP
l. Peasin a Pod .
2, Profit and Losa
3. So Much the Better
4, That's Enuf, Cusp It
5, A One Dimensional View
6. Tail of the Dog
7. ARosels a Rose is a Rose
8. Procrustes' Bed
9. Sound and Substance
10, Whole and Part

FIGURE 1%
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CUMBAT VEHICLE FLEET MANAGEMENT

C. J. Christianson and G. E. Cooper
Research Analysis Corporation, McLean, Virginia

Over the last six years the Operations Research Office and the Re«
search Analysis Corporation have studied a variety of US Army vehicles
{rom a maintenance-oriented point of view. All the studies have held the
fundamental premise that to a greater extent many Army materiel deci- .
sions and programs should be based on certain mechanical properties of
materiel in the real troop-machine environment. In the past the rarity
of pertinent, real data too often resulted in the mechanical properties’
being ignored or unrealistically appraised. It was apparent that many
performance objectives were far irom adequate indicators of actual
achievement, ORO then and RAC nowhave sought to introduce realistic
measures of mechanical effects into managerial decision processes. Of
necessity this management research mission had to be confined to lim-.
ited numbers and types of equipment. In order to determine meaningful
equipment policies, it is necessary to consider troop-performance data
in combination with a2 variety of monetary costs and with relative obsoles-
cence. Neither dollars, nor obsolescence, nor mechanical performance
alone can be expected to give infallible guidance to the necessary consid-
eration of equipment management, Occasionally technological break-
throughs do occur, and sometimes a particular equipment model does
develop & rash of breakdowna. However, in the long run the Army has to
program much of its inventory between the relatively gradual changes in
the designs for new production and the mechanical aging of previously
manufactured equipment,

The most current study of Army vehicles has been selected as a
general example of the ways in which RAC has contributed both greater
gualitative understanding and improved numerical assessment techniques
to the solution of important materiel management problems. Certain of
the results have been disguised for relatively open presentation; however,
wherever possible, numerical examples have been kept along the scales
of their true values, Indeed, there is often a need to force experts to
recognize the order of magnitude of the effects with which they profess
intimate qualitative acquaintance,

“]—=The Research Analysis Corporation recently completed a comprehen-
jve, multi-stage analysis of three different types of tracked vehicles
"?l;ra.ted and maintained in US Army combat units in Europe. A main

i
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456 Design of Experiments

objective of such study was to determine in-use lives of tanks, armored
personnel carriers, and recovery vehicles. In addition to fulfilling its
nyincimal obisstive, the study prugram provided a variety of by-products
essential to successful management of combat vehicle fleets. Measure-
ment of fleet wearout, establishment of repair capacity raquireinents, pro-
jection of budget needs, assesament of combat readiness, and determina-
tion of fleet replacement factors (procurement requirements) are all
management responsibilities that cannot be succesafully fulfilled without
basic information and analytical results of the type provided by RAC.

PROBLEM

COMBAT VEHICLE FLEET MANAGEMENT

Utilization :
Component Replacement Forscasting
Readiness

Study conducted for the U. S. Army
by the Research Analysis Corporation

Figure |

Inasmuch as the same analytical procedures were applied by the study
to all three vehicle types, little generality is sacrificed if most further
discussion is limited to just one vehicle--the tank, The determination of
in-use lives is treated hexre as only a part of the general problem of tank
fleet measurement, Within a manageable framework equipment life is
interrelated with factors of utilization, component replacement forecasting
and costing, and materiel readiness, to name only a few, The factors
cannot be divided into one list of independent and another of dependent
variables, They can be functionally related, but any adopted conventions

of dependence and independence are likely to be unrealistic statements of
causes and effects,

In all RAC equipment studies the starting point of meaningful concepts
has always been a body of carefully collected empirical data, The hypoth- -
eses preceding cbservation have almost always had to be so modified undg’
the light of experience that it now proves preferable to avold prejudicin
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early theories. The logical elegance of classical scientific methed has to
be modified in favor of diffusely related series of observations resulting

in near-saturation with both pertinent and extraneous data. Data process-
ing and analysis then have to be not so much testing of theory as they must
be sorting of the relevant from the irrelevant. Of necessity the rules of
relevancy must be continually modified as more and more data are digested.
And discouragingly #t often becomes essential to completely reprocess
earlier work. )

Fig.2—The body of empirical data used for the most current study accrued
over the complete history sample is now shown. Maintenance events that
occurred against all these vehicles were recorded by vehicle number, age,
and mileage. The column on the right gives ample evidence of the fact
that large numbers of combat vehicles are used extensively in peacetime.
Peacetime is unquestionably a time of appreciable materiel consumption.
That the severity of peacetime demands is still not universally recognized
in all related civilian and military agencies continues to provide one of
the major obstacles to completely successful combat vehicle management.

SAMPLE
Average
No. of Months Miles Usage
vehicles observed observed miles per mo.
Tank 640 21 2739 130
Armored Personnel
Carrier 708 18 2655 148
Tank Recovery Vehicle 83 19 1485 78
Figure 2

- Fig, 3—One of the fundamental operations performed on the body of empirical
data is the construction of mileage-dependent parts costs. The average
direct costs for tank repair parts are shown for each successive 500-mile
increment to 4500 miles. Track and engine replacements account for
most of the dollar consumption. One of the most important features of

arts consumption is the strong increase with mileage beyond 1500 miles.
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Design of Experiments 461 .
Through 1500.-miles parts expense averages very close to $l per mile.
Beyond 1500 miles both track and engines enter pronounced replacement
. phases:. - Modal track replacement occurs at about 2200 miles. The dollar
effect of this mode.is to drive parts costs above $8 per mile in the 2000-.
¢ to 2500-mile interval.. .Beyond 2500 miles there is a definite decline in. .
expense, but a.second generation of track replacement beyond 3500 miles
forces the costs.up again. From a separate examination of the same

e basic data it was estimated that, if all subsequent installations of parts

and assemblies provided lives similar to those of the originally installed
parts, an equilibrium cost would just exceed $6 per mile for a list of the
principal mobility-affecting parts.. Inclusion of weapon and fire control
costs would add to the $6 per mile figure. The changes in parts con-
sumption with mileage obviously have tremendous.impact of the provision
and budgeting of parts and maintenance support. If tanks are operated
at 1500 miles per year, support during the first year of tank life be only
one-sixth that required during an.equilibrium year. Too much support
planning is still:dependent on an assumption.that each new year is. going
to be like the last one. The importance of making predictions based on
analyses of trends is revealed by data of the cost type. ’

Fig.4—For the same tank sample, the purely historical cost average to
nearly two years was $3.75 per mile. The truth of such history does not
make the past a guaranteed base for prediction of identical futures. Vehicle
support must be-programmed in calendar time. In order.to provide accu-
rate support it is necessary to know both the basic consumption rates per
mile and the mileages to be covered during given calendar intervals. .
Again in the case of the tank sample, adjustment of the average mileage
cost to the average use rate yields monthly costs of $489 per tank per
month. - At the same rate of travel but using tanks with much higher
mileages, corresponding expenses would exceed $780 per tank per month.

Figure 4
PARTS COSTS FOR TANKS

(Usage: 130 miles per month) |
| Cost per Costi per

mile month
Engines* $1.19 $155
Transmissions* .19 Z5
Other Parts .32 42
Track--amortized at $2. 05 per mile 2.05 v 267
Total $3.75 $489

*30 percent of list price.
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Fig.5—The occurrences of replacernent events are more fundamental than
their associated costs. One of the advantages of the format employed for
collection of the basic history data is that mortality statistics for individual
parts types can be determined by straightforward actuarial calculation. For
example, the 'comulative engine replacement experience is shown for the
total tank sample. The accumulation of replacements increases non-linearly
to just beyond 2000 miles, but then the engine activity becomes almost
uniform. . ‘

Fig. 6—The replacement of original engines was interpreted as having been
governed by an underlying distribution like that labelled first. That distri-
bution is represented by two distinct phases. The first, extending to just
beyond 1000 miles, averages only about'one-half percent replacement per
100 miles. This first phase corresponds closely to the typical early
"debugging' period so common to many kinds of equipment. However,
unlike the frequently discussed "bath-tub' effect, tank engines do not then
experience a phase of reduced replacement activity. Rather, the tank
engines immediately being a second phase with sharp increase in the -
replacement rate. The second phase corresponds to what one would expect
with entry into a wear-like mode of engine mortality. The presented
distribution of mileages to replacement has a mean of 3700 miles.

- If it is assumed that all succeeding engine installations will result
in lives like those of the original engines, second and third replacements
will occur as shown by the distributions labelled 2d and 3d in the figure.
Such higher order replacements have been determined by taking repeated
convolutions of the first distribution. The sum of replace:uents of all
orders is often described as the renewal density. It represents the
instantaneous replacement rate disregarding the order of a replacement.
A pure coincidence of the chosen first replacement distribution is that its
corresponding renewal density approaches equilibrium quickly but
smoothly. In fact, by 3000 miles the renewal density is almost equal
to its equilibrium value. The absence of strong oscillations in replace-
ment activity is usually of great advantage in the prediction of maintenance
support requirements. Somewhat later comments will be made by way of
explanation of real effects that tend to drive engine replacement activity
above the so-called equilibrium presented here.

Fig. 7—Conversion of a renewal density of corresponding budget costs is a
relatively easy matter. Multiplication of the renewal density by the unit
cost of a replacement yields the desired measure of expense. As an
example of the type of results derived by such a prccessing operation,
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a cost rate dependent on mileage is shown here for engine and transmission
replacement activity. Such information represents interpretation and '
extrapolation of the originally collected empirical data. Transmissions
have lower unit prices and longer lives than do tank engines. This double
advantage to the transmissions makes their costs per mile considerably
lower than that of the engines. Note that the total expense for these two
assemblies accounts for nearly one-half the previously mentioned equilib-
rium cost rate of roughly $6 per mile.

Cost/500 Miles Cost/Mile
#1500 — — $#3
Transmission

1000 — -2

500 — Engines —1

s . . 0

0 1000 2000 3000 4000 5000
Miles

Figure 7--Tank Major Assembly Replacement
Cost "Like New, " 30% of List at 130
Miles/Month
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Reality usually has a way of muddying the clear waters of analysis.
The preceding engine. and transmission predictions are.all founded on an
assumption of performance from replacement assemblies. like that of the
originals. Unfortunately very little data have accrued abou: the perform-
ance of replacement engines in.the model tank most recently studied.

Fig. 8—However, the experiences of a preceding model tank and its engines
are not ignorable. There survivor curves are.shown in the projected
figure. All these were determined for the other tank. That tank's
original engines lasted as shown by the line labelled '"new.' Engines
that were overhauled by a depot maintenance facility survived only as
long as shown by the curve labe'led ''overhauled. " Other engines were
repaited by a mobile team (fourth echelon in the US Army). The lives
of engines repaired by that team were even shorter and are represented
by the line labelled ''re-ring and de-glaze.' After several years virtually
all the engines that are installed in used tanks are repaitred ones. The
possibility must be recognized that equilibrium engine replacement

-activity may run twice as high with repaired engines as that determined
from the originally performing assemblies.

Fig. 9—For the current model tanks, second engine replacements have been
running somewhat higher than expected. Only about 10 percent of the
second engines are known to have been repaired ones. The rest are
presumed to have been issued from storage in unused condition. If
the second engines were to do as well as the originals did only 4 percent
of the tanks would experience a second replacement by 3000 miles. The
predicted 'like-new' experience is represented by the lower sclid line
in the accompanying figure. Empirical experience is shown by the lower
dotted line and runs just over 8 percent replacement to 3000 miles.: The
real replacement mechanism seems to be one that is only partly renewal-
like. Tank age regardless of assembly age appears to provide an impor-
tant component of the probability of replacement. By now listeners are
probably wondering how the pure renewal model can be of any use of
management if so many of reality's disturbing influences tend to raise
activity much higher. The renewal model provides a valuable reference
point. First of all, the renewal estimates have already revealed that
many support programs are set even lower than these predictions. The
pure renewals usually specify the best that can be expected. If support
is too low and is not geared to satisfy the demands of the best possible,
it should be raised immediately to at least the le. .l consistent with a
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renewal prediction, And serand, the rcncwal cstimates provide the basis
ot comparison of performance of repaired, stored, or modified assemblies
with original quality, Too often statements are made that some component
is good or bad without expressing goodneas or badness relative to a real
mechanical standard. The usual comparisons with paper standards have
caused more confusion than they have eliminated, Even original engines
do not compare favorably with their paper standards by which they were
designed, built, and procured for Army use. Although performance of
materiel in the hands of troops cannot be the ideal, absolute standard of
reference, it remains the best, most meaningful basis of comparison at
the present time,

0.6 =
~——— Theoretical
=77 Empirical
0.4 ™
Cumulativas
Fraction
Replaced
Oi z -

0 1000 2000 3000
Miles

Figure 9--Comparison of History with Expected
Like-New Renewals of Engines
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Fig.10—~The replacement distributions of most parts and assemblies are wideiy
distributed about their mecans, A particularly important example of a part
that does not have this property is tank track. The lighter line in the
projected figure shows the cumulative replacement experience for sets of
tank track, The S-shaped curve represents the most compact distribution
of replacements discovered in the whole series of studies of ground
vehicles. A complete set of track is expensive, At the same time it has
the shortest life among all the high-unit-priced parte of a tank. Conversion
of life and unit price to costs per mile yields an estimate of $2. 05 per mile
for tank track. Although engines and transmissions cost more than track,
their lives are sufficiently long to make their mileage costs lower than
that of track, Track expense accounts for roughly one-third the predicted
equilibrium parts costs for the mobility-affecting systems of tanks. A
cumulative curve {or second replacements is also shown, RAC pointed
out that the early climb of the second curve was in part attributable to the
use of much shorter-lived rebuilt track,

Fig.ll—=~Much effort has been directed toward interpretation of the empirical
history relative to notions of materiel readiness. No one definition has
proved satisfactory as a full deacription of readiness, but several less
general notions have proved particularly useful. One concept that has
been extremely helpful is that of ""equipment availability potential. ' An
item of equipment is considered to be assignable to one cof several stites
of serviceability, For example, conaider the four states shown. An
item can be serviceable or it can be in one of three (or more) states of
unserviceability., That item can undergo transitions from one state to
another with probabilities associable with each particular type of
transition, The "k's" can be assoclated with breakdown, and the 'A's"
can be related to correction or repair times. The transition probabilities
may depend on ages, mileages, generation numbers, or other factors,
Too often it is not possible to detail all the inter-relations. In fact much
of the time the greatest utility arises from considering a two-state model;
that is, one state of serviceability and only one state of unserviceability,
The instantaneouns ''availability potential'' is defined as the probability of
being in the yerviceable state if transition probabilities were to permanently
retain their current values, When the transition probabilities change
sufficiently slowly, the availability potential gives a suitable measure of
actual current serviceability or availability, Constant levels of availa-
bility potential may be represented by hyperbolas on a "k-A' plane.
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Unserviceable
kl
l/k1
*2 N (
> .
Serviceable < l7>\2 l Unurvtcuple J
Unsexrviceable
Concept
Availability Potential
c 4
Figure ll
Fig.l2—Analysis of the mobility-affecting parts replacement data {rom the e

samse tank history sample led to the mileage dependent availability path !
shown, During the entire history period the average responrse time

stayed very close to 5,7 days per replacement job. However, because

the rate of replacemaents per mile was changing, the availability at 128 ]
miles per tank per month had to change as shown., During their early

lives the studied tanks were operated with close to 0, 98 availability

potential. Aps they accumulated additional mileage, the tanks lost




Fig. 12--Tank Avallability Potential
At 126 Miles per Month
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bility dropped to about 0, 95 Then followed a period of some improvement;
the availability climbed to 0.95. However, beyond 3250 miles availability
again dropped and reached about 0.9l in the interval 4000 to 4500 mliles,

a 311&‘5".11?, Dd:‘i"; tha c:".::d of moat trark rnplnramantl. the availa-

Fleet availability need never bs considered an unmanageable aspect
of operation and maintenance. Rather it is only a result of several
directly manageable factors. Product quality, support response time,
and rate of equipment use all affect equipment readiness,

3—A great deal of attention is usually given to the supposed or predicted
differences in product quality among different models of equipment. The
normal approach of salesmanship is to promise that some new model will
provide mechanical advantages {ar beyond the cabilities of its predecessor,
Too often the demonstrated comparisons examine an unused, new model
and an over-used, old model, Tha RAC studies have dilcovered that many :
models of different generations appear so differsnt only if they:are
examined at different stages in their lives. At the same ages different
models of tanks possess greater similarity with respect to parts replace-
ment rates than do tanks of a singlo model at different ages. Judicious
utilization of a particular tank model can increase overall mechanical
capability more than can a transition of models amid a less carefully
designed program of vehicle use, :

A an example {ar less pronounced than reality, consider this figure,
Suppose that at a uniform rate of use some tank model has the renewal
density shown with respect to time. That density increases smoothly. A
change of utilization can have a three-fold effect with respect to time. An
increase in use, in effect, squeezes tirmme by having the higher accumulated
mileages occur that much sconer in time., Thus, in a given month the
replacements per mile are higher. Then because more miles are traveled
during that month, the replacements during a given month are given a
second boost. The third efiect may be to somewhat alter the mileagse
lives depending on the rate of use. It is not illogical to consider the
possibility of increasing or decreasing mileage lives depending on the
type of component invelved, Actually it is usualiy sufficient to suppose
that the occurrence of events per mile depends on the accumulated mileage
but not on the rate of use, This assumption is nearly correct within the
mileage ranges normally encountered and corresponds to havingu) equal
to 1, 0.
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Fig. 13-Three-Fold Utilization Effect
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476 Design of Experiments

Fig.l4—Now consider an example {rom the real life of the studied tanks. In
the accompanying illustration the calculated renewal density for engine
replacements is shown along a time base of tank use at 130 miles per tank
per month, At that rate of use engine replacements at 20 months amnount
toabout 4. 6 per 100 tanks per month, Now consider what would happen
if use were increased 50 percent to 195 miles per tank per month. At 20
months the faster tanks would have the same total mileage as do the slower
tanks at 30 months. At that mileage the engine replacement rate per mile
is higher than at the lower mileage, At the sams time the tanks are going
1.5 times as many miles per month, The net result is that at 20 months
tanks going only 1. 5 times as fast may be expected to experience over 1.8
times as many replacements. ’

Next consider the prospect of having aperated those same tanks at
only one-half of 130 or 65 miles per tank pez month, At 20 months the
slower tanks have accumulated only a# many miles as had the 130~mile-
per-month tanks at 10 months, Thus at 20 months the slower ténks.
experience engine replicement at a much lower rate per mile, and.
because the slower tanks cover only h&lf as many.miles per month, their
engine activity is even lower, In fact, at 20 months the reduction of use
by one-hal{ results in only 0,17 times as many engine replacemaents,

The magnitudes of change with respect to time that can be effected
by utilisation control are obviously greater than many of the differences
asserted to exist among different models. It should also be obvious that
the utilization impact extends to materiel readiness, assembly repair,
assembly floats, maintenance allocations, and so on throughout much of
fleet management,

Fig,15—A nomogram was constructed as an illustration of the utilization
effect on major assembly maintenance activity, The nomogram axpresses
the interdopendence among mileags replaceamaent rates, equipment utiliza-
tion, time replacement rates, durations of repair pipelines, and assembly
float requirements,

For example, consider an assembly that is being replaced at o rate
of one per 3700 miles (reference the point along the lower left scale).
A vertical trace to roughly 130 miles per month revenls that 1000 tanks
experience about 38 replacements of that assembly per month, If three
months are required between the removal of the assembly to the tine
that it is repaired and avallable for re-use, it is necessary to keep just

Y.
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over 100 of those assemblies in the assembly float or pipeline. Efficient
exploitation of combat vehicle resources demands that close, continuous
attention be given to all the quantities described in the nomogram. Ata
given time the fleet generates demands for assembly replacements in a
way that depends on both the assembly quality and the fleet use. The
duration of the pipeline depends on heavy maintenance programs, stocks
of parts, and the geographic location of facilities. A trans-Atlantic pipe-
line by surface transport can easily run to many months and result in
gigantic increases in the required float size.

Fig.16—The aggregate of mobility-affecting parts replacements provides a
basic indicator of what to expect in the way of vehicle performance. Such
data were already used to determine the mileage dependent availability
potentials at a given rate of use. Perhaps a more fundamental way of
viewing the replacement activity is to consider the average miles per
parts replacement action over a range of mileages. Such information is
provided in the projected figure. To 1500 miles the studied tanks per-
formed with about one replacement action per 1000 miles. Beyond 1500
miles the performance dropped rapidly with the incidence of a great deal
of track replacement activity. Improvement occurred in the 3000- to
3500-mile range, but then a decline again appeared. From the detailed
basic data it was estimated that the trend would eventually lead to an
equilibrium activity closeto 165 miles per replacement job for the
mobility-affection parts. This level is based on the assuinption that
all installed parts and components last as well as did the originals.

Fig.17—The figure now presented provides an example of the effect of using
repaired assemblies as replacements in older tanks. Tank A represents
the model studied most currently. The tanks down for engine or transmission
replacement are shown for Models A and B when all replacement assem-
blies perform as well as did their originals. Model B was actually studied
several years ago, and considerable data were collected for it during
periods when it did receive repaired assemblies. Model B was operated
at a much lower rate of travel, but translation of its major assembly
experiences to the same tank use rate as that of Model A led to the much
steeper line. In other words, had the older model tanks been operated at
130 miles per tank per month, at 40 months they would have most likely
experienced about a 5-percent deadline rate for engine or transmission
replacements assuming enough assemblies would have been available from
the repair facilities. Model A was not observed much beyond 20 months
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, y and hence had not had an opportunity to exporience use with mostly repaired
F ‘ sngines, The :‘:“‘il:‘.‘:it,‘ hatrann tha gredicted hahavine af hath Madale A
k : and B with all-new assernblies is cause to suspect that Model A might then

i do as poorly as Model B when mostly repaired assemblies ags provided it,

; A very likely consequencs of the observed trend of performance is that
; fleet users will probably, quietly reduce their level of tlnk use to one
i
!

; N allowing more relaxed maintenance support.
F
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Figure 17--Tanks Down for Engine and/or Transmission
Replacement at 130 Miles per Month
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? Fig. 18—Equipment availability is only a partial measure of materiel
! t readiness for combat., In general availability can always be increased -
; 3 by decreasing the rate of use. Such a phenomenon seema to occur very..
§ often. A matter of equal importance to readiness is the performance .. ...
i to be expected from any equipment that ie available, Vast-segments of .
j £ the US Army'sa inventory face & very severe dual requirement, -Such-
% equipment is used in extensive peacetime training programs. The sguip- -
o ment has to be available not only for training but also for any emergency

deployment to combat, In order to survive if combat should arise, it is
necessary that the equipment continues to possess an adequate of residual
or combat life, The preceding examples from tank life give suificient
evidence of & probable loss of residusl life as the squipment is used and
ages. The data of mobility-affecting parts replacemant activity were
further translated into a measure of what would be expected in the way
"~ of tank endurance in the event of an unexpected 50-mile march over
j hard-surfaced roads, In order to score a success, the tanks subjected
' to this hypothetical test muat be available to start such a march and then
complete it without a mobility-affecting deficiency. The march was
made short {or several reasons. The principal reason was that over
several years, the observation of several scheduled marches revealed
_ that tanks experienced most of any deficiences to about 100 miles during
the first 50 of those miles. Hence a success to 50 miles is good assur-
ance of success to somewhat more than 100 miles. Tooc many sc-called
readiness tests are not previously unannounced. On announced exer-
cises units very often are able to deploy all their vehicles initially.
i Were a deployment requirement to be issued at some other time the
results would be likely to be far different,

L

For the hypothetical march measure, the mileage-incidence of
~ mobility-affecting replacement actiona was assumed to follow the trend
developed from the main body of tank history data, In the particular
chart shown the training requirement was taken to be about 125 miles
per month, COver a period of many years tanks would continue to
accumulate mileages, loee availability, and do less well against the
i unexpected march, The 10,000-mile line is just one rough approxi-.
ration of what an equilibrium tank rmight achieve., The march model
has been given considerable elaboration with study devoted to the
implications of various functional effects for different utilization '
] dependencies. The requirement for uncomplicated visual presenta.
tion has led to the reduction of all results to formats very similar to
that shown,
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Fig, 16— Effects of Age on Hypothetical Performance
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At part ol thie cunciusion of this general survey of RAC's management
assisting activities in the area of combat vehicles, it {s appropriate to
reintroduce consideration of parts support coéts, At 125 miles per tank
per month the yearly support of a fleet of 1000 tanks of the model studied
requires the funds shown in the accompanying table. During the first year
the fleet consumes about &, 5 million worth of parts and assemblies. By
the third year over $10 million worth are being consumed. Track replace-
ment by far comprises the biggest single slice of the total bill, In the
third year the 'other parts' account for only about 16 percent of the total

cost, but they involve a great variety of different kinds and numbers of
repair parts,

ANNUAL EXPENSE--1000 TANKS

Year 1 2 » 3

Mileage 0-1500 1500-3000 ___ 3000.4500
Engine $ 740,000 $2,540,000  $ 3,000,000
Transmission 170,000 430,000 * 830,600
Track 500, 000 5,130, 000 4,900,000
Other 460,000 1,400, 000 1, 600,000
Sum $1,870,000 $9,500,000  $10, 330,000

' Figure 19

Fig. 20—Money is not the only penalty of vehicular old age. Even though parts

are fed into the tank fleet, the net availability of tanks drop. In reality
tank users have to pay moere and get less as their vehicles accumulate
mileage, In this chart both the parts costs and unavailability of tanks
like those studied are shown. Out of a force of 1000 tanks, the equivalent
of more than an entire battalion are on the average unserviceable and
unavailable during the second and third years, Compared with the first
year, parts costs have increased about five-fold and unavailability about

three-fold be the second and third years.

Fig. 21~—Practically all the preceding results may be categorized as by-

products of the general analysis leading to the determination of ta:get
ages for the effective in-use lives of vehicles, Through suitable weighted
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The effective in-use lives
of tanks and tank mobility
systems at different rates
of uniform use
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combination.of the foregoing kinds of information schedules of lives were, .
determined for the.tank.model studied...These lives:.are best:represented™
by a curve on a mileage-calendar age plane. :In general effective in-use " :

life -depends.on. rate of utilization.. . In fact the;presented curve.applies
only to.an operation spectrum-.of uniform utilization; .The general accu-.

mulation of mileage may be represented by.a path belonging to a'para-.. . =

metered family of usages. Each use family will result in a different life..
curve. As long as the mileage paths of a given use family do not inter-
sect one another, the time mileage plane consists of points associable
with at most a single utilization curve, and a single effective life curve
can be constructed uniquely. Existiag histery data do not provide an
adequate basis for the constructior of a realistic life model employing

intersecting mileage paths of single famiiies and leading to life differences

at the points of intersection. Such questions are interesting from the pro-
gramming and function-theoretic point of view, but they remain well
beyond current capacities for empirical, experimental resolution.

Two separate effective in-use life curves are shown inthe figure.
The one applies to entire tanks and the other to separately defined tank
mobility systems. In general higher utilization rates may be expected
to increase mileage lives except at very high use. However, the higher
mileages are achieved in much shorter times. Much of the management
problem arises because the training program results in large numbers
of old model tanks with relatively low mileages and in equally large
numbers of newer model tanks with much higher mileages. It becomes
necessary to establish tank life paths through the inventory in such a
way that in the long run the less obsolescent tanks are also the ones with
the lower mileages. To have obsolete, low-mileage tanks and modern,
over-used ones at the same time achieves nothing more than a use-,
readiness~, budget-paradox.

RAC has presented a rapid survey of many of the factors considered
in a well-integrated program of assistance to the US Army in the man-
agement of its combat vehicles. Time and space do not permit treatment
of all factors, nor do they suffice for adequate explanation of the integra-
tion to final result.

v

RAC's activities in this area represent a continuing sequence of
alternating empirical and theoretical efforts. Over the years the guid-
ing doctrine has been to provide a steady output of information of general
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and specific utility to the Army in the management of its combat vehicles.
Ths informatian has had ta ha sanaistant with tha matariel exnerience of
US Army troops in combat units undergoing actual training and yet remain-
ing constantly responsible for preserving & combat ready posture. Applis
cability to high population fleets and not elegance in an artifically reduced
inventory has been a test to be satisfied for all resulting conclusions and
recommendations, : o
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APPLICATION OF STATISTICS TO EVALUATE SWIVEL
HOOK-TYPE CROSS CHAIN FASTENERS FOR
MILITARY APPLICATIONS OF TIRE CHAINS

Otto H. Pleifier
U. S. Army Tank-Automative Center
Warren, Michigan

ABSTRACT. The test was conducted according to a developad experi-
mental design to determine the utility of swivel-hook cross-chain fasteners
for military applications of tire chains,

Dual tire chain assemblies (mounted on M35Al test vehicle) consisting
of standard Military-type side and cross chains and three types (standard
and two swivels) of cross chain fasteners were subjected to an accelerated
wear test of 425 miles on dry concrete road surfaces, The experimental
results were expressed in terms oft (1) Milee to failure for an individual
cross chain, (2) Weight losses of selected cross chains and (3) Replace-
ment times for each of three types of fasteners., The principll response,
(1) miles to failure, was considered to be exponentially distributed;
therefore, logarithms of miles to failure were analyzed in accordance
with the structure of the experimental design.

Croas chains connected with swivel-type fasteners remained func-
tionable about twice as long as the cross chains connected with the
standard-type fasteners. Both swivel-type {fasteners permitted signifi-
cantly {aster cross-chain replacement than the standard type, although
cne awivel type was also significantly faster to manipulate than the other
sviivel type,

The statistical analysis of the experimental results indicated the
swivel hook=type cross chain fasteners used in this test resulted in a
significant increase of cross chain life as woll as simplification of
replacement,

INTRODUCTION, It became necessary {or the government to make
a decision whether to consider swivel hook-type cross chain fasteners
in future procurement of tire chains and components. Some information
on swivel hooks was available, but it was considered inadequate for the
basis of a decision.
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A test was proposed to utilize two military trucks equipped with various *
types of tire chains, to be conducted on both concrete and gravel road
surfaces (in a two-to-one proportion) for a total distance of approximately ‘
300 miles.

Froducts of two manufacturers of tire chains and chain components
: were available for the test. Each had a swivel hook of a particular design
1 which they were interested in selling to the Government.

Since a large proportion of the Military's wheeled cargo vehicles fall o T
within the 2% ton payload class (see Figure 1) havirg 9. 00 x 20 size tires,
it was desirable to test tire chains of this dimension,

It was requested that representative cross chain samples of all test
chain assemblizs from the two manufacturers hereafter referred to as
"Code B'* and '"Code C'" and a standard Military item referred to as
"Code A" be subjected to a metallurgical examination to determine:
mechanical properties, macro-etch quality, case-hardened depth, and
cross-sectional hardness, '

b e TR

B ARt ¢ a T T

Two complete tire chain assemblies of Code B were to be placed on
two rear dual wheels of one vehicle, diagonally opposite to two Code A
chain assemblies. The same arrangement utilizing Code C and Code A
! was to be adhered to cn a second test vehicle.,

R T ]

During the course of testing, it was proposed that two brake panic-
stops per mile be made after the vehicle had attained maximum speed,
Wheel spining on take-off was also requested.

A review disclosed a test [3] had previcusly been conducted on
tire chains by the Government, This test compared the Code B and
Code A chain only, A similar chain arrangement to this proposed test
was used, but the vehicle was driven 500 miles over varicus terrains
and on surfaces ranging from marsh and swamp to concrete. Although
this test indicated some advantages of the swivel hooks in comparison !
with the standard Military chain, the test did not adequately establish
_the quantitative nature of the advantages. :

Only letters of recommendation from commercial sources were
available regarding the Code C chain,
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The similarity between the newly proposed test and the test previously
conducted brought up the question: What could be learned with this test
that had not been found out before? The only answer that appeared obvious
was -- Nothing! Further study of the situation anticipated many problems
if the propcsed test arrangement and procedure were to be followed:

1. Differences in the vehicles, not only in weight but manufactur-
ing variances as tire sizes, tracking characteristics, and braking charac-
teristics, to mention a few.

2. Differences in the tire chains, both length of cross chains
as well as the cross-chain wire diameter and of major concern -- the
difference in metallurgy of the cross chain steel..

3. The difference in road contact surfaces when chains are
compared on different wheels, or worse -- on different vehicles.

4. Difficulty of data analysis or supportable conclusions if the
test were to be conducted in a haphazard manner or without accounting
for known variables, \

We decided a specially-designed plan must be developed which would
produce usable data. The services of Dr. Emil H. Jebe, a Research.
Mathematician from the University of Michigan's Institute of Science and
Technology, were obtained. He became an inseparable part of the pro-
ject until final conclusions were reached.

CHOICE OF RESPONSE AND EXPERIMENTAL ﬁNIT. It was

apparent that several responses should be studied. Of primary interest
were:

1. Miles to failure of each individual cross chain,

2. The weight loss of the cross chains associated with each
type of cross chain fastener,

3. The time needed for replacement of worn-out or broken
cross chains.
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The firat mainr nrahiam in develobment of a suitable experimental
design of plan was to determine the unit for measuring responses. The
four rear dual wheels and the inside and outside tire of each dual wheel
were the first kinds of units considered. However, since a single tire
chain covers the complete dual wheel (resulting in only four units being
svallable at the same time), no satisfactory design could be based on a
wheel as the unit unless 1200 to 2000 miles could be driven, Even using
a single tire as the unit would have given only eight units and differences
between cutside and inside tires would have to be eliminated, This kind
of unit would also require an extended period of driving.

Further discussione disclosed that the government was considering
at this time only the utilization of swivel hooks as repair items for the
ample supply of standard Code A chains presently in stock,

An interesting thought occurred -- why not use standard Code A tire
chains with Code B and Code C swivel-hook fasteners inserted as if they
were repair items ? This would eliminate several of the anticipated
problems., The cross chains of Code A or standard military tire chains
were considered to be for all practical purposes of uniform size and
metallurgical composition.

It suddenly becarmne evident that with this concept, a large number
of experimental units would become available if we considered each indi-
vidual‘cross chain ap the unit of measurement. A dual tire chain consists
of 26 cross chains or 13 on each half, A total of 104 units became avail-
able which could be used for one run of, say -- 300 to 500 miles.

Some minor problems were encountered in the acceptance of this
experimental unit, The swivel hecok-type fastener could not be inserted
into the same link of the side chain as the standard crimp hook. It
required an adjacent link 90° out of phase. This problem was solved by
apacing the cross chains unevenly around the tire as shown in Figure 2,
Since three types of cross chain {asteners were to be tested, four cross
chains were fastened with each type, The remaining cross chain was
left {astened with the standard type and was not used for teat data. Using
this arrangement, there were 32 crose chaine for sach fastener-type,
evenly distributed over the eight tires of the four dual wheels.
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Design of Experiments 499

A completely randamizad arrangement o thé Civas chain iasteners
on each wheel seemed undesirable. A randomized starting order followed
by & systematic order was suggested. The cluster of four cross chains
connected with the same type fastener on each tire became the experi-
mental unit with eight replications over the set of wheels.

Four chain assemblies were fabricated according to prescribed
procedure and mounted ¢n the test vehicle, To accelerate the rate of
wear and thereby reducing driving distance, a test course (see Figure 3)
cousisting entirely of concrete was selected. Provisions were made to
equalize right and left turns necessary during test driving.

STRUCTURE OF THE DESIGN. With the experimental unit now
clearly defined, it was possible todevelop the complete overall plan for
data analysis. There were certain obvious sources of environmental
varistion present which could not only be removed but estimated for
magnitude, These sources are listed as:

1. Difference between front and rear dual wheels,

2, Difference between right and left side dual wheals,
3, Outside versus inside tires.

4, Interactions of these effects with each other.

5. Possible interactions of the treatments (types of cross
chain fasteners) with these positional differences.

Since there were three clusters - three experimental units - of
four chains (each cluster with different types of fasteners) on each tire
the plan may be described as a Randomized Complete Block Design in
eight replicates considering each tixre as a block, The variation ameng
blocks was also to be subdivided in the manner just outlined,

A formal structure for the design could then be sstablished., The
ugual textbook model for a Randomized Complete Design would be
satisfactory for preparing an analysis of variance of these observed
results, providing the usual agsumptions could be made, One of these
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Design of Experiments 503

assumptions is that the observations are independently and normally
distsibuied (1] (iG] . The response ot primary concern hare is miles to
failure of an individual cross chain, Therefore, the test plan may well
be considered a "life test' or a ''wear test'. Consldering that our
observations were ''miles to failure'!, we realized they would not likely
be well-described by the normal probability distribution, This point

is well demonstrated in Figure 4, It appears therefore that the expo-
ential distribution may be regarded as an acceptable probability model
for the observed miles to failure, With this in mind, our analyses of
these failure data have been generally guided by the considerations set
forth in a series of papers by B, Epstein, B, Epstein and M. Sobel, and
M. Zelen which appeared in several Mathematical and Statistic Journals
(See reference list),

The exponential distribution in its probability density form usually
expresses the random variable in some quantity directly related to time,
In our case, d = miles-to=-failure may be used as the random variable,
In this form, a constant uniform failure rate is assumed, As was
indicated previcusly, we do not have & uniform situation in this tire
chain test since there are a number of sources of variation present,

The parameter 6 appesring in the probability density form represents
the mean time before fallures of the cross chains, Based on Zelen's
work [19] , & more complex model (Figure 5) was written for this 8

in the exponential distribution,

Another view may be taken for cbservations following exponantial
distribution, The procedure established here suggests taking logh-
rithms of the obsezrvations, in this case miles-to-failure [or each cxross
chain, and then carrying out an analysis of variance considering neces-
sary assumptions, The functional velaticn between mean and variance
for exponential distribution, that is, the standard deviation equals the
mean [2] suggests the use of the logarithmic transformation (see Figure
6). This approach is also discussed by Zelen in his paper [19] . He
finds the technique acceptable against possible departures froim the
strict exponential distribution form,

The analysis of variance of the logarithme was prepared on the basis
of the model and will be discussed later,
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. Design of Experiments 509

The test was originally planned to run for 300 to 500 miles, At 300
miles, the test was temporarily stopped to assess the situation up to that
time, It was already clear that there were large diiferences in miles
to failure for types B and C versus type A even though approximately
1/3 of the original cross chains had not yet failed, This large number
of unfailed chains would have created considerable difficulty when analyz-
ing the results, Driving was continued to about 425 miles before being
terminated for other reasona, At that time, six of the original cross
chains remained, These were all equipped with type B fasteners and were
positioned as follows; One on each of two wheels, and four on one wheel,
as shown in Table I. It was necessary to estimate data values for these
six in order to maintain a balanced and simple, straight-forward analysis

of the results. In general, procedures derived {rom work by B, Epstein f

(8] were used for estimating the missing data, Using Epstein's formula
(see Figure 7) we obtained estimates for the missing values on the two
single tires, In the first case, n =4, r = 3, dr = 309.8 and cll B 226, 6,

Solving for § we obtained the value of 123,25, This formula assumea
that fajlures occur randomly at any time starting from zero miles of
travel. Since failures did not occur for some distance of travel, we

estimated the minimum ''guarantee’’ distance A by the formuls ;

A= d1 - @/n. In this case, A= 195.79. Combining 2 and 8, we obtained

319. 04 as the proper estimated MTBF"ior the cell. Using the estimated
cell mean, we estimated the cell total as n (estimated MTBF) = 4(319.04) =
1276,16, We already knew the actual miles to failure of three of the croass
chains in the cell; therefcre, subtracting this value irom the estimated
total left ¢33.1 as the estimated missing value,

The same method was used to estimate the second minsing value at
504, 3,

No failures of B type swivel hook fasteners were evidenced on the
outside tire of the left {ront wheel., This situation posed a real problem.
The Epstein formula used for estimating the previous two missing values
requires at least iwo failures in a cell if it were to be applied directly.
A varlety of methods for solving this problem were considered, includ-
ing schemes based on using the weights of the unfailed cross chains at
termination of the test driving. All these schemes were rejected as
unsuitable,

“Meen Time Before Failurc
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Design of Experiments 513

In order to obtain a useable solution, the Epstein formula was respplied
to the whole of Type B fastener data, Utilizing the two previously esti-
mated missing values, the paramesters now became n = 32 and r = 28 in
this instance. The mathematics will not bs described hersa, But stating

A A AR 8 .
briefly, 6 and A were estimated, then 32 (A +'¢) - ;‘21 4, yielded an

estimated total for the entire missing cell. This estimated total /4 pro-
vided the estimated MTBF or B for the cell. Individual values were then
determined by proportionality of each cross chain weight to mean weight

of the cell, The estimated missing values for this cell ranged hetween

563 and 572 miles. These values appeared to be too high, giving the
impression we were favoring type B. Applying the standard snalysis of
variance ''missing plot procedure" for the Randomised Complete Block
Design to the logarithms of the miles to failure data [14] (18] provided

a mean value for the entire cell although it was not a useable valus. The
estimated value based on averaging the data available was 276 miles, but

it was known these cross chains had already traveled over 400 miles. _
The distance traveled at termination of test, 424. 9 miles, could also have
been assigned to each unfailed cross chain but this would have been unfavor-
able to type B, Therefore, values estimated as alreidy described were
used and they eppeared to yield an acceptable golution,

There are several approaches which may be followed in considering
the estimation of the eiffects of interest in this experiment, For complete-
ness, three methods were considered and the dif{ferences among the
methods were small for this test program. The methods considered were:

1, Calculating the appropriate simple averages of the miles to
failure data

2. Estimating the parameters in Zelen's model ag deacribed
above

3, Estimating in terms of averages of the logarithms of miles
to failure,

The latter of the three methods was used in the analysis of variance and
will be discussed further,

Logarithma of the original data, miles to failure, and the anti-logs
of the mean logarithms are shown ia Table I,
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Deeign of Experiments 515

Comparing the average for type A fastener (inside tires only, expressed
in anti-log form as 147, 3 miles with values calculated by the other two
methods -- 155, 8 miles and 155, 9 miles, respectively) we {ind it slightly

; less. This somewhat lower figure is the result of the non-linearity of

j the logarithmic transformation. This anti-log value is really an estimeator
of 2 median value rather than a mean.

Estimating the differences among the types of cross chain fasteners,

-t the ratios as, say -- B/A, C/A and B/C was the next concern. It

* 10t a simple problem and considerable study was devoted to finding
a r.asonable solution. A method discussed by Zelen [19] [20] for
estimating such ratios and finding confidence limits for the ratio gave
extremely wide liniits for these ratios irom our experimental data.
From the averages of "log miles' for 'Insides Tires', '"Outside Tires"
and '"Combined Averages'' presented in a previous table, the fastener-
type differences expressed in lcgarithms were calculated The variances
of these differences were estimated directly by taking 2(Experimental
Error Mean Square) /r, where r is the number of values averaged to
form a mean for a single fastener type., This was based cn the theorem
that the variance of a difference is the sum of the variances of the quanti-
ties used to form the difference. The standard deviation was obtained
irom the variance result just stated, Confidence intervals were then
formed by taking the observed mean differences: (B-A) + tok (standard

error) where t in this case was t(ﬁ‘ 95,86) = 1.987. The k= 86 degrees

of freedom comes f{rom the Fooled Error Mean Square determined from
the analysis of variance presented later, The confidence intervals obtained
are for differences of averages expressed in logarithms,

. There was & considerable difference in the average miles to. failure
(about 50 miles) considering all the fasteners combined between the
Invide Tires and the Outside Tires. Considering this difference, it

was decided to present separate results for Inside and Outside Tires and
then combined averages, as seen in Tables II and III. Returning results
to original scale of miles to failure was desirable, It was observed that
the anti-log of the difference (B - A on Inside Tires) was nearly the ratio
of miles to failure for B/A as given by the data in Table II. Anti-logs
taken for the lower and upper confidence limits for the differences like-
wise became approximate confidence limits for the ratios, These results
are alao listed in Table III.

-
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Estimated Type Differences in lLogarithms and Zstimated
Ratios of Miles to Failurc by Typas of Crossbar Festen-
ers and the Associated Confidence Intervals

Description Estimate Lover Upper
Difference Ratioc Limit Limit

Inside Tireo

R T T e R R e

B-A 0.2L06 0.1289 0. 3523
n/A 1.7400 1. %60 2.2510
C-A 0,2292 0.1175 0, Woo
C/A 1, 6950 1,310 2.192)
B-C 0.0114 <0, 1003 o.ng
B/C 1,0260 0,7938 1, 32C
Qutside Tires
BeA 0. 3363 0, 2246 C. LUB0
B/A 2.165%0 1. 6770 2.0050
C/A 1.4090 1, 0900 1.82%
B"C 001873 000756 O.m
B/C 1,5390 1, 1900 1.9910
Combined
B-A ¢, 2884 0, 2095 0, 3673 .
B/A 1.94% 1, 6200 2. 3300
C-A 0.1801 C.1102 0.2580
C/A 1,5460 1,2890 1, 8540 *
B<C 0.0993 0, 0204 0,1782
B/C 1,2560 1.0480 1,5070
TABLE II1l
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It is to be noted that these confidence limits, when expressed in the original ..
scale in miles, are really confidence limits for a median rmileage ratio F"
figure. s

| ANALYSIS OF TOTAL VARIATION. The analysis of variance in terms
, of logarithms of miles to failure iz presented in Table IV,

The selected chain arrangement as previously described was a cluster
of four cross chains for each type of fastener syetematically arranged
around each tire. When comparing error, it was found the error mean
square (pased on the clusters) was about equal to the mean square for the £
cross chaina within the clusters (except on the inside tires where there
was some difference, but in the wrong direction). It was decided to calcu-
late the pooled error, -

e e

The results in Table IV bear out the large differences bhetween the-
types of fasteners already displayed in Tables Il and III. ‘Other points to
be noted from Table [V are: ,

=t o ey — A VT, iy e

| 7
? 1. Left side versus right side effect is armall (about equal to .}
error), [
ﬁ . 2, The front wheels versus rear wheels effect is large in rala- :
tion to error although this effect is moatly associated with the outside
tires,

3, Individual wheels differ considerably from what might Le
expected if predictions were based only on the left versus right and {ront
versus rear effects, This effect is shown by the interaction line which

. is again largest for the outside tires.

4. The difference in miles to failure for outside tires versus
inside tires, about 40 miles, does not appear to be & chance sffect,
. Most of this difference was associated with the leit {ront wheel, however.

S e s s mp o YEIp -
T s

: 5. During the detailed examination there was some question

: regarding the uniformity or behavior of the types of {asteners on the out-
[ side tires versus inside tires. Although not shown in Table IV, the effect
' of an interaction of types by outside versus inside was calculated (removed
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Design of Experiments 519

from error with 14 degrees of frasdam). An T yaiic ui about 2,40 was
obtained when comparing the mean square obtained with pooled error mean
square. The probability of such a value of more extreme occcurring by
chance was about , 09,

OTHER TESTS. During the temporary termination of the test at 300
miles, & Median Test described in works by Mood [13] was applied to the
data, From this test at the 300 mile level, it was reasonable to conclude
that B and C type fasteners were much superior to type A; however, it
seemed desirable to perform additional test driving to further quantify the
experimental results.

OTHER RESULTS OF INTEREST.

1. Weight loss:

Weight loss measurements for individual cross chains were made
at 20-mile intervals during the test program while original chains remained
{ntact. To remove correlation between successive weighingas, different
cross chains were selected for weighing at the end of each 20-mile interval,
At each weighing, one cross chain for each type of fastener was removed
from each wheel and then replaced in its original position, With the
limited number of cross chaina available, it was necessary to repeat
weighting at the end of 180 miles, The resulting weight loss data was
plotted against distance driven (see Figure 8), These weight loss data
show that all crosa chains (regardless of fastener type) tended to lose
weight at approximately the same rate, Considering this result, the longer
life of cross chains associated with the B and C type fastenera muat-be due
to & spreading of the wear over the entire surface of the cross chain pro-
duced by the rotational motion permitted by the swivel.type fastensrs, SR
Many of the typs C swivel fasteners had a forge flashing on the hook. shank E
(shown in Figure 9) which restricted the rotational motion, Depending
on whather there were two, one, or none of these hooks with ""flash'', a L

|

particular cross chain might rotate freely, only partially (wind-up), or
not at all, Such results could account for the observed difference in life
of the B and C types. Figures 10, 11, and 12 show specific wear pat-
terns associated with each type of fastener, The curved wear pattern
eatablished in the C type is assumed to be the result of one non-rotating
hook causing chain wind-up.
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2. Replacement Time:

At each replacement of a failed cross chain and also during the
weighing procedure in the shop, the time required for removal and rein-

. stallation of the crose chain was recorded. A separate record was kept

for shopwork and field work. There was some difference associated with
the work site; however, the most pronounced difference was associated
with type of fastener, An analysis of variance of these differences could
have beern calculated, but the mean differences in observed time between
the three types were 80 large that a detailed analysis did not seem to be
needed. The data were analyzed using the Wilcoxon-Mann-Whitney Statistic
(ranking method) (12] (15] . There was found to be & significant difference
between the averages in all cases. The average replacement time and
re-installation time and ratios are tabulated in Table. V.,

All removals and installations of the Astype fastener were done with
a special tool (see Figure 13) provided for this test. An unsuccessful
attempt was made to remonve an A-type fastener with the tocla provided
in the standard tool kit of the vehicle.

CONCLUSIONS, It is ¢clear from the results obtained that the cross
chain fasteners type B and C (swivel hook) are superior to the standard
type fastener. This superiority is primarily described by comparing
average miles to {ailure or by the ratios of average miles to failurs,
From these ratios for inside tires only, we observe the swivel-hook
fasteners to be about 70 percent better on the average. On the outside
tires, we find type B about 117 percent better than type A, and type C 55
percent better than type A, Confidence limits for the true ratios of
superiority show a minimum cf at least 30 percent improvement on
inside tires, and possibly as much as 120 percent for the swivel hooks
when expressed in terms of two-sided 95 percent confidence intervals,
These results were far less uniform on the outaide tires.

The next question raised is, "Are the type B swivel hooks better
than the type C 7' The observed difference on the inside tires is amall.
On the outside tires the data indicate a signi{icant difference between
type B and C. A large part of the superiority of B and C {s found on the
left {ront outside tire., Type B is alsoc better than C on the other three
outside tires, but to a varying degree,
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As described before, it was noted the type B f{astener allowed better

crouss-chain rotation than the type C so that part of the difference between
B and C may be ascribed to this characteristic, although the sizeable
difference in performance for outside and inside tires is baffling. -

The replacement times are highly favorable to the swivel hooks

although type C was found to be somewhat bettey than B, Thus, it seems
that minor modifications might make the two swivel hooks about equal in
nerformance and replacement time,

A field trial conducted using chains completely assembled with

swivel hooks would be worthwhile to determine the extrapclation factor
for normal field conditions frora the accelerated test conditions.,

When considering the use of the swivel-hook type fasteners as replace-

ments in military tire chains, it appears from the data obtained that the
present experiment has been adequate,

1

(Y]
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ERROR ANALYSIS PROBLEMS
IN THE ESTIMATION OF SPECTRA

Virginia B. Tipton
White Sands Missile Range, New Mexico

ABSTRACT. Power spectral density functions are estimated
digitally by evaluating the Fourier cosine transform of the autocorrela-
tion function, In crder to obtain reliable averages with which to describe
the autocorrelation function it is necessary to limit the resolution with
which it, and its transform, can be described. Is it possible to evaluate,
or to express analytically, the accuracy with which the computed spectrum
represents the true spectral density function?

INTRODUCTION, The use of power spectral density functions to
describe the frequency content of a time function has been 2 commaeon
engineering practice for some time, develeping originally {rom the
communications engineers' concern with separating signals from noise
in transmiseion systems. At the same time the statisticians' approach
to the study of random fluctuations in time series data led to the develop-
ment of autocorrelation functions as a descriptive tool, The bridge bet-
ween these two approaches to the study of noise, which is simply high
{frequency random variations superimposed on the desired data, was the
discovery of the now well-known Wiener-Khinchin ralationship. This
relationship simply states that, except for a constant factor, the power
spectral density function and the autocorrelation function of a stationary
random process are a Fourier transform pair. Since the autocorrelation
function is an even function of its time lag v, the complex Fourier trans-
formation process simplifies to n real cosine transformation which can
edsily be carried out by a digital computer,

The digital computation of power spectral density functions is be-
coming an increasingly more important part of data reduction work It
is now being applied experimentally to the study of random errors in
trajectory measuring instrumentation systems, as well as to the more
traditional applications in vibration data analysis and telemetry problems,

However, in order that the spectral estimates computed may be of
value to the data user, we must be able to describe in some way the
reliability with which the computer spectrum approximates the true
spectral density function; that is, we must be able with some degree of
coniidence to place limits upon the errors of our estimation.
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THE W3SNMHK DATA KEDUCLIUN 2PECTRUM ANALYSIS PROGRAM,
The derivation of the computer programming equations used at WSMR Data
Reduction Directorate was firat given in a report written in 1957, '"The
Digital Computation of Power Spectra,'' by L. M. Spetner of Johns Hopkins
University. This digital proceas is based on the Wiener-Khinchin relation-
ship, that is, it first computes the autocorrelation function of the randomn
data and then determines its Fourier transform, which is the power
spectral density function. In order to separate the noise data from any
constant (zero frequency) component, the input data are firet averaged
and then this data mean is subtracted from the original data, This pro-
cess insures that the average of the residuals will be zero, a condition
which must be met if the Fourier transform i{s to exist, In order to
«.iminate any linear trend, or a quadratic, & least squares 2nd degree
curve is then fit and removed, We are now ready to compute the auto-
correlation function of the residuals, which we assume then to be both
randomn and stationary. -

At this point it is well to say a few words about random processes in
general. A random process is a collection, or ensemble, of time func-
tions such that the ensemble can be characterized by its statistical proper-
ties. In studying noise problems we are usually not overly concerned with
that individual time function which we happened to observe, since any of
the member functions of the ensemble could have occurred with equal
probability, Rather we are interested in determining from the observed
function the statistical properties which characterize the entire ensemble.
For a special class of random processes (that is, for those which are
both stationary and ergodic) this can be -~ /ne because it has been shown
(elsewhefe) that in such cases the process averages across the ensemble
are equal to the time averages along a single representative function from
the ensemble (See Figurel), .

The autocorrelation function for a random process is defined as the
ensemble average of tae product of sach function times itself shifted by
a time delay T . *

I S A WP I N

(1) R(r) = (t) - f(t +7) ,

where the wavy bar indicates averaging across the ensemble,
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If we are dealing with a single random function from an ergodic
ciseinble, oguation {1) for the autccsrrelation function hecomes a tima
average over the function

T
(2) I S G OF (PR
T» T 0

In the digital case where the integral is replaced by a summation
over the range of data points N and time delay m, this becomes

1 Nem
(3) R(m) = Ny izl £(1) £(1 + m) .

This autocorrelation function has several intereating properties:

_ (1), It is an even function, i.e., R(- 1) = R(t) (a property
which is useful in determining its Fourier transform.)

(2) The value of R(¥) for v = 0 equals the average power of
£(t), or in statistician's language, the variance of the function,

(3) The value of R(t) is bounded by its value at v =0, so
that the computed autocorrelation cosfficients can easily be normalired
to glve unity sutocorrelation for zero time delay.

1f the function s truly random then its autocorrelation function
will rapidly approach zero, since the values of f(t +v), as T increases,
are not dependent upon the value of £(t). Thus a typical normalized
autocorrelation curve of a random noise record will have the shape
indicated in Figure 2.

However, it should alsc be pointed out that the converse is not
so - it cannot be shown that because the autocorrelation function
approaches zero ae T increases thatthe given function is necessarily

random,

Once the autocorrelation function has been found, the power
spectral density function is computed from it by taking its Fourier
transform
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Using the property that R(-t) = R(r), this becomes

(5) o(w) =2 va R(r) cos wr dr
0

The spectrum is estimated for discrete values of w = Ir—I:- » where

K is an index ranging from 0 to m, and m the number of autocorrelation
coefficients computed.

The resulting estimates are smoothed using a 3-point symmaetric

filter, with weighte (0.23, 0, 54, 0.23) and plotted as function of frequency.

(For reference, the digital computing formulas used in the program
will be listed as an appendix to the paper.)

THE PROBLEM OF ERROR ANALYSIS, The problem confronting
us now is chiefly this: How can we express the errors involved in
estimating spectra by this digital process? Or in other words, with
what confidence can we say that the spectrum we have computed repre-
sents the true spectrum of the process we are studying? Can we put
limits on our error, perhaps in tho form of a statement such as, 'our
estimate {s within + 5% of true spectrum' and have perhaps 30 or 95%
confidence that we are right?

The problem appears to be in balancing the frequency resolution
we can achieve, that is, the number of points used to estimate the
spectral curve, against the reliability with which they are computed,
The maximum frequency resolution (Af) in our digital process is deter-
mined by the highest frequency we can distinguish in the data (tmax) and

the number of time delay averages (M) for which we computed the auto-
correlation function.
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2. ¢
max

Af = N

But the highest distinguishable frequency is limited by the rate at
w hich the original data,samples were digitized. The sampling rate as
given in Spetner's equagona must be at least twice the highest
frequency present,

By the time the data arrive in digital form at the Data Reduction
Computer facility we no longer have any control over the digitizing
rate (1/At) or the length of the data sample [T(seconda) = (N points) -
(At sezonds)] . We must assume that the data users chosc a sampling
rate high enough to minimize aliasing errors, that is, the folding back
of {requencies higher than fmax so that they appear as some sub-multiple
of themselves in the frequency range we can observe,

In addition, the number of time delay averages used to describe the
autocorrelation function is limited by the length of the data sample. In
practice, we generally limit M to approximately one-tenth of the number
of data points N. (M = N/10,) We could increase the number of time
delay averages computed, but only at the cost of reliability of them. As
M increases the number of data points available to average decreases,
Thus this could not sclve our problem, and at present, no other sclution
has been found,
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DIGITAL COMPUTING FORMULAS

1. Autocorrelation function is estimated at M points

1 Nem
R(m) = o= I 1)+ f{§ + m), for 0 g m < M,
i=1

2. Cosine transforms estimated for each value of M

M-1
L{0) = R(0) +2 X R(P) + R(M)
P=1l
M-1 h P
I{h) = 2R(0)+4 I  R(P)cos T +2 R(M) cos (hn),
P=l M
for0ech M
M-1 P M
{M) =R(0)+2 £ (-1)" R(P) +(-1)"" R(M)..

P=l
3, Smoothed spectral estimates
u(0) = 0. 54 L(0) + 0,46 L(1)
u(h) = 0,54 L(h) + 0.23 [L(h-1) + I{h+l)] for 0 < h< M
u(M) = 0,54 L{M) + 0. 46 L(M-1) . .

4, Plot of u(h), for 0 s h € M, where At is the time interval in seconds
between original data points, vs, frequency, f(h), where

i(h) = ET:_E' cvcles per second.
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FIGURE 1.
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A TYPICAL NORMALIZED AUTOCORRELATION
FUNCTION FOR RANDOM NOISE

FIGURE 2,
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VALIDATION PROBLEMS OF AN
INTERFERENCE PREDICTION MODEL

,i

William B. Mclntosh
U. 8. Army Electronics Proving Ground

The Electromagaetic Environmental Test Facility (EMETF) of the US
Army Electronic Proving Ground, Fort Huachuca, Arizona, is being devel-
oped to give solutions to a host of communications-electronic problems,
most of which in one way or another arise from the fact that military demands
imposed upon the electromagnetic spectrum require vastly more space in
the spectrum than is available for this purpose. A consequence of the
resulting crowding is interiereice between electromagnetic equipments.

The EMETF is designed to provide experimental data bearing on the inter-
ference problem in its broadest sense, A subsidiary and included feature
is provision of data on the ability of communications-electronic systems

to perform intended missions in the absence of competing electromagnetic
signals,

" Although the ultimate EMETF will be a facility capable of providing :
these answers for communications equipment, for radar, for navigation :
devices, for data transmission links, and in fact, for all army electronic

activities, this pregentation will be confined to aspects of volce communi-
cation by radio.

Several years ago, the EMETF was conceived of as primarily a huge 1
outdoor field test facility, spread over some 2400 square miles, Inthe
District of Columbia area, this facility would have stretched from one side
of Washington to the other side of Baltimore. An artist's concept of the
field facility is shown in figure 1. Originally, 24 transmitter sites and
two transmitter-receiver siteswere deplocyed; the latter two stas were the
teat sites. At each of the transmitter sites equipment was grouped around .
a control van. The rmaster control center is located at one of the test .
sites, From the centex, one cr more transmitters at any one or more van oo
sites may be controlled for test purpose. ‘

The basic test unit is a cycle, figure 2, which requires 30 seconds;
it consists of energizing the desired transmitter, and recording the test
link performance, as will be described later, Then the entire environ-
ment i8 turned on, and the link performance again measured, If :
degradation has cccurred, the next step - and a long one - consists of ;
a search for the one or more transmitters responsible for the degradation. |
These operations produce the basic field data, !
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The concept of test, and with it the field facility, has evolved to the
point where now the field facility has been reduced in size, and the major
share of useful output is being derived from a computer simulation program
known as the Interference Prediction Model (IPM). The IPM recuires a
considerable amount of input data of various sorts, which has lead to the
creation of a third unit, vhe Instrumentation Workshop.

The ultimate form of the IPM, as it is currently envisioned, is shown
in figure 3.

The model requires input data spé&cific to the equipment or concept
under test as well as a specific description of the problem. Internally,
the model consists hasically of five modules. Figure 3 also shows in
block diagram form: how each module is developed and validated.

The propagation module performs one basic function. It describes
the attenuation which is expected as an electromagnetic wave front travels
between a transmitter and a receiver.

The equipment module incorporates the necessary equations which
describe what happens to electrical signals as they pass through the equip-
ment. The scoring module translates the processed signal at the receiver
output into a measure of how much of the original intelligence remains,
The tactical deployments module incorporates several preselected deploy-
ments, each containing the physical location, in three dimensions, of
every piece of emitting or receiving equipment, plus information on the
topography in the forrm of an XYZ matrix, in meters, at 500 meter inter-
vals in the XY plane. The radio frequency assignment also becomes a part
of this module. ’ ' ‘

The statistical module is at present largely undeveloped. In time,
however, it will be used to convert an essentially deterministic model into
a stochastic one. The essential purpose of this paper is to describe
certain problems which have been encountered in an attempt to provide °
an interim stochastic capability by different methods.

I will next outline a test problem in which the important outputs will
be obtained from the IPM, but for which actual hardware of the test item
is available for certain measurements,
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The preparation consists of establishing the location of all equipments,
both of the test type and other types which will share the environment, the

assignment of radio frequencies, the inputs of the equipment characteristics,

and the like., From the entire collection of communication nets in the
chosen deployment, .a sort of stratified random sample is chosen for test.
Stratification is based upon the frequency of different type nets as well as
on the relative importance of net type to mission:success. Thus, if there
is only one command net from Corps to Division, that net is included.
From the many command nets between, say, infantry platoons and squads,
several are chosen at random.

In the present use of the model, one basic question is asked. What,
on some scale, is the overall system effectiveness? This question is often
asked for a standard system and for a proposed replacement, whereupon
the comparison will.provide useful information to those who make procure-
ment décisions. The systems effectiveness measure now in use depends
upon a somewhat involved procedure which results in every test link being
classified as providing or not providing acceptable performance.. Then
the effectiveness measure is merely an index, being the ratio of accept-
able links to the total tested. Since the initial measure, -intelligibility,
is changed from a continuous variate to a binomial, many links which have
been measured inaccurately will still be classified correctly. Further,
to the extent that the model is imprecise but lacking in bias, errors of
classification in one direction will tend to be balanced by other errors in
the opposite direction. Thus, for the index, we really do not need to be
concerned in great detail with the gocdness of our answer for each link.

But people do ask such questions. .And ultimately we would like to
answer such queries as: How well can some specific platoon communi-
cate with its company headquarters? We no longer will be satisfied with
knowing how well on the average a platoon can communicate with a
company, nor will we accept a simple yes - no answer.

Given this ultimate desire to answer questions about any communica-
tions link, of necessity we must accept a stochastic answer. Even if we
have developed a perfect model, in the technical sense, this will be true.
Communications equipment will continue to exhibit interunit variability,
operators will not all have identical hearing ability or training; and most
of all, propagation loss will continue to be an important variate. Even
if we should come to know the form and moments of all pertinent distri-
butions of equipment characteristics, we won't have any way of knowing
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the individual characteristics of the specific equipment at any given geo-
graphic point. Anyway, in reality, those equipments may be a few to a

few hundred meters at least away from where we have them located in the
problem, Even though we learn all there is to know about the effects of
atmospheric conditions, terrain, and vegetation on path loss, we can't know
what the precise atmospheric factors would be if the tactical operation we
are simulating were to exist. Nor can we precisely describe the minutiae
of the terrain over all direct paths and multipaths between all necessary
pairs of points taken from a vast set.

The best we can hope for -- and this it seems is realistic -- is to say
with some chnsen confidence, that if eqvipment is approximately where it
is supposed {o be, if the various environmental conditions are approximately
those used as model inputs, if we have studied a sufficiently large sample
of the equipments in question_-_-- then a given communication link will
exhibit a performance scmewhere between points A and B on some scale.

It may have become apparent that the word validation is being used
in the EMETEF in two somewhat different contexts. One may be called
validation for development. This consists of whatever tests or comparisons
may be useful in checking out the developmert of a module, particularly
the propagation, equipment and scoring modules, as implied in figure 3.

The IPM is designed to be a theoretical model ratherithan an empirical
one. That is, it performs the calculations textbooks and :f:esea.rch papers -
give in explanation of what happens. It is not supposed to.store empirical
data on what has been observed at various times and places, and regurgitate
the solution to the stored problem which is most similar to the desired
problem. While this theoretical approach is the cause of considerable grief
during development, the advantages of a good theoretical model over an
empirical one are evident,

However, as it happened, we could not wait the millenium without use-
ful outputs from the facility. Our sponsors presently began to clamor for
results, and results we had to produce, even though we knew that none of
the modules performed to our standards. We were thus, in part, forced
into interim empirical solutions. From this there arose another concept,
validation for utilization, a statement about the goodness of our results,
We shall henceforth be concerned here with this latter sort of validation.
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A block diagram of the entire test problem, figure 4, will be a helpful
introduction to the next section. This shows the test transmitter with its
special test signal and the propagation path to the test receiver and scoring
device described later, labelled VIAS. The figure also shows potential
interfering transmitters (IG), each of which is supplied with normal modu-
lation, fe., voice, radioteletype, etc. .

The two scales below the diagram are merely subjective guesses, and
no precise. quantitative interpretations should be given to them. F¥or
example, on the adequacy of representation scale, which applies to the
IPM; we know that both the test signal and the test transmitter are repre-
sented more adequatiely than is the test receiver. This is because most
of the various things which happen to a signal as it passes through the
equipment occur in the receiver. We also note that the receiver in turn
is more adequately represented than is propagation loss.

The bottom scale includes not only factors related to less than perfect
representation in the model, but also includes variation in electrical
characteristics among equipments, tirne-dependent variation over a propa-
gation path, and the like. ’

However inaccurate these judgements may be, they did provide some
guidance for separating the total problem into parts. One easy choice to
make, ard one which is also required by the operational scheme, consists
of fragmenting the problem into the interfence versus the non-interference
cases; that is, study the problem with and without the interfering trans-
mitters activated. The balance of this paper will be concerned only with
the non-interference case. '

‘Another division point was taken at the input to the receiver. This
was selected on a recent test for several reasons., One is, it appears
from the diagram that the first portion of the chain, from test signal to
receiver input, would be basically a measure of the ability of the model to
predict p'ropa.gation loss. Another reason is that better measurements
can be made on the low level signals at the receiver than on the high level
signals at the transmitter. A third is that in the workshop we studied in
detail the receiver-VIAS subsystem, and here the input to the subsystem
was of necessity the input to the receiver. Thus the non-interference ‘
case was divided into two segments.
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From the field facility, data on the received signal can be obtained

frora a number of transmitters at one or more receiver sites, each trans-

mitter-receiver combination defining a path. In the IPM, these paths may
be simulated and the computer signal at the receiver obtained for each.
Thus we generate a set of bivariate data as shown in figure 5.

These data were treated by the method of simple linear regression.
Since the regression will be used to provide an interval estimate for the
expected value of a hypothetical ''field' signal given a model signal, the
latter was used as the independent variate. The confidence band shown
is that for the line as a whole. In other words, it is based on the tabular

factor

23 rather thanon t
2, n-2 n

2

5 which is valid for only one

prediction of the expected value for' Y, given X. This confidence belt
has roughly 25 percent greater width than the one of the same confidence
level which is computed using the Student t. We used this method for
showing how well, on the average, the IPM was predicting path loss.

The first specific question directed to the Panel arises here. Is
there 2 method for providing an interval estimate for any number of
individual predictions ? '

To lead into the second question, further details are helpful. The
regression is based on the received signal measured in negative dbm,
that is, in decibels below one milliwatt, This is a measure of the signal
power induced across the input impedance of the receiver. The gain of
the receiver antenna is thus included in the signal power measurement,
In practice, however, it may be necessary to mezsure the field intensity,

_ a voltage impinging upon the receiver antenna. Thus the dbm measure

shown may contain a computed element. Most likely this would be com-
puted once for each type of antenna-receiver combination, and would not
include interantenna variability or variable ground plane effects. Thus
the dependent variate may among other things contain a fixed, computed
component rather than a measured, variable one. Clearly, we need in
such cases to assess the effects on our predictions.
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This aud viher examples not cited pertain to the general question of
whether we do in fact satisfy the several assumptions inherent in the
regression model, which now suggests the second question., If conven-
tional regression, upon further examination, is not applicable, can the
Panel suggest alternative approsches? Remember that for subject
matter reasons we desire to obtain, at approximately this point in the
chait. of events, a measure of how well the IPM je performing ite job,

I will close thia section by pointing out that we fully realize the
measure of our ability to predict path loss over one terrain type, in an
area of sparse vegetation, is not necessarily indicative of how well the
model will perform under other terrain-vegetation combinations, The
Army and others are presently engaged in collecting propagation data in
var.ous areas of the world, At present, however, the Arizona data are
all we have to work with., It is our hope that by the time suitable data
from other areas are available, we will have established the techniques
to use these,

Before proceeding to_the secomd portiv vithe non-interference
chain, it will be helpful to describe the scoring device., The Voice Inter-
ference Analysis Set (VIAS), is & commercial device designed to convert
signal-to-noise type informuation from the terminal end of the receiver
audio section into a measure which is monotonically related to intelligi-
bility, The result is the Articulation Index (Al), The conversion is
accorplished by subdividing the audioc frequencies from 200 to 6100 cycles
per second into 14 bands, each of which is supposed to contribute equully
to speech intelligibility. In each band the signal-to-noise ratic is measured
during 17 seconds of the 30-second test period. For signal-to-noise ratios
of +18 db or higher, the signal-to-noise ratio is converted to unity; for
ratios of -12 db or lower, the convereion results in zero. In between +18
and -12 db, the conversion is approximately a linear function of the signal-
to-noisa ratio, The final articulation index is simply the mean of the 14
increments, There are some additional manipulations invclved, and a
special test signal is required, but these details need not concern us here,
TH s device is based upon studies by French and Steinberg, and by Beranek.

It shouvld also be noted that if a voice communication system does not
possess the full bandpass of 200 to 6100 cycles per second, the “IAS bounds
the Al between zero and some value less than unity,
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The second segment of the chain concerns the radic receiver and ine
scoring device, In the shop, a rather precise curve can be established
which relates the aignel power, developed acrcas the receiver input
impedance, to the Al output. This curve generally resembles that shown
in figure 6. Three things should be noted. First, the figure shows
hypothetical data and, if anything, the point scatter is excessive. An
individual receiver produces data points which scarcely deviate from a
smooth curve, Second, what information we have indicates that variation
among receivers results primarily in a horizontal translation of the curve
by no more than a veryfew db, This is apparently the result of variation
in receiver sensitivity., Third, measurements which fall in the lowest
fourth or fifth of the Al scale are difficult to make, and these exhibit a
higher variability than those resulting from stronger signals.

It should also be stated that the effects of varying the modulation level
at the transmitter are at present unknown in detail, but presumably are
very important.

The mathemnatical nature of the Al/signal relationship is not known
irom theory, as far as we have been able to ascertain, An understanding
of the manner in which the VIAS operates on the signal clearly explains
the rounded corners. It also allows for a strictly linear portion in the
descending leg of the curve, at least for some values of signal and noise.
Finally, the bounds on the functior are easily understood, PFerhaps this
is enough.

In practice, the probit transiormation was applied to the Al axis and
a Treasonable linear trend was established, Although the potential applica-
bility of the probit transformation is not immediately obvious, & study
by our contractor indicated that it could be used, Confidence intervals
were established by the methods appropriate to probit analyses, and then
mapped through the inverse of the transiormation to provide the confidence
belt shown in figure 7,

The three curves to the right represent the fitted line and its confi-
dence bands for a specific equipment type. The single line to the left
shows only the fitted curve for another equipment type,

Note that the line on the left drops from niaximum Al to zero over
a spread of about 25 db, whereas the other curve takes a little over 50 db
to drop to zero. When it is considered that the power output of the trans-
mitters normally associated with these receiver types is in the vicinity
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of +40 to +45 dbm, .we see that a receiver over most of the Eossible range
of signals is either performing at its best, or else is not extracting any
intelligence whatever from the desired signal.

.The use of the probit,tra.nsforma.tion was an bexpedient. It is clear
that in some cases it is not appropriate, clear because the best fitting

probit line obviously does not fit well. In particular, .if there is a consid- .

erable segment of the curve which is linear in the descending region, the
probit transformation is not suited.

The third question for the Panel is.this: Please comment on the
problem of providing both point and.interval estimates. for the functional
relationship between input power and output Al

+ An earlier topic, the scoring device, dealt with a conversion from
an electrical measure, the signal-to-noise ration, to a psychoacoustical.
measure, aural intelligibility. The question naturally arises: Is the Al
scale a suitable measure of intelligibility ?

Previous work, notably by Kryter, had shown that Al was not
linearly related to the articulation score (AS), where the latter is defined
as the proportion of words recorded correctly by a listener. Kryter
showed, further, that different AS/AI relationships were obtained depend-
ing upon the size of the word list. He and others have shown or suggested
that such other factors as the type of noise, i.e., white noise, voice ‘
babble, or meaningful single voice interference, also affect the AS/AI
transformation. We have recently verified that the electronic circuitry
of the communication equipment also affects this relationship. =

While there are some theoretical results which predict the functional
relationel.ip between AS and Al, our position is that, at present, the
relationship must be established empirically. Naturally, we anticipate
the day when the appropriate theory, to include parameter values, has
been established and can be used to convert, in the IPM, from the last
electrical-type measure to intelligibility.

The articulation score, as we use it, is defined as the mean propoi-
tion of correct responses given by five listeners to a transmission
involving one of several 50-word phonetically balanced lists.
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The sxperimental procedure requires that the word list be trans-
mitted and recorded on magnetic tape, The transmission also includes
the speci~l test signal required for the Al measurement. For various
reasons, we now imbed the test words in carrier phrases, and this
procedure necessitates a transmission time of 16 minutes. Each tape is
scored in a special listening facility by five operators. The Al signal is
scored separately by the VIAS, Thus, one transmission produces one
AS/AIl datum point,

Figure 8 presents some recent AS/AIl data acquired from different
equipmenta, The actual points are shown only {or the middle curve. The
scatter of points shown is roughly typical of each curve,

These curves were supplied by our contractor. The centar and lower
curves are based on the Gompertz curve while the upper cne is hyperbolic,
The Gompertz curve,

cX
Y = ab

with § taken as unity, has been given some theoretical justification by
previous psychoacoustic studies., It was fitted in linear form by means

of a log log transformation in which Y is 1/AS and X is Al. The transforma-
tion enabled simple linear regression techniques, including confidence bands,
to be applied. The confidence bands were mapped through the inverse of

the transformation to provide an approximate confidence belt for the line as
a whole. '

The next queation to the Panel {s doubtless now evident. Please com-
ment on the problem of converting Al to AS.

In summary, we began with & complex total problem, restricted it to
voice communication, and further restricted it to the non-interference
case. The non-interference case has been broken into three segments,
each treated as a regreasicn. The dependent variate for one becomes the
independent variate for the next, with the articulation score as the ultimate
dependent variate, At present, approximate and conservative coniidence
lirmits can be placed on the expected value of the AS, We are aiming for
the ability to place exact confidence limits on the individual AS predictions.

My final question to the Panel asks for discussion of this problem of
ultimate interest.

pasr— SRS
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THE DESIGN OF COMPLEX SENSITIVITY EXPERIMENTS

D. Rothman and J. M. Zimmerman
Rocketdyne, A Division of North American Aviation, Inc.

1. INTRODUCTION. There is a growing tendencv among the practi-
tioners of the art of experimental design to allocate more of their efforts
to the macroscopic aspects of test'planning. This often results in greater
benefit than that obtained from intensive improvement of isolated experi-
mental segments. Very little work of this kind has been carried out for
sensitivity experiments, however, despite the long history of statistical
effort in this field, probably for two reasons. First, most of the major
laboratories concucting sensitivity experiments have established over the
years their own traditional set of test procedures which are relatively
insensitive to variations in experimental objectives. Secondly, the
majority of sensitivity experiments have been somewhat restricted in
scope, being limited to such purposes as material screening or compari-
son of properties with those of a standard, and have not usually required
extensive experimental planning and expenditures.

Recently it has become clear to many practitioners that there are
several newer methods for the design and analysis of sensitivity experi-
ments which deserve more substantial attention, partly because of their
intrinsic merit and partly due to the increased complexity and cost of
some current programs. It was in connection with one such program
that the methods described inthis paper were developed, although a sub-
stantial portion of the material had been previously formulated under 2
NASA, MSFC research contract, NAS 8-11061, monitored by Dr. John B.
Gayle. '

2. FORMULATION OF THE PROBLEM. Consider a2 sensitivity
experiment in which there are n stimulus variables, Xy Koy eoy X

and for which the cost for each test is at least approximately known as a

function of any combination of these variables. For simplicity, we assume

that this cost is no different if the test response is positive (1) or null
(0). Given a, suppose that the goal of the experiment is to estimate a
specified portion of that n-1 dimensional surface So. on which the

probability of a positive response, M(xl, ceus xn), equals a. Our

analysis will be based on a loss function, L, which is made up concep-
tually of two terms: the cost of tolerating a specified variance in the

R N T T e
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estimate of So.' and the cost of testing. The overall problem is then to

find that experimental deéign which minimizes L, the value of L averaged
over those portions of Sa which are of interest.

The treatment of the problem in this general form requires a care-
fully worked out technique for the design and analysis of multivariate
sensitivity experiments which is readily amenable to the introduction of
cost considerations. Although some algorithms for the design of
multivariate sensitivity experiments have recently been developed
(references 1 and 2), they are extremely complex and do not lend them-
selves to the implementation of loss minimization., Therefore, a simpli-
fication in the structure of the problem is required.

Towards this end, we replace the original multiple stimulus-variable
problem by a hybrid regression-sensitivity problem in the following way.
We select n-l of the stimulus variables and consider them as independent
variables in a regression model. The remaining variable (say the nth) is
considered as a stimulus with a possibly different response function at each
combination of the n-1 regression variables. Effectively what we are
doing here is replacing the n-variate response function M(xl, ceny xn) by
a univariate function M(xn; ' SURERE xn-l) with pararx—leters Ky vees Xy
Our program will be to estimate, at a set of specified values of these
parameters, that value xg of x for which M(xn; X5 eees xn-l) = q;

each point (x,, x., ..., x_ ., x%) isinfacton S . Then we shall
1" 2 n-l" n . a
describe the effect of the parameters X e X by means of an

. . . . a
ordinary regression of these variables on the estimates of x

In a particular problem, the selection of the single stimulus variable
from the original set is usually obvious, being dictated by the nature of
the experimental apparatus, preparation of the test specimens, and long
standing practice (e.g., in drop tests involving several environmental
variables, such as temperature, orientation of the specimen, etc., the
height of the impactor would invariably be the single stimulus chosen).

In the present case, another important consideration which may affect
the choice of the stimulus variable is the relative influence it has on the
cost of testing. Our optimization procedure will be based only on the
regression variables; that is, we determine the best combinations of

]
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the variadles Xpp oo X at which to test in order to minimize the loss

ne-l
function of the entire experiment., This macroscopic typs of optimization
does not itself dictate the local or microscopic design for the stimulus
variable (xn) at each of the regression parameter level combinations.

Thus it is important in applying this method to select as the ctimulus vari-
able one which affects the cost of testing as little as possible.

It should be pointed out that this general approach to reducing the
complexity of the problem is not new, For example, in 196l Grant and
Van Dolah described a procedure for handling multidimensional problems
by the use of factorial designs combined with the simple up and down method
(reference 3), In our work, however, the aspect of cost minimiration has
been added, and in addition a quantitative method for describing the effi-
ciency of censitivity experiments is developed. We treat these two topice
in the following sections,

3. MACROSCOPIC COST OPTIMIZATION., The regression model
relating the n-1 variables Xy ooon Xy with the estimates of x: will

be written in the form
a .
(1) x = Po(zc_) + Pl(gc_) + iy 4 Pr(§)+ «,

where x is the v :tor (xl’ Cee xn-l)' P(x) is a sum of terms of the

}

jth degree in the components of x with unknown coefficients, and « is
a normally distributed random variable with mean zero and (unknown)

variance 2, Let N be the number of (not necessarily distinct) values
of x at which test sequences on the stimulus variable x, are to be run,

The covariance matrix, Q, of the estimates of the coefficients in (1)
can be written in the form

(2) Q = ¢?R(x)/N

where R 1is a matrix, independent of ¢ and N, whose elements involva
averages of the components of x over the design. In treating particular
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problemas, one determines the optimum proportions of tasts to be con-
ducied a4t each ol a certain ii1xed number 0! optimum treatment combina-
tions, with N specifying the number by which these proportions are
multiplied to obtain an actual design,

We have assurmned that the average cost per test depends only on the -
vector x andnoton x or N (it would depend on N if, for example,

there were a setup cost), Let this cost be denoted by C(x). For the
moment we suppose that it is desired to obtain estimates of the function

Xpp veen X 1) over an a priori specified region U with weighting

function W(u) Our loss function is a linear combination of the weighted
average of the prediction variance over this region and the cost of
testing. Thus the average loss 18

(3) T AN'ld‘ZAS ¥R W) ( g+ BG(_)

where u = (ul, Lvey U ,), A and B are appropriataly chc_llen e&n-f'

n-l

stants, and V is a column vactor whose components are the linearly

indopondent functions of the components of x contained in the quantities
_) y2 0,1, ..., r of equation (I). For example, in the very simple

cue when X is the scalar u and r = 2, we have

[

(4) Velu .
"y

In this situation we have explicitly

-1

/N Ix Exz\

(5) Q = ¢ | Tx !‘.xz 2x3 “'!

\Exz Z‘«x3 Z:;lt4 /
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R = x x2 x3
2 3 & ,
x x x
where x = ] z X, etc. In the case when N (or the total cost) is
Coi=l '

not specified in advance we must find that value of N which minimizes
(3). Since R(x) is independent of N, on differentiating this expression
one obtains ' o

(6) Nt/ ;? ¥ (3)R(x) ¥y W&/ BC(x)

and the associated valus of L is

(n , Law / as( !'(3)3(5.)!(9)‘“'(2):‘-“;‘»IC("‘) '
J |

Thus, independently of the values of ¢, A, and B, it {s sufficient to
minimize

(8) T4 'aB = clx) | V@R VIsIW(9as
v

where the right hand member of (8) is proportional to the cost times

the average prediction variance or ''cost per unit of information', Note
that this lattar type of loss minimization may be accomplished independ-
ently of N and of the cost par unit variance ratio B/A. The value of
o'zA/B is explicitly required only if it is desired to determine Ncpt
from (6). If the total maximum expenditure of the test program is

fixec in advance, as is often the case, then N is fixed and the values

of ¢, A, and B do not affect the minimiration of the right member of (8).
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When the region U over which the prediction VAriance i1s averaged 1s
not specified a priori, the practical solution of the problam bscomes mors
difficult, For example, it may be of intarest in some problems to mini-
mize the loss under the circumestances when an estimate of the value of

x:(xl. Ve xn-l) is to be made by extrapolation to a specified value of

x:. rather than to a given value of x = (xl, Cen xn-l)’ In such cases,

it is generally not possible to formulate the loss function explicitly in aws
simple a form as we have done since the coefficients in the model (1) are
not known in advance. In this situation one may guess at the values of x
at which the extrapolation is to be made and periorm the optimisation: {or -
a few such possibilities, or, alternatively, & formal Bayesian viewpoint
can be taken, an a priori distribution of the extrapolation point made,

and the optimisation carried cut formally {A terma of this distribution,

We will not pursue this more difficult version of the problem hare, .
although it occurs not infrequently in practics,

When r wl, and the form ofthe regression and cost modele azre
simple, it is possible to carry out the minimization of (3) in closed form,
However, the explicit optimum values ¢f x are not always determined
bythis procedure. For example, we have shown (see referenca 4) that
when r = |, there are p regression variables, and the cost function
C is quadratic, then all that is specified by the minimization of (8) are
the meanis and covariance matrix of the design variables. That is, ‘the
minimigation of (8) provides ‘

p(z;_u +p +1z *2) .

constraints which the optimum design must satisfy, Now generally
k({p+l)=l constraints are required to define uniquely a design consinting
of k distinct points, When r =], p s l, for quadratic cost, we obtain
2_'22 -l = 2 constraints; this is one short of the 2(2)-1 = 3 required for

a unique two-point design, When r =1, p =2, we obtain 5 constraints;
since three points are required to fit this model, thus requiring 3(3)-1 = 8
constraints, we get & family of optimum three-point designs with three
degrees of freedom.

wAlternatively we may say that, for quadratic cost, the number of distinct
elements in the cross product matrix for the design, less one, gives the
number of constraints cbtained from minimiration of (8),
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When the cost function is made up of functions of components of x
k which do not already appear in the cross product matrix then one obtains
[ an additional constraint from the minimization of (8), In fact, in the
general case of any r and p we have made the following conjecture,

Conjecture: Let m be the number of distinct elements in the cross
product matrix, P, corresponding to the polynomial model (1), of degree
r. Suppose the cost function C contains functions of the components of
the p(= n-l) dimensional vector x which do not appear in P (we refer
to this as condition I). Then minimization of the loss function (8) yields
m constraints for the determination of the optimum design, If the cost
only contains functions already appearing in P (condition II) then mini-
mization of (8) provides m-1 constrainte.

B o R
A B I3

[‘
[N
Since a design of k distinct ''points'' or treatment combinations i
: requires k{p+l)-1 constraints for unique determination we have immediately IE
! the following: E
éﬁ Corollary: Minimization of (8) results In an optimum design 'C'O.nllrl‘:ti'-” ;
: ing of i
é m+l ]
; max {Q. ] YY) [} points when condition ! prevails and
T w0 ‘.

'} max {qo ] ;+—1 ( ' points when condition Il prevails,
; | | :
L e ar = [P eminfre): os b otuninonn
ﬁ where q =0 ls| la] * %o min{*p}; q 2 numberofunknown
i parameters in the model, and ]y [ denotes the smallest intsger larger
S than or equal to y, The design is unique when the quantity in brackets is

an integer. A formal proof of this conjecture may require solving the
general minimization problem for (8), & very formidable task, Even the
case r =l pores serious difficulties (see references 4 and 8), Apart
‘o from our verification of the conjecture in the linear case when condition
; Il prevails (reference 3), we have recently solved a particular problem
: (using & computer search procedure) whan U is a single point, r = 2,
; p =1, and the cost function is exponential {or all atimulus levels above
' a specified value. A unique three-point optimum design was found.
Applying the conjecture and corollary (with condition 1), we find in this
case that the cross product matrix contains five distinct elements so that
indeed five constraints are obtained determining a unique three-poiar
optimum design.
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In implementing this conjecture it is convenient to have the explicit
relation between m, r and p. For example, for small valiesa nf tha
iaiier we have the following table,

> 1 2 3
1 2 4 6
2 5 14 27
3 9 34 83

Values of m-l

J
j=0

2r
J

meZl

f’) 7 s min(25,p) .

Thus, for example, if the regression model is cubic in three variables

and condition Il prevails, one would expect to find & unique 2l-point optimum
design. Note that in this case q » 20, so that the number of required
points is greater than the number of unknown parameters,

Despite the formidable nature of an sxplicit closed form minimisation
of (8) in the general case, numaerical minimization procedure may not
require excedsive effort, For axample, the recently conducted study
referred to above (r = 2, p nl) only took & few minutes to run on an IBM
7094 computer.

4, BLOCKING OF THE TESTS AND THE GROWTH OF INFORMATION,
Suppose we have obtained an optimum k-point design by the maethods outlined
above. The order in which these groups of tests are to be conducted i
usually dictated by spscific characteristics of the particular program.
Generally the 'least expensive' treatment combination or point (from the
point of view of C(x)) will be explored first, then the next, and so on
until the most sxpensive point is arrived at, We will not consider thia
question {further here, but next turn our attention to the design of the indi-
vidual group of senaitivity tensts at each of the, say, ¢ optimum treatment
combinations of the regression variables.

Sensitivity experiments are most efficient when they are purely
sequential, since in this situation one can reflect carefully on all previous

e e T T
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results before selecting the next test level for the stimulus variable, But
if the experimenter is required for reasons of economy or manufacturing
tiras liiiaiions to order batches of test materials with specified (not
necessarily equal) stimulus levels (as, for example, in solid propeliant
critical diameter studies), then it is necessary to consider the question
of '"block-sequential'' sensitivity experiments and to evaluate the expected
loss of information implicit in this mode of operation relative to the usual
purely sequential test procedure.

To discuss block-sequential designs we will require a characterigation
of the amount of information aveilable before the entire group of tests is
conducted (from previous studies, etc.). This prior information will be
expressed as that number of equivalent asymptotically optimal tests which
would provide the same asymptotic information. Our approach will be
based onthe use of asymptotic expressions to characterize the growth of
information in senaitivity experiments. Attention will be limited to the
case in which the responae function is & normal cdf, and to simplify the
calculations we will assume that the sole alm of the tests is to estimate
the mddian critical strees level (i.e., a = 50%). Our analysis will be
carried out without actually speciiying the test levels to be used in each
of the blocks, although it is known (see reference 6) that for this type of
experiment any test sequence converging to the median is asymptotically
optimal in terms of efficisncy in estimating the median. Evaluation of the
validity of the asymptotic theory for amall sample sizse is currently being
studied by means of simulation,

Eificiency and Growth of Information, Suppose we have & cumulative
normal resp nse function with (unknown) parameters u and ¢ . Let b
denote the maximum-likelihood estimate of i . Consider a design with
T tests whoso goal is the estimation of U . An asymptotic expression for
the variance of h(as T = w) is given by (reference 7)

(9) o§ (1)~ Cyo 2/(e6,-c)

where Y, s the level of the stimulus variable on the 1th test,

G st TR et O ¢ AT Y M e L e vt b AT e
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Since the goal of the experiment at each of the 'q optimum regression
points is the estimationof u , it is not unreasonable to restrict attention
to designs which are asymptotically symimetric with respect to p . Then

C1~0.

2 2

It hos been shown (references 6 and 7) that vé (T) ts asymptotically

minimized when 1:i =0, i, ..., T; this , minimum value i{»

:rs (T)~ (n/2)e /T

The asymptotic information after T tests, IT‘ may be expressed by the
reciprocal of the variance of i , or
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T
(11) I~ C:,\/:rZ = T Z.z/p.q.crz
- v 1=1 b 172
Thus the information contribution of a test at b=t is given by
2
(12) I(t) ~ et /prqa'z

Since this is maximized at t = 0, wheres we have

(13) 10)~ 2/ne %

the efficiency, defined as the relative information of an individual test
at stimulus level t, may be written as

2
(14) E(t) » Nt)/1(0)~ ¢ /4pq

The function E(t) is tabulated below for selected values:

Table ]

|t] | © ol .8 8 75 1L,0 1.8 2.0 3.0 4.0 5.0

E(t) |1 .9964 9856 .9127 . 8128 .6888 4226 2060 .0229 . 00089 .000012

It may be noticed that the efficiency declines rapidly in the range .75 < |t| < 2.

Tests for which ft| >3 are very inefficient in the long run, although they
may provide a large iractional increase in information early in the experi-
ment,

In order to derive an expected value for E(t), we express it in a more
explicit form. It can be shown that the following expansions are convergent
for all values of ¢t '
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/2 + tN2n - to/6V2n + z5/4o~fzn \

p =
(15) T /336V 2 + 17 /3456v 2 - £ /422400 2n 4 £22/599040V 20 - L 1., .
[}
d . g = 1f2-tMNer+ t3/6\f2n - :5/4o~/2ﬂ

,

7 9 11 13 R *
(16) +t /336 2m -t /3456V2n +t /42240V 2 -t 7/599040V 27 + . .,
Thereiore

pq = 1/4 - tz/Zw + t4/6n' - 7t6/180ﬁ + t8/14oﬂ

(17) - 83t'%/75600n + 73tlz/498960_v - 523¢%/30270240m + .. . ,

and
2
E(t)~ e -t /(1 -th/w+2t4/3ﬂ-7t6/4 5'n'+t8/3511'

(18) - 83t'0/18900n+7 382 /1247407 -523¢14 /7567860m + .. . )

W

We have finally
2
o' E(t)~ 1+ th/'r? - Zt4/31r + 4t4/'.r2 + 7t6/45n - sré’/snz

3

+ Bté/'rrs- t8/35ﬂ + l6t8/157rz - 8t8/'rr + 16t8/ﬂ4

2

+ 82t10/18900w - 304t10/945ﬂ + esz1°/15n3 . tm.tm/sﬂ'i

N~

+ 32689745 - 73618 /124740n + 1132642 /141789
- 356622 /18907 + 704672 /450t - 160812 /30> + 64tt?/n®
+ 532614 /7867560r - 296t'% /1732577 + 599t' /9480>

(19) 7808t 4/945.% 4 4ae!® /e L1286t /08 v r2addt /T 4 L

—
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In general, since u and ¢ are unknown, we are unsertain as to just
which value of t we are testing at; let this uncertainty be represented by
a density £(t) with mean M and variance U. Since we are trying to test
a. x = u (t=0), and since § is unbiased and asymptotically normal,

PR e e e

g " we have
P (20) M =0
(21) U oof = aé(T)/r 2

. 2
- et

1 - e'zE t t%/2 [u/(2u-1)]
Y iy 5_‘ JZﬂUéZZUﬂS e ot

t2
e _E(t) -tz/Zv dt
v 2nv e

o g |

using the substitution v = U/(2U+l). Because of (19) this integral can be
thought of as & sum (with coefficients given by (19)) of the even cuntral
moments, M?.n‘ of a normal distribution with variance v. We have

M0=1,

(23) M = (Zn-l)vM2

2n n-2 '
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2 L3 o4
from which it follows that M, = v, M, = 3v%, M = 15v", Mg = 105vy

945v 10395v6, and = 135135v7. Then from (22) lnd (19)
2 4

we hlve
[ 2 12 2} 2 7_.40 120 3 (1680 840 u2 3
Ezt5~tl+;v+ = -7V + T-—i- -—3-v + 4-——3—+—2—-;
hid " " i
L83 304 4284 20160 30240 5
20n 2 3 4 5 v
" " u "
665280 354400 162624 19580 12452 73 6
) 5 3 3 —1 Ten | YL
™ TT " ™ 18
523 11844 85657 116544 _ 6486480 17297280
86n . 2 k! 4 ] [
. B ™ w .m L

R 17297280)v7 +} / W___

I

¥[1+. 636620v + . 579234v + . B60060v° + , 548604v

(24) +. 539890v5 + ‘53422'3\;6 + ., 530582v7] /\/ 20+l
This function is tabuleted below for selectsd values:

Table II »
vl 0.0 | 0.2 0.5).0(1.5(2.0[3.0[4.0|6.0{8.0 {10,015 0{20.0/40.0(00.0

B0 [1. 000 |. 934|853 | 75|, 68[,63].55].49|. 42| . 37| .34|.28|,25 [.18 |, 1l

For small values of U, the approximation given by the f{irst two terms
of the expansion, . )

(25) E(t) e 1 -.3634U ,

I ke B ol
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is sufficiently accurate. For large values of U we have v .5 &nd numer-
jcal evaluation of equation (24) leads directly to -

(26) EOw® 1.132/V0

At this point we have only an asymptotic formula (24) for computing the
expected efficiency of a new test, given v . But denoting by Eo the prior

o
information in terms of equivalent efficient tests, and by E1 the efficiency

of the ith test, we have from our definition of the information after T
tests that

2
(27) lpm lp g + 2Ep/me”

Then one can show by an elamentary induction that

2 T
(28) ] a0 e L E .
T ﬂvz i=0 i
or
2 2 T
(29) ea (T)m(n/2)e”/ T E, .
p. i=0 i

Equations (21) , (24), and (29) can be used to asymptotically describe the
growth of information in sensitivity expe riments.

Of these squations, only (21) is exact, Equation (29) is asymptotically
valid as 211-.0 Ei goes to infinity, which will happen if and only if Eo
and/er T becomne arbitrarily large. Equation (24) holds asymptotically
on the J+l” test a8 2'1.0 Ei goes to infinity, in which case U goes to
gerc. But note that (24) and (29) do not give unreasonable results sven for

large values of U and for small values of E, and T. Thus we shall
attempt to draw tentative conclusions even in %hq latter cases.
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In the {ollowing example we see how slowly the individual test effi-
ciencies increase in the course of & purely sequential sensitivity experi.

ment. Note that we never have to specify the individual test levels in this
line of reasoning, :

2 2
E’famgle. It Ej» .IOLtheg !rgm(z9). ca(o)'- 15, 7le K From (2l),
U~15,71, and from (24), El~ 275, Continuing in this manner, wo have
2 2 ‘ h
Q'n (1)~ 4119‘ i

U~ 4.19, Ez., L 486,

U~ 1,82, E, ~ 647,

(#3)

U~ 1, 042, i,‘.. , 748,

Uw 696, E, ~ ,8ll,

5

U~ . 512, E6...851,
U ~ . 401, 'z':7~.a7s,
U~ .328, E o 899,
U~ 276, Bgm .9l ste,

The above asymptotic theory has been tested by means of a computer
program for simulating sensitivity experiménts. The -’,m. ofeh given

by this thaory is much more realistic than the value (n/2)¢ /T but still
sometimes conservative by a factor of three, oy
Block-Seguential Designs. Now let us introduce the notion of a "block
sequential'' design, in which each block of tests is planned after all
previous test results have been analyeed, ‘To "stage’ such an experiment
means to assign sample sizes to each of & given number of blocks, given
the total sample size T, The '"optimum' stagingofa block-sequential
sensitivity experiment is that staging which produces the greatest expectad
gain in information. Using the asymptotic methodology derived above, we

e i A L
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have computed a table of optimum stagins for 2-block sensitivity experi-
ments for total sample sizes up to 34 and for two different amounts of
prior information,

Table 111

Sampile Size of
Tirst Block

Sizes for which 0
the Given First
Block is

COptimum E =2,00//2-3|4-6[7-10(11-14 (1519 (20.25 |26-31 |32.3¢4

Total Sample g . 05 l12.3 |47 |8-11 {12215 [16-19 |20-24'{25-29 {30-34-

For example, if 13 tests permitted were specified at the particular combi.
nation of regression variables under consideration, the optimum 2-bleck
design would call for 4 tests in the first block and 9 tests in the second,
over the given range of values of EO. '

It is fortunate that the above resultsa are relatively independent of E
because this parameter is in practice very difficult to evaluate., For
example, if our prior density on u is uniform in [A,B], then

Ol

oé (0) = (B-A)%12.

But to compute

E,® (n/2)¢ Z/UE (0) ,

we must know ¢ 2, and such information is almost always unavailable,

Results of the type given in Table Il are not comgpletely r(goroul
even for large values of E. and/or T, since we compute expected
information in the sacond stage as a function of expected information in
the first stage, rather than in terms of the distribution of this informa-
tion. But the results are all plausible and of practical value precisely
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: because they are similar for ¥ = D2 2n2 E) = 2.30. In addition,

, the optimum block sizes azre obviously right for a total sample size of
; --tWo, and the fraction in the first block decreases relatively lmoothly u
the total sample size increases, '

It should be noted in passing that the above machinery permits us for -
the first time to characterise exreriments in which the stress variable -
has an independent "'setting' error, such as the projectile velocity in
projectile penetration tests, Let Ehil setting error be normally distrib-
uted with mean 0 and variance L Then the only change in the above

formulae is in the ecxpression for ,U, which is now.

I .V A
Example: Let cz . Zc'z. Then the uymptotic |!£ichacv o! lvcnl

purely sequential duign in this case is only 63%, since U~ 2 (lu lelo
1), . .
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FACTORS AFFECTING SENSITIVITY TESTING

Jamea R. Kniss, and Warren S. Wenger
Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

INTRODUCTION., Sensitivity testing is frequentiy utilized by the army
in evaluating the sensitivity and consequently the reliability ¢f percussion
primers., Since such primers are used rather extensively in nuclear
warheads, missiles and conventional munition systems, their functioning
characteristics {requertly have an important bearing on the reliability
of these systems. However, knowledge of these characteristics of the
primers and consequently of their reliability under varying temperature
and impact conditions is often rather limited,

In & recent study involving the reliabllity cf a nucleaz weapon system,
the effect of temperature and firing pin impact velocity on the reliability
of initiation of a primer became of interest. This problem arcsc as a
result of the procedures currently being used to test the system in which
a particular type of primer is used, These procedures do not include &
test of the primer itself, but the firing pin which initiates the primer is
tested to determine whether the kinetic energy produced equals or sxcesds
a specified level of kinetic energy. The test results thus far obtained
indicate that the level of kinetic energy specified is not compatible with
the sensitivity of the primezs. For, although & considerable number of
firing pins have failed to produce the specified level of kinetic energy,
in subsequent tests none of them hay failed to {ire & primer. Further.
more, the results of the primer testing that has been done indicate that
the required kinetic energy is dependent upon the temperature of the
primer, It has also been suggested that the sensitivity of the primers
might not be a function of kinetic energy alone, but might alsoc be & func-
tion of the impact velocity of the firing pin. If this relationship does
exist then any primer test fixture should be designed to simulate the
stroke velocity of the {iring pin normally uced to detonate that type of
primer.

As a result of the questions that arose {rom this testing problem, a
test was designed that would (1) measure the sensitivity of the primers
under standard conditions, (2) determine the effect of strike velocity upon
the kinetic energy required to function the primer, and (3) determine the
effect of temperature upon the kinetic energy required to function the
primer,
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DISCUSSION OF TEST DESIGN. The test was to be conducted using
the Bruceton Up-and-Down method of sensitivity testing. This method has
been used for years, primarily in evaluating the quality or changes in
qual ity of conventional primers, However, no racord could be found of
any test conducted whare .ne strike velocity and temperature effects were
investigated, Most past tests were conducted at ambisnt temperature and
e single weight ball was dropped throughout, The height at which 50% of
the primers would function was estimated along with the variability fn -
this height. The results were used primarily to detect trends due to age

and to detect lot-to-lot variability.

e R Dl

S

For this test the conventional procedures were modified in that four -
= different weight balls and four different conditioning temperatures were

! used, A conventional type primer (the MK2A4) was used since the primar
in question was not available and the MK2A4 is of a similar type. The
primers were tested nccording to thc follqwlng dutin' :

, Btll Weight (ox.)
| 48 12 16

L e cw o e R
X2 *r2z ¥z R
Xau ' ' '
] 2% x . ‘ .
212
(: x 1] L] 1
:
g Temp. (°F) .20 x311 _ , .
312
; X . . X
41 441
- x ' ' X
a2 442

R e S S

Where the x's represent the drop height at which 50% of the kth
sample of primers conditioned at the ith tamperature and using the jth
ball weight will function. However, it is obvious that the drop height
will be affected by ball weight; and, of course, we are not interested in

this obvious relationehip.
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In order to obtain the relationship in which we are interssted, it will
he nacasaary tn convert thees drep heoights (0 Rinetic Siciyy using ihe

following transiormation
Tk T Witk

where w, is the ball weight in ounces and yijk is kinetic energy in inch-

J

ounces, The kinetic energy obteined will be a function of the sensitivity
of the primer and should be unaffected by the strike velocity or temper-
ature if theuec factors are indecd insignificant. '

It is, therefors, possible to hypothesize that if kinetic energy is the
only factor affecting the sensitivity of the primer the analysis of the
data should reveal no significant effects due to either temperature or
ball weight, Should ball weight affect the required energy, it could be
further hypothesized that this difference is due to the impact velocity of
the firing pin,

At {irst glance the above design would suggest that a simple two-way
classification of variables should be pezrformed. -Howaver, it was sus-
pected (and later confirmed) that the homogeniety of variances assumption
which is necessary for this type cf analysis might not be met. .

Thie lack of homogeniety becomes intuitively obvious when it is
considered that the change in kinetic energy per unit change i{n drop
height is greater for the heavy ball, This would imply that the lighter
balls yield better estimates of drop heights and consequently the varis
ability associated with such estimates will be samaller for lighter balls,

1f the data were analysed as it is, erronecus results might be
obtained as to the significance of the main effects as well as of any
interaction that might exist between ball weight and temperature,

It was, therefore, plannad to break the results down and {irst work
with ball weight vs, kinetic energy at each level of temperature,

This, of course, does not solve the problem of the lack of homo-
genlety, and it is necessary fto correct for this condition before progress-
ing further. This may be accomplished by computing the within cell
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variation for each ball weight and attempting to obtain the standard devia-
tion as a function of required kinetic energy over columns, (ball weights)
1.e.

if we can obtain a relation ¢ = f(j)
1 .

then f + du 18 an appropriate
r ) pe pprop

transformation that will transform the data so that the variability will
be independent of the ball weight,

It is now possible to determine the relationship of ball weight to
kinetic energy throughthe use of a simple least square analysis per-
formed on the transformed data. However, it should be understood that
the transformed data should be used only for purposes uf significance
testing and that the actual relationships should be represented by the
un-transformed data, ,

It must be determined whether this relationship differs for each or
any of the temperatures, If it does differ, is the difference only in
intercept, only in slope, or in both intercept and slope? If it differs only
in intercept the differences are constants over ball weight and all the
data may be corrected back to ambient temperature sc that a final rela-
tionship may be represented at ambient temperature (or at any other
tem]:euture within the range of the test that may be of interest). If
the' ‘relationship differs in slope, an interaction between ternperature
and ball weight is indicated, and the relationship will necesasarily be
represented for edch temperature or range of tempezratures over which
the slopes are homogeneous.

In any case & final representation of required kinetic enexgy (to
function 850% of the primers) will be obtained and will be of the form
E =a+bdbw+cwd +,,, (since a simple least square fit is being used),
However, the relationship of kinetic energy (E) to strike velocity is of
primary interest; and, therefore, the ball weight (w) in the above equa-
tion must be converted to strike velocity (v).

This may easily be done since a direct relationship exiats between
weight and velocity for any free falling body (neglecting air resistance,
etc.). For example, assuming 2 lincar relationship between required
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energy and ball weight, the relationship between required energy and strike
velocity mayv be obtainad as fallaws:

Given the }éllition:
(1) E=a+bw
and the equations for free falling bodies:
(2) s =(1/2)gt?
(3) v=gt
(4) E=WS
where E -dEnergy (in.-oz.)
a,b = constants
S = Drop height (in.)
g = acceleration of gravity (384 in, /sec. z)
t a time (sec.)
V = Strick Velocity (in. /sec.)

Solving equatien (2) for t: t = v 28/ substituting this value for ¢t in (3):

Vaegteg/2S/g = V2gs
then substituting for S: S = E/W gives
(8) Vv = VZgE/W
and solving (58) for W: W= ZgE/Vz
finally substituting in (1) and solving for E

Eza+b (ZgE/Vz)
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gives R
a VZ
(6) E = 5 , the desired relation . ol
V' -2bg —
. \d
The final relationship of kinetic energy to temperature may be
obtained in a similar manner. However, in this case there is no reason .
to believe that the variances will not te homogeneous.
DISCUSSION OF TEST RESULTS. Inorder to conduct this test, 32
samples o. MK2A4 primere were fired, each sample being comprised
of 40 primers. Using the Bruceton up and down method, the 32 sstimates
of 50% points were aa follows for each combination of temperature and
ball weight used: o
50% Points (in inches)
Computed frem Up and Down Tests*
of Primey, Percussion, Mk2A4
Approximate Ball Weight (o2)
4 8 12 16
70° 8.7500 5.3289 31378 2.4375
Temp. (°F) 9. 4167 5.4250 3.7829  3.0329 y
25°  9.7361 4.8289 3.8461 2,618
9.4342 5.2500 3. 6591 3.1128%
-20° 10,0000 5,5395 . 3.54l7 2.7875
9.5000 5, 6310 3.4934 3.112%
-65°  9,8000  5.4868  3,9500  3,1000 .

10,0109 5.5500 3. 6500 3.4539

*A sample of 40 primers was used for each of the 32 tests.

Obviously therc is a correlation between ball weight and the 50%
points of drop height. But, of ccuree, this is not very useful,

To get a meaningful basis for comparison, these heights were
converted to the equivalent values of kinetic energy by multiplying each
height by the corresponding ball weight (exact). Therefore, all further
analyses were performed usingthe following values of kinetic energy:

3
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Kinetic Energy (in, -o0z2.)
for above 50% Points

Appruximaie Dall Weignt (o0z)

4 8 12 16
70° 34,5562 42,4163 39,6570 39,7800

37,1892 43,1813 47.8146 49. 4969

25° 38,4506 38.4365 44,8216 42. 62406

37.2583 41,7883 46,2498 50,7960

(o]

Temp. (°F) 540 39,4928 44,0926 44,7659 45,4920
37,5182 44,8210 44,1555 50,7960

-65° 38,7029 43,6732 49.9267 50,5920

39, 5358 44,1762 46.1348 56, 3676

Since we suspected that the variances within ball weightas might not
be homogeneous, the individual cell variances were calculated and tested
for homogeneity. This test not only confirmed our suspicions, but
indicated a rahter acute case of non-homogeneity.

Further investigation showed that the relation between the standard
deviation and ball weight could be satisfactorily represented by & func-
tion of the form o = a + bx. And the required transformation, to
correct for the observad non-homogeneity was found to be y = 2, 63 in
(-13.8 + ,38x) i, e. by substituting the E,, *bove for x in this equation we
obtained Yijk with homogeneous variances.

Having obtained these y's, we could then proceed to ''determine'' the
relationship between ball weight and kinetic energy for each of the four
test temperatures. A graphical representation of these relationships,
together with the data from which they were derived, i{s given in Figure I.

The dots, of course, represent the daca points and the lines the

linear relationship derived .rom these points using Least squares methods.

Tests, using the transformed data (variances homogeneous), showed the
slopes of these lines to be significantly different from zero,i e, , the 50%
points of kinetic energy are a function of the ball weight used.

B L L e
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Visual comparison (see Figure II) indicated and a test confirmed that
the slopes of these lines did not differ significantly, i.e., there was no
reason to believe that the difference in the 50% point resulting from a
given difference in ball weight varied with temperature. Or, to state it
differently, the results of our analysis did not contradict the hypothesis
that the difference in the 50% point resulting from a given difference in
ball weight is independent of temperature.

If we accept this hypothesis, it follows that a better estimate of the
effect of ball weight on the 50% point of kinetic energy should be obtained
by "correcting' the data for temperature and then using the resulting (32)
points to obtain a single relationship. This was done, and we obtained the
equation K. E. = 33,51 +.81W as our best estimate of the relationship

between kinetic energy and ball weight at amblent temperature (see Figure
11I).

We then obtained the desired relationship, between Strike Velocity
and Kinetic Energy, by inserting the values of a2 and b from the above
equation (a = 33.51, b = 0. 81) into equation (6),. . - :'. This relation-
ship w25 determined to be: E = 33.51 VZ/(V - 620 28) Figure IV
shows a graphical representation of this relationship and the points
obtained for each of the 32 samples. The velocity and kinetic energy

values used in plotting the points shown were ''corrected' for temperature.

The data was also analyzed to determine the relationship between
the 50% points of kinetic energy and temperature. As before, the cell
variances were tested for homogeneity, this time they passed, i.e.,
no evidence of non-homogeneity was found.

We could, therefore, proceed to determine the relationship between
temperature and kinetic energy.

Apgain using least squares methods, we obtained the relationships
(see Figure V) between the 50% points of kinetic energy and tempera-
ture for each ball weight. (Comparison between points for 4 oz. and
16 oz. makes it apparent why the test inthe first case indicated non-
homogeneity of variances.)

Comparison of the slopes (Figure VI) confirmed that they did not
differ significantly. Thus again a better estimate of the effect of

o
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temperature on the 50% points of kinetic energy should be obtained by
'"eorrecting' the data for ball weight and using the resulting (32) nnints
to obtain a mingle relationship, This was done (with data '"corrected' to
16 oz, ) and we obtained K.E. = 48,375 - . 012 t as ouxr best estimate of
the relationship botween kinetic energy and temperature (see Figure VII).

To summarize; We found that, or the MkZA4 Primer, both tampera-
ture and strike velocity had a significant effect on the 50% point of kinetic
energy, i.e., the kinetic energy required to fire 50% of the primers is

a function of the temperature of the primers and the strike velocity of
the firing pin as well as of the sensitivity of the primer,

While only the Mk2A4 primer was tested, we would expect similar
results for other percussion primers. (If we had reason to believe
otherwise we would not have used the Mk2A4 for this test),

Therefore, we feel, these results indicate the desirability of
considering the effect of primer temperature and firing pin strike
velocity on the kinstic energy required by other primers to assure
rveliable performance. Also, the desirability in testing primers of
simulating the strike velocity of the firing pin normally uud to dotomu
the primer is indicated,

Further, one might infer that investigation of the effect of strike
velocity should be considered for sensitivity testing in general,
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A COMPARISON OF RECONNAISSANCE TECHNIQUES
FOR LIGHT OBSERVATION HELICOPTERS AND A
GROUND SCOUT PLATOON

Harrison N. Hoppes, Barry M. Kibel, and Arthur R. Woods
Research Analysis Corporation, McLean, Virginia

INTRODUGTION. The Field Experiments Division of RAC is attempt-
ing to provide timely soiutiona to current Army problems involving tactics
and doctrine. A major portion of the Dwu;on’l field activities have dealt
with helicopter operations. 12,345 During July 1963 a research
team from the Field Experiments Division conducted a two-sided, {ree-
play field study with the 2nd Squadron, 4th Cav, 4th Armored Division
to evaluate several techniques of helicopter reconnaissance. The results
of that atudy were presented at the 9th Conference on the Design of Experi-
ments in the paper "An Analysis of Helicopter Reconnaiesance Technigues.

In November 1963, the Study's Project Advisery Group requested
that a winter-phase investigation be carried out. The winter-phase s
venture measured the reconnaissance effectiveness of helicopters employ-
ing three reconnaissance tactics and compared the best of these tactics N
with the performance of & platoon of Mll4Al Command and Reconnaissance
Vehicles.

This paper describes the experimental design employed in the winter-
phase investigation, summarizes the results obtained, and presenta a
brief statement of the study's conclusions and recommendations.

EXPERIMENTAL DESIGN. The experimental design is summarized
in Table l. As i{s indicated the three helicopter reconnaissance techniques
studied were: (1) "high, "-~flying at treetop level and maximum aircraft
speed, (2) '"low with pop up, ''--nap-of-the-earth flight with emphasis
placed on clearing an area befcre entering by popping up behind terrain
masks, and (3) "low with dismount, ''--nap-of-the-earth flight allowing
the helicopter pilot to land and dismount an observer with binoculars,
Single OH-13 helicopters, the veh e currently used by the light-scout
section of the air cavalary troop, were employed on all helicopter
missione,
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b

Winter-Phase Experimental Runs

Number of Runw For: Ground Recon-
Ground Helicopter Tactic naissance Total
Employment High Low/Pop-Up Low/Dismount Platoon Runs
Stationary 4 4 4 4 16
Moving 4 4 4 4 16
8 8 8 v 8 32

The ground reconnaissance platoon generally consisted of five M1l4 Al
scout vehicles, Usuully the platoon leader divided the designated area or
route into two sectors and coordinated the a tivity of the pairs of scouts
operating in each sector, In performing their assigned mission, scout
vehicle commanders frequently sent crew members forward on foot in much
the same manner as hslicopter pilots employed dismounted obsarvers,

Like the companion study conducted during July 1963, the winter-phase
investigation allowed scout elements complete freedom in determining
pathe of reconnaissance and time required to complete the assigned mis-
sion. Helicopter pilots were constrained only by the reconnaissance
tactic they were instructed to employ; no restrictions whatsoever were
placed on the ground reconnaissance platuon, Scenarios were designed
to be tactically realiatic and still permit experimental control.

Reconnaissance missions were conducted against static and fluid
targets. Scout elements periormed area reconnaissance missions against
stationary target complexes and route reconnaissance missions against
fluid targets. On vach area reconnaissance mission scout elements
reconnoitered against two target complexes, positioned to guard key ter-
rain features and likely avenues of approach; each target complex con-
sisted of one Mll3 AFC and one or two Mll4Al's. On route reconnais-
sance missions target vehicles generally consisted of two Mlll's
simulating the point of an armor column and three or four Mll4Al's pro-
viding route security, Target vehicles were mouited with gun cameras
and event sequence recorders., Vehicle commanders were instructed to
engage all reconnaissance elements acquired. Scout elements, on the
other hand, were told to breuk contact whenever an enemy vehicle was

acquired.
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Throughout the paper the term ''stationary runs'' refers tc those exper-
imental runs involving stationary target complexes and ''moving ruas' to
those involving fluid ground targets. Similarly, the term ''target vehicle"
is used to refer to the ground vehicles against which scout elements
reconnoitered:; it is never used to refer to reconnaissance vehicles taken
under fire.

RESULTS., The winter-phase experimental design discussed above
was successfully fulfilled between 20 January and 6 February 1964, A
winter environment with snow cover, ground haze, and gray overcast was
present on all days of field activity except Februarv 5, 6.

Data, obtained from event sequence recorders and gun cameras
mounted on target vehicles and {rom reconnaissance element sightings
reported to a central control point, were analvzed using atatistical tech-
niques. Major emphasis wes placed on comparing (1) the performance
of helicopters vs ground scout teams, (2) the desirability of flying low/
dismount vs high vs low/pop~up, and (3) the eifects of reconnocitering
against stationary vs fluid target complexes. The basic statistical tech-
nique used in making these comparisons was the analysis of variance;
other common statistical techniques employed were t tests and chi-square
tests.

Analyzing the results of two-sided, free-play experiments conducted
in sector is often quite difficult, Frequently the outcomes of a given
situation differ widely and the number of replications is small, At times
experimental variables cannot be controlled as closely as is statistically
desirable if troops and equipment are to be utilized when they are avail-
able. As a result, no attenipt was rnade to analyze the experimental data
in a rigovous manner. The statistical analyses did, however, provide
an orderly framework for studying the large amount of data generated
during the experiment.

Multiple measures of effectiveness were used in analysing the experi-
mental data. It was felt that no single measure could adequately consider
all facets of the reconnaissance mission. Among the most important
measures were those dealing with acquisitions, firings, and length of
time required for mission completion. These included: (1) the percent
of available targets acquired by reconnaissance elements, (2) the percent
of ground targets acquiring at least one reconnaissance element, (3)
the total number of times reconnaissance elements were detected, (4) the

——
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number ol tLngs riconn2iseances alamants and ground targets saw sach other
first, (5) the average length of interacquisition advantages scored, (6) the
percent of the time the reconnaissance element was heard before it was
seen, (7) the average lay time against scout elements (&) the percent of
reconnaissance elements acquired that were taken under fire by ground
target vehicles, (9) the total number of individual weapon firings at
reconnaissance elements (10) the number of simulated rounds fired at
scout elements, and (l1) the time required to complete reconnaissance
missions. Each of these measures has its merits and its limitations, By
considering a variety of measures the relative ability of reconnaissance
elements to acquire targets, avoid destruction, and provide timely infor-~
mation can be estimated,.

Summary data concarning thesc measures are shown in Tables 2-4.
From these data it can be seen that:

l. Helicopters acquired about 60 percent of the available ground
targets regardless of the reconnaissance technique employed. Based
on the percent of ground targets acquiring a helicopter, the total number
of times helicopters were detected, and the net number of acquisition
advantages scored against helicopters, the low/dismount tactic was
superior to the other two helicopter tactics examined.

2. Based on the number of firings and number of rounde simulated
against helicopters, pilots employing the low/dismount tactic also out-
performed those using the high and the low/pop-up tactics.

3, On the average it roquired 10 minutes to complete missions flying
at treetop level and maximum OH-13 speed, Low/pop-up missions lasted
twice this long and low/dismount missions 34 times as long,

4. The acquisition performance of a single OH-13 helicopter wan
quite similar to the performance of a platoon of five M114Al scout vehicles,
Both acquired about the same percent of available targets and both had
8 net acquisition advantages scored against them., Only according to one
acquisition measure did low/dismount helicopters and the ground scout
platoon differ widely; helicopters employing the dismount tactic were
acquired audibly before they were seen 23 percent of the time compared
with only 3 percent of the time for ground scouts.

i
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5. On stationary runs the acqulsillon and IiTing measures iisisd in
Table 2 indicated that the ground reconnaissance platoon outperformed
the single OH-13 helicopter flying the dismount tactic. . On moving runs,
however, the low/dismount helicopter tactic was mere efiective than the
gzound scout vehicles,

6. Intermas of all 1l performance measures summarized in Table 3,
reconnaissance elements were more effective against the fluid target com-
piex than against the stationary ground complexes studiead. Many of the
cbserved differences were quite large. For example, about twice as
many acquisitions were made by staticnary ground vehicles as by fluid
vehicles, about 2§ times as many acquisition advantages were scored
by stationary target vehicles as by moving targets, the mean interacqui-
sition advantage against scout elements was twice as long for static units
as for fluid, and over three times as many simulated rounds were fired
by stationary vehicles as by moving vehicles.

CONCLUSIONS . . Based on the summary data presentsd in Tables 2-4
and on the more detailed statistical analyses conduced for each effective-
ness measure, it was concluded that in a winter snvironment againat
targets of the type studied:

1. The low/dismount tactic is more effective than the tactica of
flying high or nap-of-the-earth with pop up.

2. The overall effectiveness of a platoon of MI14Al scout vehicles
is similar to that of a single OH-13 helicopter employing the nap-of-the
earth with dismount tactic. The ground scout platoon was more effective
on the stationary runs and the helicopter dismount tactic on the moving
runs,

3. The periormance of both helicopters and ground scouts was
significantly better against fluid vehicles with a movement mission than
against stationary target complexes,

RECOMMENDATIONS. If it 18 decided to employ either a ground
scout platoon or helicopters on winter-time reconnaissance misaions in
terrain similar to the type studied, it is recommended that:

e e et . e T et e Ao
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b :
! X 1. Ground scouts be used against suspected stationary targets it time . o
permits. If time does not permit, the helicopter tactic of low/dismount I ;;4

is suggested. ' ‘r ' ':i’

2, In reconnoitering against a fluid enemy, helicopters using the . G :

dismount tactic should be employed, *
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A STUDY OF PROBABILITY ASPECTS OF A
SIMULTANEOQUS SHOCK WAVE PROBLEM

A method of solving probabilistic problems without a computer.

Edward C. Hecht
Picatinny Arsenal, Dover, New Jersey

I am going to present a procedure for the rapid solution by desk cal-
culator of an involved probabilistic problem., Figurel is a sample
computation, showing all the paperwork necessary for one solution. The
first two and the last of even these few columns are identical for every
computation of this sort.

Unfortunately, although characteristically, the svolution of the simple
tool requires a long explanation. I have made up a problem as a vehicle
for the explanation, and 1 hope you will bear with me as I toil through it,

In & certain classified ordnance application, two HE weapons are de-
tonated, and it is a matter of concern whether the shock waves {rom the
explosives arrive at a point between them simultanecusly and before the
occurrence of a particular event at the intermediate point.

Speaking generally, we have three events, each with its own distrib.
ution in time, and we want to find the probability associated with certain
spacings and orders of occurrence of the events,

Calling the locations of the two weapons and the intermediate point
A, C, and B, respectively, ays illustrated in figure 2,

A B C

the problem is to determine the probability of arrival of shock waves from
A and C at B simultaneously and before the cccurrence of an event at B
(called hereafter event B), Simultaneous is defined arbitrarily as within
100 micro-seconds, The expected times of the detonation and event B may
be the same or different in some ordered manner.

For visualization purposes, it may be considered that the interaction
efiects of the two shock fronts are to be photographed using a Schlieren
technique. The shock waves must meet within the brief angle covered
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624 : Design of Experiments

by the camera. The camera's film supply is limited; and event B is the
start of film exposure. The 100-microsecond simultaneity period is the
time within which the interaction is within the narrow range of the camera.
This is not the real problem, but a hypothetical problem that I have
invented, since the true problem is classified. I want to emphasize that

it is the general method of solution, rather than the problem, that I want
to present. To make the problem fit the solution, system failure must be
thought of as coincidence of the shock waves at B but before the film has
started running. -

This paper will develop a procedure for detarmining the probability
of system failure given the expected times of the detonation of the HE
weapons, the expected time of event B, and the probability distribution
of these times. ' :

- In the situation in which this problem arose, it was necessary to find
a solution because the probability of the shock waves arriving at B
simultaneously and before event B occurred was required to be very
small, of the order of 0. 001, while the variability of some o the proposed
detonators and other components was of the same order as the shock
wave travel time from A or C to B. It was necessary to find whether such
variability could be tolerated, and, if not, how tight the dispersion had to
be. In order to aid the required design decisions, it seemed desirable to
get the results in the parameterized form of a plot of system sigma versus
probability for selected shock wave travel times.

As a matter of personal preference, I looked for a desk calculator
solution, which might later be programmed for computer.

In its simplest form, which I will discuss first, the problem has A
and C equidistant from B, so that the shock wave travel times are aqual,
and all events will be expected to be absolutely simultaneous.

The problem requires finding, for every infinitessimal interval of
time, the differential probability of system failure, which is the product
of three probabilities -- the probability that A detonates within that
infinitessimal interval; the probability that C detonates within 100 micro-
seconds of the interval; and the probability that B has not occurred one
shock wave travel time later than that interval. Integrating the product
of these probabilities over all time gives us the total probability of
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Design of Experiments 625

system failure, For the example used, the probability distributions af

the event times were all taken as normal and the standard deviations as
equal for A and C; but these assumptions are not necessary to apply the
general method of solution,

Now ]I will put the problem in more general terms. In any infinitessi-
mal period of time., dt, at a time t', the probability of system failure
is the compound probability that event A has happened & constant, pre-
dictable time earlier than t', that event C has happened within a stated
small interval about a constant, predictable time earlier thant', and
that event B has not yet happened at time t'. The constant, predictable
times are the shock wave travel times from A and C to B, which may or
may not be equal in the general case; and the stated small interval is the
simultaneity period, which must be small enough relative to the travel
times that events cccurring within it may be considered simultaneous.

Integrating this compound probability over all time yields the total
probability of system failure,

Aws illustrated in figure 3, we will call the timee of occurrence of
events, A, B, and C, ty tB' and tc. and the p"robability dil_ti'ibutionn

of these ev'entl, P(t, 2t), P(tB >t), and 15'(1:C 2 t). The shock wave

A
travel time depends largely onthe travel distance and on the amount of
explosive involved, and is considered to be conatant, We will call the
travel times from A to B and from C to B, tAB and tCB' The short

period within which shock wave arrival is considered simultaneous, we
will call & .

Starting with the probability distributicns of the times of events
A, B, and C, each of which has somewhat of the appearance of the top
curve of figure 4, we proceed as follows to find the probability of
systermn failure.

For convenience in notation and in thinking about the problem, we
will tie our general time frame to the time irame of event A, This poses
no difficulty since the expected times of events A, B, and C are known;
and we would, in any event, have uted one of these {ixed times as the
origin of the general time system,
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k For a system failure to occur at time t', then, t'= N AB Also, ,'
for the necessary simultanaity, t c must occcur withinthe puiod Atnd

- {',“Iifvv“

: later than t, by the difference between their traveltimes to B; or, in
: L mathematical language, a8 it is written on the figure 3. (Of course, it
' is an algebraic 'later' and, if tAB'tCB is negative in sign, tc must

occur earlier in time than th for simultaneity of shock wave arrival at -~
B.) _ P

Finally, for system failure, when the simultaneous shock wave
z arrives at B at time t', event B must not have occurred. Therefore, -
g tB > tA + tAB'
ey
£ The probability that event A occurs within any differential period of
%’- time, dt, is d P (1:A > t). This differential probability must be multiplied
4

by the probability that avent C occurs in an interval, A, 'AB"CB later

thandt, P(t, 46,5 ~top-0< toctytt,paton+ a ) R

The product muast further be multiplidd by the probability that event
B occurs aftert', P (t 2t, AB) Integrating this final product over

all P (t 2t is oquivalent to integrating over all t, since P (t >t is »

a single valued function of t.

The probability that C occurs within the simultaneity interval of any
time t is obtained from the probability distribution of the times of event
C. In the case of normal distributions, this is easy to do,

ot d s PEE TR Y LR v S i
13

The curve of this function versus t has the general form of the bot-
tom curve of figure 4. Then the probability distribution, P (1:B 2 t) versus

t s modified to P (tB “thp 2 t) versus t.

These two functions of t are multiplied together to get P (tB - tABEt)‘

P(t+t Aty <ttt -tCB+A)vcuu|t.

AB " ‘cB AB
Since P (tA 2 t) is a single valued function of t, values of this proba-

bility can be substitued for values of t to get a plot of P (tB “tap2 t)

R

P s
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| times Pt +t._ -t _-A<ct <€t+t. -t__ e DA dlvarsuaP(e » )
) AD L OF -] [ ADB wvB : T A 7

(amin figure 5), The area under this last curve is;

1 A — e ——
L‘ P(zB 2t + tAB) Pt ¢ tA.B-tCB 'A‘tc <L+ 'AB - ‘CB +4) dP.(tA;t).

: and this is the probability of a system fallyre, P__. The important
| attribute of this method of solution is that this area may readily be
evaluated, without constructing the curves, by use of Simpson's Rule,

If a Simpson Rule division of the area into ten parts gives us snough
accuracy (as it well may, depending on how accurately we know the -
shapes of the distributions involved), we need only find eleven values of f
t corresponding to P (tA 2t) values of 9, 0.1, 0.2, etc., to 1,0; and two ’

of these times are plus and minus {nfinity. At these extreme times, the
simultaneity probabilities are zero. For the intermediate times, the
simultaneity probability may easily be looked up in any well-detailed
table of areas under the normal curve for the normal distributions
assumed in our example. ‘

} A sample computation has been shown in figure 1, For any computa-
tion using a 10-part Simpson Rule integration, the first two columns will

_ be the same. To get the simultaneity probabilities, it is observed that i

; A=o0.01: 7 ,i 80 that for the second time point the probability looked

up is that of being between 1,292 andL 272 standard deviations away

from the mean., For the columnoft + tAB , it it noted that tAB = lvB

A B Thensince?Ath,-t'A‘ﬁ-ku'A=—tB+(2k+1)e’B.
Having found these s equivalents, the table lock-up is easy., The next
column is the product of the third and {ifth columns. These products are
multiplied by the Simpson Rule factorse, 1, 4, 2, 4, 2, etc,; and the sum
is multiplied by the class interval of 0.1 and divided by 3 to get the value
of the integral (see figure 4), which is the answer sought, Repetition
enables the computation to be performed in about 20 minutes.

and that ¢, = 2¢

T LI

Taking expected times as equal, and at least two of the sigmas as
equal, aliows results to be plotted as in figure 6. Other conditions are
not much harder to compute, but the results are harder to present,
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Many problems besides this fictionalized and hypothetical one arc
susceptible to this technique of solution, The method is one which, with
some familiarity, enables an engineer or mathematician to solve problems
involving probability at his desk before or without submitting them for
computer solution., And, of course, it is useful for those who have no
access to a computer,
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A DATA COLLECTION PROCEDURE FOR ASSESSING NEURO-MOTOR

PERFORMANCE IN THE PRESENCE OF MISSILE WOUNDS

William H. Kirby, Jr., William Kokinakis,

Larry M, Sturdivan, and William P. Johnson -

U. S. Army Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

INTRODUCTION, While medical clinicians diagnose, treat, and judge
the sequels of injury, it is of interest to others such as those engaged in
man-task or man-machine system studies to consider the effects of injury
from additional points of view. Those concerned with the medical problems
are naturally interested in procedures and optimal treatments which pre-
vent or at least minimize the consequences of injury. Those concerned
witn man-machine system performance problems are interested, in addi-
tion, in the ability of the injured or otherwise stressed individual to per-
{orm given tasks, Common to both the clinician and the man-machine
researcher interested in injury is a need for a better understanding of
the mechanisms and responses associated with traumatic pathological
dynamics,

We are in the process of developing & methodology for describing and
agsensing anatomical and physiological pathologies associated with missile
wounds, Hopefully, we will be able to express these in terms of a set
of affectors and/or effectors such as those found in the nerve-muscle or
neuro-motor structure, The reason for this approach is that they may
serve as a common denominator for describing injury as well as for
describing the task or machine operation requirement. In this presenta-
tion wa will limit our attention to wounds caused by missiles. The type
and amount of data to be collected will probably be influenced by the
number of accident cases that enter hospitals which are accessible for
study.

This is an interdisciplinary problem area in which clinicians, engi-
neers, mathematicians and statisticians should meet. It is usually the
case that such multi-discipline representatives are faced early in the
process with certain communication problems. For example, a function
to the clinician has one meaning, but to the mathematician it has quite
another. A medical researcher may apply a Chi-Square test to a set of
data in which the statistician may insist that the application is invalid due
to the fact that the data do not conform to a normal distribution. A surgeon

A L M £ s




644 Design of Experiments

may be entirely satisfied that the maximal strength of a grasp is equal in
both hands of a patient as determined through a hand squeezing process
whereas the engineer is satisfied only if such an assessment is in
quantitative terms such as a pressure-time history. Clinicians can
really get confused whenthey attempt to understand differences between
mathematiciansd and statisticians.

DISCUSSION. Our first approach considers the body as .. system
composed of a set of clinical subsystems coordinated to maintain life
and control human performance. These clinical subsystems wili initially
be divided for convenience into a primary and secondary group. The
primary group will include the neurological, cardiovascular, respiratory,
skeletal, and muscular sybsystems. The secondary group will consist
of the gastrointestinal, genitourinary, and endocrine subsystems. While
we intend to collect some data asscciated withthe secondary group,
initially only the primary group will be considered in detail.

We attempt to describe performance in terms of a simplified set of
afferent and efferent (input-output) factors shown in Figure 1. For the
present we intend only to recognize the presence or absence of the
afferent (input) factors - vision and hearing, and the efferent (output)
factor - voice. Essentially then we have reduced our perfcrmance descrip-
tors *o the first six listed in Figure 1. Actually these descriptors are
regional subdivisions of the human body and they will be represented by the
(motor) muscles which are located in the respective regions. The neurol-
ogical or muscle activator network is distributed over these regions and
no controlled human actions occur without its activation. It was therefore
natural to choose these motor factors as a common denominator to which
all performance phenomena and subsystem changes may be related.
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Performance Factors

Performance
Symbol Efferent (Qutput) Factors
e Right upper limb
e, Left upper limb
e, Right lower limb
€, Left lower limb
e. Head and Neck
€ Trunk
e, Verbal communication
Afferent (Input) Factors
eg Visicn
e Hearing
FIGURE |

Using the above rationale we are interested in collecting data from
accidental wound cases in order todescribe, classifv, and relate
important missile cliaracteristics, clinical subsystem injuries, and
neuro-moto: periormance phenocmena,.

sive study of this type of probl
the scope of this presentation. (

Concurrently a more comprehen-

elgn is being conaidered but which is teyond

The Neuro-Motor or Effector Logic. The 'terminal' body tissue or ;

structure directly responsible for physical movements as indicated above
is muacle, Inasmuch as musclcs are innervated by specific peripheral
nerves, associated nerves and muscles have become known as ''neuro-
motor units. ' Fortunately the nerve-muscle anatomical distribution
system has been well established by anatomists in the past.

In order to demonasatrate this logic attention is directed to Figure 2 l

which {s a matrix showing the muscles and their actions in the upper

limb. This matrix could represent either of the efifectors, e, or e,
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646 Design of Experiments

since they aie symmetrical, The numbers along the abscissa are sub-
scripts of the letter "A' in which each subscript represents a specific
anatomical action as described in Appendix A. The numbers along the
ordinate are subscripts of the letter '"M'" in which each j>ubscript
represents a specific muscle also described in Appendix A. The muscles
{m., i=1,2,..., 6l) are arranged in a manner such that the lower numbers
re}gresent muscles in the shoulder and in ascending order represent
muscles in the arm, forearm, and hand.

The distribution of nerves and their contained fibers which innervate
the skeletal muscles is unique. For instance, the large number of nerve
fibers which originate from a given rource such as a particular spinal
cord segment, are dispersed into a multiplicity of branches. As if to
provide maximum reliability, many fibers from the same source reach
a2 given muscle by different pathways. On the other hand nerve fibers

from the same spinal cord level are known to innervate different muscles.

While the nerve pathways are not demonstrated here, some idea of the
nerve fiber distribution may be obtained from the left side of Figure 3,
The < (1=1,2,...8), T,, and T, represent nerve roots (large groups

of fibers) which emerge irom the designated spinal cord levels, These
are identified in Appendix A. The letter, C, refers to the cervical or
neck region and the subscripts refer to the specific locations out of
which the bundles of nexrve fibars flow, The letter, T, refers to the
thoracic or chest region. Only the {irst two thoracic nerve bundies,
T1 and TZ’ are included in Figure 3,

It is interesting to observe from this matrix that a given muscle
is innervated by nerve fibers from more than one source. Note,for
example, that M4 (pectoralis major) is innervated by nerve fibers
derived from several spinal cord segments, namely, Cs. Cb’ C.,. CB,
and T.. An important implication in conjunction with the previous com-
ments on reliability ia that if the spinal cord were severely injured at
the level of CB' muscle, M4. would not become completely paralyzed

inasmuch as it would still receive considerable innervation from fibers
above the site of injury namely, C5. C(,' and C7. I* ia alao interesting

to observe the number of muscles in the shoulder region innervated by
2 given nerve root such as CS' They include MZ’ M3, M4. M7, MlO'

M., M M MlS’ Ml6' M”, M _,and M, _.

11 12" 7713’ 18 19

———
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This multiplicity of overlap or redundancy is unique for minimizing

the effecta af injnry  Quantitatics force time reloticnships have aul Leen

eifectively established at the muscle level to allow us to assign weighting .’ i
: factors to the contributions from a rmuscle to an associated anatomical 1
; action,
' Single muscles and their respective anatomical actions combine to ~
characterize regional and joint actions. In the shoulder region, for :

instance, we think first in terms of the muscles associated with the
specific anatomical actions such as flexion, extension, abduction, and
adduction. In continuing the generalization process in this region we next
conaider the shoulder motions of rotation and circumflexion which are
derived from the same muscles acting in different co mbinations and
sequences. In applying the same notions to the hand we begin by consid-
ering the single muscles associated with finger flexion, extension, i
abduction, adducticn and opposi:ion and then combining these in ways to
account for generalized processes such as graspirg, holding, and veleas-
ing, They, of course, are associated with even more complicated
processes assoclated with performing tasks such as using a screw

driver or turning a door knob.

In brief we hope to be able to asscciate the biomechanical functions
with the natural effectors or neuro-motor factors which are responsible B
for them. One may proceed in man-task study problems in either direc-
tion, i.e., he may begin with the knowledge of basic muscular functions
and move up the scale to gross movements or he may start with a study
of the man-task process in the hope of first identifying useful gross move-
ments and work down to the acale to muscle functions,

A combined mechanical and anatomical orientation appears to have
some unique advantages for describing man-machine interaction, For 4
example, we believe that by considering the upper limb as a flexible
multi-jointed cantilever with a unique prehensile of grasping device
located at the free end, one candevelop useful methods for describing "
physical and physiological factores in relaticn to man-machine inter-
actions in ways which yield to simplification and measurement,

In our first approach to upper limb biomechanical measurements we
are using these aratomical-mechanical notions, i, e., muscle groups
associated with hand actions, joint actions, multi-joint actions, liner
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Design of Experiments 651
actions, and combinations of theae, Initially we propose to measure only
a limited number of these biomechanical or effector functions. For the
upper limb we have developed some instrumentation to measure and
record force~time histories associated with hand grasping, and flexion
and extension actions about the wrist and elbow joints. A brief explana-
tion of this instrumentation is given in Appendix B,

We extend this rationale to include the oppesite upper limb, the two
lower limbs (considering them also as multi-jointed cantilevers but in
terms of their natural anatomical-mechanical functions of weight-bearing
and ambulation), and the other effectors (head and neck, ana trunk), We
believe that this approach will result in useful descriptors for man-task/
machine interactions in a manner suitable for describing and assessing
chenges in performance due to disability regardless of causs,

CLINICAL SUBSYSTEMS. One of the reasons this problem is of
interest is that it requires investigations not made in the past. For
exarple, it is known that damage to the cardiovascular subsystem in
terms of blood loss is likely to be fatal if the value exceeds approximately
1600 ce to 1700 cc within a short period assuming no replacement, While
this i{s an important upper bound, the effect on one's &bility to perform
due to hemorrhage of lower orders has not to our knowledge been studied.
Hence it is of primary interest for us to collect hospital data on patients
who may suffer various degrees of blood loss and to measure the effects
on several representative affectors.

Damage to the respiratory subsystem may be assessed in terms of
the degree of pneumothorax, rate of 0 - CO2 exchange, or, perhaps, {n
terms of respiration rate and depth. %‘he chosen eifectors would be
measured at approximately the same time that the physiological measures
are taken,

Deacriptions of levels of damage may be more difficult for the
neurological, muscular, and skeletal subaysterms, Presently we are
only considering two levels of damage for any substructure (& muscle,
2 nerve, or a bone), nemely, none or complete. For the present we do
not expect to make special studies on the gastro-intestinal, genitourinary
and endocrine subsystems other than to observe the routine hoapital events
associated with them, Their respective blood losses ure to be considered,
however, but viewed as cardiovascular subeystem deficits,
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652 Design of Experiments

Additional measurements which are not always routine may be added
if thm rmaults nf sBome of the present research being done elsewhere on
traumatic injuries indicates {t. For example, one of us is engaged in
human shock research in which certain relations between clotting time and
levels of shock haye been generated for 30-odd humans who were in shock
due to blood loss. Interesting observations of adrenal function in
combat and wounded scldiers have been made to some extent by others,

(4) (5) These suggest possibilities for associating ''stress' levels and
periormance,

It is with these ideas in mind and the notion that feasible relationsa
between the effectors and the body's clinical subsystermns do exist that we
wish to construct useful data collecting procedures, Hopefully, early
insight {ollowing some of this data collection will allow us to get some
ideas concerning these relatione, Since we expect such potential relation-
ships to change with time as a result of injury, we believe that data
collection will have to be made at various time periods throughout the
clinical course,

Having set up these ideas as guidelines for the data collection pro-
cess, we must conaider some of the practical aspects of the problem.
It is important to review the clinical procedures used in evaluating and
treating wound cases in hospital accident rooms, operating rooms, and
recovery wards in order to appraise the available and/or recorded data
in terms of type and quantity. Ancther point of interest concerns the
logic for selecting and running certain clinical tests and not others,
There may be many cases in which certain useful clinical data could be
made available {cr specific purposes such as ours but which may not be
sought ordinarily by a clinician inasmuch as these data do not in his
judgment add any useiful information for his purposes, It is also impor-
tant to be sure that the acquisition of data from a distressed patient does
not interfere with his well-being.

Medical Records and Clinical Data. Hospital medical records
reflect traditional procedures for recording information and events
associated with the professional care and treatment of patients. While
time and space preclude any extensive discussion oi the meaningfulness
of the comprehensive clinical and laboratory data as interpreted by
physicians and/or other interested discipline representatives, a few
observations are presented,

—
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Clinicians evaluate patients, their care and theraphy, accowvding to
the description and history of the presenting complaint as well as other
pertinent past patient (and family) history, physical examination,
laboratory test results, and progress evaluations. In general clinical
information is classified either as subjective or objective information.
Subjective information is associated with. what the patient or others
tell to the examiner. Examples of this would include the patient's
interpretation of local or general muscular weakness, walking difficulty,
------ dragging toe of shoe, stumbling or falling, sphinteric disturb-
ances (inability to hold urine), changes in local or general sensation ----
fixed or radiating pain, temperature, tactile discrimination, deep sensa-
tion (muscle, bone, vibratory sense), and abnormal sweating. Objective
information concerns what the examiner learns from his own observations
such as range of limb movement, contractures, diminished size, strength
of muscles against resistance, tremors, etc. Thus, it can be seen that
except for laboratory tests and some clinical items such as blood pres-
sure, pulse rate, and the electrocardiogram, quantitative measures
are minimal in the traditional records.

Records of emergency cases are often initiated in the hospital's
accident room and accompany the patient throughout his hospital course.
A form of time history of his care, diagnosis, treatment, and progress
is recorded for permanent file. We will consider a few examples of
hospital records.

An accident room record is shown in Figure 4. This 21 year old
male's record shows very little information. This is not unusual in the
typical busy accident room. The only history and physical data recorded
in this case are blood pressure and pulse. The immediate treatments
and the results of laboratory blood tests were recorded. It is highly
likely that additional observations of blood pressure and pulse were
made with the passage of time but not entered in the record. A certain
amount of physical examination was probably performed and not recorded.
While the admission time and date were recorded, a detailed history of :
the presenting complaint is not shown. Such information might have
included appreximate time of the shooting incident, estimates of external
blood loss, and conscious or unconscious behavior of the patient until
arrival at the hospital, and ballistic factors, e.g., type and calibre of
gun, distance between firer and patient, and angle of target to firer.
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Another accident room vzcord is shown in Figure 5. This 15 year
old male with multiple gun shot wounds has much more information on
the physical examination than the previous case. Another example is
shown in Figure 6. One must judge that in this latter case the patient

was moved without delay to a ward bed for further control and treatment.

In examining a number of similar records, we believe that informa-
tion which is useful for the clinician is, for our purposes, both inexact
and insufficient. It is pot enough for us to know that '"the neurological
and extremities are negative. ' It is our opinion that we need to have
some measured data associated with the neuro-motor activity of the
effectors. For example, the prehensile or grasping function of an
upper limb although rot injured may be weakened due to a severe blood
loss in an artery located in another part of the body. Neurologists and
neurosurgeons have a variety of clinical tests which they use based on
certain known relationships in neuro-anatomy and physiology. As a
matter of interest, it has been stated that in no other branch of medicine
is it possible to build up a clinical picture so exact as to localization
of pathological conditions. (2) However, if such tests are not performed
and/or the results not recorded for patients of interest to us, possible
relations between the effectors and clinical subsystem changes are not
attainable.

It may be noted also that many classical neuro-motor tests are
not strictly quantitative as evidence by such observational descriptions
as 'partial paralysis' or '"some loss of sensation.' Conclusions
drawn from a variety of tests may vary considerable as they depend
on the judgment of different examiners and the impressions exprecsed
by patients.

In the ward the situation is quite different f{rom that found in the
accident room. Here the patient is in an environment in which physi-
cians, nurses, and technicians are available to care and control the
patient under more favorable conditions. Records are kept in much
more detail. The frequency of observations and the application of
procedures and treatments are, of course, greater when the patient is
in serious condition. Except for emergency procedures, these observa-
tions and treatments for patients under intensive care are usually per-
formed about every one of two hours. It takes this long for many
therapies to take effect.
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Whenever a patient undergoes a special procedure, operation, or,
’ if an autopsy is performed, a detailed account of the events is made which
’ becomes a part of the permanent medical record. The first detajled
: o physical examination is often not performed until the patient arrives in ‘ v
: the ward following evaluation and treatment in the accident room. Addi- ‘, R |
tional laboratory tests and special diagnostic procedures are usually
initiated after admisusion to the ward, A considerable amount of clinical
information is recorded which can be useful for our purposee. Large : % |
gaps invariably exist, however, due to reasons mentioned previously as
well as the thoroughness of the work and recording of interne and resi-
dents. Patient care is naturally oriented toward healing and care pro- '
cesses. This is to say that attention is on the progress of ths patient's
subsystems and behavior as a whole while he is in a resting state., He
is not considered as a component in a man-machine system.

A Given Wound Patient Record. In order to get an idea of some of b
: the events which may take place in an accident room and a ward, a P
! medical record of a patient admitted with a bullet would is briefly
discussed. . i

Accident Room.

! N ‘v‘ .

lst. Day: A 56 year old man was shot in the chest with a 32 Calibre _
i pistol ''at close range.' He was taken to & hospital and arrived at ; .
; 5: 36 a. m. on the day of the accident. '

agio o

ki

On admission to the accident room, the following were studied or
measured immediately and recorded:

: Blcod Pressure
: Pulse rate
Heart sounds
Breath sounds
Hemoglebin ‘
Chest X-ray

Treatment was also ordered and initiated immediately. It consisted
of a fluid replacement program according to the {ollowing sequence:
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Circulatory expander started (500 cc)
Whole blood (500 cc)

Saline {500 ce¢)

Dextrose in water (1000 cc)

The patient was also sedated and prevented from taking any fluid or food
by mouth (as a precaution in case of the need for cperation),

The remaining accident room events which occurred according to
the medical record were:

Follow-up blood pressure, pulse rate, and respiration checks at

8: 00 am, 8:25am, 9: 00 am, 10: 00 am, 12: 00 noon, 4: 00 pm and 6é: 00 pm.

The patient was admitted to the ward at 6: 30 pm.

Ward The admitting intern made the firat detailed investigation at
7: 30 pm. It is shown as follows;

Intern's Admission Note: "At 4: 00 am patient was shot by wife at
close range with a , 32 Calibre pistol. " S

Bullet entered left chest and escaped via left back.
Patient did not lose consciousness.

There was no chest pain, coughing increase, or hemoptysie (coughing
of bloed).

Physical Examination; Well developed, 'well nourished, alert,
cooperative, no distress (two?) gun shot wounds, no powder burns,

Entrance: approx. 5 mm left anterior axillary line, 8th interspace
Exit: Post axillary line, 10th interspace

Chest: Expands well bilaterally
Lungs - left posterior: basilar dullness, about 3 cm above
the base; tactile fremitus (a vibration imparted to the hand
placed on the chest) somewhat impaired left posterior base.

4
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- - “mmfr oA
DIi00Q r“rTeasure,; LeV/ 0V = NO MUImurs 1

Abdomen: Slightly distended
Generalized superficial tenderness

") e .

Neurological and Extremities - negative ' o *

1) gunshot wound, left chest

2) left hemcthorax

3) rule out perforated bowel or spleen

4) Cardiac arrythmia - bigemini (paired pulse beats)

Impressions:

(
(
(
(

Additional medications were given at 8: 00 pm.

e iy vt

§ e

2nd. Day: Throughout the second day the following vital signs were
observed every hour,

Blood pressure
: i ' Pulse rate
Respiration rate :
Temperature ‘

P ! Nourishment was still given by intravenous fluids.

3rd, Day: Vital signs were cbserved svery four hours instead of
§ ' the hourly schedule of the previous day, A liquid diet wam prescribed in
t : place of the intravenous {fluids,

After three more days the patient was placed on routine care., Except
for a thoracentisis (extraction of fluid from the chest cavity via needle
and syringe) on the 8th, hospital day (250 cc of bloody fluid was removed),
the patient recovered and was discharged on the 12th, day,

Inasmuch a8 no operating room procedures were required, there ; ‘
‘ was no opportunity to get a pathological description of the internal path

: of the bullet. In operative cases wound tract descriptions are usually

i available in varying amounts of detail. In many instances some estimates

of hematoma (t1apped blood) volume, degree of bone fracture, and other

gross abnormalities are noted in the operating room reports., In some

cases, missiles or misaile fragments are removed whereas in others
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the additional risk associated with the removal process is such that the
fragment(s) are left in the body, X-ray studies, of course, are mforma.-
tive in such cases.

In this case the calibre of the gun was known and some indication
of distance between gun and target was given. Occasionally additional
information is given which is quite 1mportant such as an account of the
patient's response following the woundmg process (e.g., 'the patient
ran to the doorway and down the steps before fainting, " "the patient
screamed and fell to the floor unconscmus " etc.). Estimates of
blood loss, if noticed, and elapsed time between the shooting incident
and arrival at the hospital accident room are of basic interest to us.

From a cursory review of medical records concerning missile
wounds, one is 1mpressed with the fact that the large majority of such
cases are non-lethal. In survival records it is observed that patient . .
handling, treatments and control vary considerably depending on the
case. However, the general care patterns do not appear to be radically
iy different. The type and amount of data recorded on the other hand

varies widely. Lethal cases, of course, usually have an autopsy report
providing one was permitted by next of kin or ordered by a medical
examiner.

et

Remarks on Hospital Medical Records. In brief several points
couscerning information and medical records for patients entering the
hospital with gunshot wounds are presented.

1. There is considerable variation in type and content of
reported information. This is particularly so in the accident room
portion of the record.

2. While it may be assumed that a multitude of observations
on a patient's subsystems, appearance, manner of behavior, speech,
etc., are made by clinicians which may influence diagnosis, treatment,
and control decisions, such information is not usually so extensively
recorded.

3. Patient information is difficult to handle and retrieve
inasmuch as it is not organized according to subsystem variables over
time. Some of the measures which are considered as standard include
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vital signs such as temperature, blood pressure, pulse rate, and respira-
tion rate. These are usually plotted on graph paper by the nurses. Clini-
cal descriptions and observations are often matters of judgment which do
not yield to measurement under present state-of-the-art.

4. Facts and observations pertaining to shooting incidents and
especially anatomical, physiological, and psychological events which
occur between the incident and arrival at the hospital are usually very
brief when included.

5. What is or is not recorded probably depends on the amount
of training, experience, and judgment of the respective hospital staffs
and residents.

6. Usually no psychological or psychiatric examinations are
made on patients suffering from missile trauma. However, this is not
done as a routine on traumatized patients in general.

Proposed Data Collection. We have described what we wish to do,
a method for going about it, the type of data we think we need as a first
approximation, and the entent of its awilability in the (emergency) hospi-
tal. It is apparent that our requirements call for more complete and
more frequent clinical observations and measures in addition to the new
information in support of our special interests. This information may
be thought of as:

1. Ballistic information (Appendix C).
2. Postwounding behavioral information (Appendix D).
3. Pathological information in terms of

a. Wound tract information (Appendix E).
b. Clinical subsystem information (Appendix F).

4. Effector measurement information (Appendix G).
5. Special studies for

a. Information on normals (Appendix H).
b. Anthropometric information (Appendix I).
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It is appreciated that there are many practical problems in organiz-
ing and administering an effort of this kind. Since wounded patients are
classified as surgical patients it seems logical that the heads of the
participating surgical divisions and their supporting resident and nursing
staifs should be sufficiently interested in a program such as this,
Meodifications in the program of data collection are anticipated once
sufficient feedback information is developed.

S S ey
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Hopefully, as mentioned in the early part of this discussion, useful
relations may be forthcoming early in the process betwesn missile
parameters and subsystem changes and between subsystem changes and
the (biomechanical output) effectors. Qur mathematical and statistical
colleagues tell us that this effector-wound relationship is a stochastic
one {or two reasons, First, there is a distribution of wounds within a
given class or category and hence there is a random variation with a
certain distribution function of the corresponding effector. Second, the
effect of even identical wounds sustained by different individuals also
possesses & certain distribution,

There are many obvious problems involved in analyzing the data to.
be collected, Unfortunately there are no known data previcusly collected
from which normals or non-injured standards can be established, It
is, of course, impossible to obtain pre-injury effector and subsystem
'normals' for the hospital cases, Since we are primarily interested in
males of military age, the choice of clvilian accidents for data collection
will be so restricted, However, useful information may be gathered for o
cases in which injured patients would return following complets recovery. .
Otherwise independent samples will have to be taken from normal e
personnel in order to obtain pre-injury distributions of the appropriste
subsystemn and effector parameters. Theras is also & need for anthro- v
pomorphic data, Therefore they are included under special studies
(Appendix 1),

s "_".‘;‘v

Sources of Error in the Procedures. The following are some cf the .
more apparent errors which we are told should be considered:

1. Errorsin determining the group normal for each effector
measure inasmuch as (&) subjects cannot be evaluated before wounding
and (b) a statistical group ncrmal must be established with which to com-
pare the individual disability,
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2. Error arising from individual deviation from the group normal,

3. Error arising from interaction between the effectors. Thess
errors are minimized by sttempting to isolate the eifectors, but they can-
not be totally eliminated.

4, Errors arising from variation in the measuring and assessing
techniques of the medical and technical evaluators.

5, Errore in the mechanical devices used to quantitate the
efficiencies and errors associated with positioning the derives on the
subjects,

6. Clinical laboratory errors,

7. Multi=clinic errors especially where morse than one hospital
ig chosen for data collection.

SUMMARY. In an initial effort to quantify changes in human perform-
ance due to missile injury, we proposs to collect certain clinical informa-
tion, associated missile ballistic factors, and measure a select group of
neuro-muscular responses, Such responses are chosen as potential
descriptors for man-machine performance problems, As mentioned, a
mm-macm{xf system model for incapacitation evaluation is baing
developed. 1) The acquisition of detailed human clinical data is essentially
restricted to that available in the emergency hospital, Hopelfully, such
information will permit the establishment of new and usaful relations early
in the process.
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APPENDIX A
I, Anatomical Actione
Subscript codes for anatornical actions of the upper limb are given
v only for the shoulder region.
Subscript Code Anatomical Actions .
- Ao Actions of the Parts other than upper limb
Al Rotation of scapula
AZ Adduction of scapula
2 A, Raising of scapula
; A4 Lowering of scapula
;L Ag Moving of scapula forward
, A Moving of shoulder forward
! A, Lowering of shoulder
{ Ag Drawing of shoulder bl.ckwnd‘
l A9 Rai‘se shoulder
é AIO Adduct shoulder
; All Flexion of arm
[ A, Extension of arm
i A13 Abduction of arm
i Alé Adduction of arm
{e Als Medial rotation of arm
l Alb Lateral rotation of arm
T A” Flexion of forearm
! A).B Extension of forearm
i Al9 Supination of hand by forearm
AZO Pronation of hand by forearm
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APPENDIX A (cont'd)
I1I. Muscles of the Uppar Limb

Subscript codes for the muscles of the upper limb are given only for ,1
the shoulder regicn.
Subscript Code Name of Muscle . g
% M, | Deltoid ’ L 4
; M2 Trapeziun
M3 Suoclavius

M4 Pectoralis major

M5 Sternocleidomastoid

Mb Sternohyoid

M7 Biceps '

M8 Coracobrachialis

M9 Pectoralis minor !

Mlo Serratus antarior

M11 Supraspinatus

M12 Levator scapula

l‘vi13 Rhomboid minor

M14 Tricaps

M15 Infraspinatus

Mlé Rhombrid major v

M17 Teres minor

M18 Subscapularis .

Ml9 Teres major

Mzo Latissimus dorsi

- Ly o
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Il1l. Spinal Nerves of the Upper Limb

Subscript codes for the spinal nerves which innervate the upper limb
muscles are given in association with the shoulder region only.

e

Subscript Code Spinal Nerve

First cervical nerve of spinal cord
Second cervical nerve of spinal cord
Third cervical nerve of the ipinal cord
Fourth cervical nerve of the spinal coxd
Fifth cervicel nerve of the spinal cord
Sixth cervical nerve of the spinal cord
Seventh cervical nerve of the spinal cord
Eighth cervical nerve of the spinal cord

Fir-t thoracic nerve of the spinal cord

H 39 O 0 OO0 0 a0 a0
(SIS 2 TR O U R TR A

Second thoracic nerve of the spinal cord
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APPENDIX B

Ryief Docoription of Instrumentation for Measuring and Recording
Force-Time Histories for Hand Grasping and Flexion and
Extension in the Wrist and Elbow

The device is a bipod-mounted pistol grip (4-1/2 x 2 x ! inch) spring
loaded with three internally mounted piezoelectric crystals. It is expected
that this will be a measure of grasping ability for sudden short grasps
and/or prolonged holding. The lead zirconatetitinate crystals used in the
prototype mcdel have been dead-weight tested to 500 pounds with no

appreciable non-linearity in electirical response.

Output from the pressure transducers is fed into a battery operated
charge amplifier which is also used to drive a 2-channel pen recorder,
The amplifier and recorder are housed in a portable carrying case weigh-

ing approximately 10 pounds and with an overall dimension of 12" x 8" x 6",

For flexion data, removable swivel screws are attached to each and
of the hand grip. The swivel screws rotate in a U-clamp which, in turn,
is affi xed to the table or a rigid surface. The felt-backed nylon cords
which are affixed to the pistol grip are grasped in the palm of the hand
or slipped over the wrist, Pulling the cord orients the measuring device
parallel to the direction of the flexion force. Removing the cord and

pushing on the face of the grip will produce extension measurements,
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APPENDIX C

Ballistic Missile Information

Weagon
Caliber:

Type:
Brand Name:

Disposition of Weapon:

Migsile

Recovered: Yes No

Brand Name:
Disposition of Missile:

Weight: (grams or grains)

Dimensions;

Situation X

|

Distance between weapon and victim:

[PPSR PV S o
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APPENDIX D

Behaviqral Information
p L

Activity at moment of wounding:
(check)

Running
Standing

Sitting

R,
Lying i
Other (explain)‘ .

Remained conacious:

Yes No

1f no, was unconsciousness,
Iinmediate ?.

Later 7
1f later, about how long * mins,

iam—

Cenocious responses; #

A, Rsycholagical: : r
Highly excited?
Stayed calm?

B, Physical: Remarks .
Started fighting
Ran
Walked
Stood up 1

Fell to ground




,i APPENDIX E
Clathing and Fwtarnal Wonund Tract Infnrmation

Deucriag_ion of Clothirg Damige on Victim;

Material Description of Damage (Hole size, etc.)

v TR mETY T TTmReT—_—— -

Design of Experiments 677 ]

Shirt:
Undershir::

Pants:

Shorts: )

’ Cvercoat;
L Jacket:

i Other:

Wound Extrance:

Location(s) of Penetration(s) Dimensions of Penetrations ‘ -

Wound Exit:

Location(s) of Exit Hole(s) Dimensions of Exit Hole(s)
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APPENDIX F (Cont'd)
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APPENDIX F (Cont'd)
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APPENDIX G

Effector Meagurements
(Upper Limbs Only)

Admission +4hrs,

Hand Grasping:

Sudden maximal effort:

Prolonged grasp (loading to be specified):

Grasping follower saxercise (to be specified); :

Wrist Flexion:

Sudden maximal effort:

Prolonged flexion (.oading to be specified):

Wrist Extension:

Sudden maximal effort:

Prolonged flexion (loading to be specified):

Elbow Flexion:

Sudden maximal effort:

Prolonged flexion (loading to be specified):

Elbow Extension:

Sudden maximal effort:

Prolonged elbow extensicn (loading to be
specified):

e N T e IR
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APPENDIX H ‘

Information on Normals

The formats anticipated for normals are duplicates of those used
in Appendix F and Appendix G, i.e., wherever clinical information
is sampled there is an assumed need for normal valuea. These v_t“luu
will either be drawn from similar populations and/or from these
vietims who survive the 1nju§iu and are consideread to be normal”
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APPENDIX I

Anthropometric Information

Age: Sex: Weight:

Physical Measurements;

Height:
Weight:

o —

Head circumference (forehead level):

Vertical distance (top of head to boitom of mandible):
Neck length (tip of hyoid bone to suprasternal notch):
Neck circumference (at midpoint of neck length):
Chest circumference (at nipple line):

Abdomenal circumference (umbilical level):

Hip level circumference (level of iliac crest):
Sternal notch to symphasis publis:

Spinous Process of C-7 to coccyx:

Width of shoulders (acromion to acromion):

Fod
=

Acromion to radial epicondyle:

Midarm circumierence:

Radial epicondyle to radial styloid process;
Radial styloid process to tip of middle finger:
Midforearm circumference;

Wrist circumierence:

Anterior iliac spine to upper patella:

T
NN

Upper patella to mole:

683
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Midecalf circumference:

Circumference at patella:

Midleg circumference:
Ankle circumference:

Length of foot:

APPENDIX I
(cont'd,)

Design of Experimants
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PROBLEMS IN THE DESIGN OF STATISTICS
. - GENERATING WAR GAMEs_Qj
L) 4.'
William H. Sutherland |
Research Analysis Corporation, MclLean, Virginia
]

A newspaper headline last week said '"Helicopters Crash in War Gamaes, "
Now since [ am billed as presenting a problem to you under the title "Prob-
lems in the Design of Statistice Generating War Games, ' the headline
makes me hadten to tell you that the war games I'm concerned with are
not at all like the newspaper vetsion, and that whatever statistics that
kind of war games generates in the form of crashes, such statistics have
little in common with the kind I wish to talk to you about.

The kinds nf war games that are of concern are played for Army
research purposes, They are two-sided, somewhat formal exsrcises-
Played indoors using maps and oiten using computers: They are of a

’ size and compiexity measureable in tens of man months of play and
analysis eifort (an expensive kind of effort as operation research studies
go, but seldem, 1 suspect, having costs comparable with the kind of war
games in the newspaper headline). In our games records are kept of the
details of play, and from these records statistice are derived. The
statistics of the title, then, concern not real-world helicopters or troops
or guns, but do concern the helicopters or troops or guns which the
gamers have in mind's eye as they play. Battle results are found by
applying rules, not bullets, and sometimes the battle results are made
to depend on random numbers,

The players usually have a good deal of freedom of action tactically,
and it is in this sense that I take the liberty of considering war games
to be experiments. (Certainly the games do have this in common with
experimenta: we never know how they are going to come out,)

However, they are unlike most experiments in that one would not
ordinarily expect to be Able to repeat the initial conditions with strict
exactness. Ifone were to try, with say the same pluyers, they would no
longer be in the dark about their adversary, because of what they had
learned in the first game. If one tried a secund set of players, they
would necessarily have different tactical experience inside their heads
to begin the game with.
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686 Design of Experiments

Now after telling vou that the toocl--war gaming--is one that in one
sense defies replication, let me ask you about a problem that war gamere -
face, which it seems to me, can be discussed partly in terms of what T
replication would show if indeed replication were possible. The problem
presented itself in the course of a Researéh Analysis Corporation study
on the use of war gaming as a researchtool. Itis: when should the war
game designer use random numbers in the game, and when should he
avoid using them? As you will see, the guidelines we have are only
qualitative and what appear to us to be common sense. It would help if
we, had better guidelines, and this is the problem which I ask the panel
to consider. So much for the introduction. What I have to say ia in
three sections: (1) the reasons for using random numbers; (2) the
appropriateness of using average values versus random numbers; and
(3) the effects of random numbers on interpreting game results,

IR e

1, REASONS FOR USING RANDOM NUMBERS. Games often make
use of random numbers as a way of deciding details of combat, The use
of random selections from previously determined or estimated probabilities
serves two main kinds of function: to represent the chance nature of war-
fare and to keep players {rom having an inappropriate knowledge of their t
opponents, .

AUPIEIRE e e

As for any model, the chance nature of wariare can of course be only
imperfectly represented. Only a few of the most impozrtant chance events
can be selected tc be part of a game. 1 suppcose that this staterment will
».em a little like Alice-in-Wonderland to thie audience for many cf the
papers presented in this conference the problem seems to have been to
nail down chance events which wander uninvited intoc the problem - here
we are in effect dragging thern in by the heels. Of these chance events
the use of random selections can be considered as a means of at least '
roughly representing the consequences of groups of causal sub-events,
These sub-events result in the ''main'' event which is being represented,
The sub-events--the direct causes--may be impractical or impossible to
know, or they may in the game be unnecessary to know, As an analegy,
the causes for the small deflections of a bullet fired {rom a gun in a test
stand may well be impracticable to know: they depend on auch matters
as changes in air density along the patch of successive bullets or' slight
and unknown asymmetries in the loading of the powder. For many
practical purposes, it is not necessary to know the causes. Sc also in
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Design of Experiments 687

war games a spread of outcomes for an event can be used without specify-
ing the causes. Thus random numbers can be used in games to reprasent
events whose causes are not thoroughly understood or sometimes to.
simplify considerations which would otherwise be in too great a detail
considering the scale of the game, For example, in a recent game the
outcome--success orfailure--0f 2 minor raid against a logistics installa. : '
tion behind enemy lines was represented by a simple draw. Detailed S
consideration of the complex of factors for and against the raiders was not ;
appropriate considering the probably minor effects.of the raid on the
overall game outcome,

The second class of use for random choice from distributions.is to
keep the npposing players suitably in the dark as to the exact capablilities
of their opponents, and thus add to the realism of the game., Without
random factors a player might be able to work the model or formula
backwards and find enemy strengths, So randomness makes the players'
decivions more like what they would be in real lifs,

Parenthetically, it has been observed that such use of random num-
bers, by making the incidents of a game less predictable, makes play
more interesting to the participants, This contributes to the intensity
and involvement which seems to characterize games, and which, one
hopes, may occasionally result in an otherwise routine tactic being
replaced with a brilliant one which may alter the concept being studied,

2. APPROPRIATENESS OF AVERAGE VALUES V8§ RANDOM SELEC-.
TIONS. Suppose that in a particular theater rain, if it occurs, has & strong
eifect on operations, but that it occurs only say three percent of the time,
and without any repetive pattern (i.e., in a way that is reaspnably repre-
sented as random)., A single game is being played, and the random number
generator indicates that it is to rain on some important day of the game.

Is it appropriate to play that day according to rainy day rules? To do sc
would make the play for that day ''non-typical'; to disregard the weather
could be criticized as being unrealistic, So one subquastion to ask about
random numbers is--when is it appropriate, for matters like weather
effects to use 'typical'' values (i.e., dry weather); when to use average
values (i.e., 97% dry); ana when should the variations be randomly
selected ?
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No hard and fast rules come to mind immediately, but certain
observations on the subject can be made. The first is elementary. It
is that there is little point in using the variations--which of courss
complicate the game--unless the factor itself is important to the game.
1f in the example rain had small significance, average values for its
effects would certainly be sufficient.

Beyond being important in its general effect on the game output,
though, further aspects of its importance need to be examined. One is
whether the variation itself has an impact. If the effect being ~onsidered
does nnt tend to do what I call "weight' the game results, then there may
be no point in using any but an average value eventhough the overall
effect is large.

Let me explain. One concept of the reason for playing war games,
as opposed to say OR analytic studies is that the play permits exdamina-

tion of certain interactions that none of the other methods seem able to -~

examine, Specific aspects of the interactions bstween

weapons,
tacticas, and
‘anylironment,

can be studies in a combined manner in a game.

Let us take an example. As part of a recent war game at Research
Analysis Corporation two competing untiaizcrait systems were compared
in the role of defending against armed helicopters. The particular
tactics used by the helicopters included hiding behind available ridges
and then coming’ in fast, The particular hilly terrain of the game
limited the range at which the helicopters could be acquired as targets,
For these tactics, then, and this terrain the more sophisticated end
expensive weapon was not usable at the long ranges &t which it was
sifective, The less complex weapon did nearly as well. The statistic
used for the comparison was simply the number of helicopters shot
down per helicopter sortie, In general, then, the game may be locked
at as a method of examining the interactions between the weapons and
the terrain, and the weapons and the tactics, or for that matter, any of
the three as affected by the other two. Quantitative weights are implicit
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in the play wi tlie game and can be thougnt o1 as contriouting to the relative
uge and relative eifectiveness of the weapons or tactics under the game
conditiona. The game provides information and insights concerning such
interactions, on the basis of such implicit weighting. The combining of
tactics, weapons capabilities, and surrounding, may thus be thought of

as being a product or output beyond the previous knowledge of the individ-
ual inputs, These are the experimental results with which we work, The
game, in my viewpoint, is a particularly suitable and unique tool for
Army use, partly because it can study such interactions.

To return to random numbers, there is, 1 suggest, little to be gained
in using them to produce variability in some computational input or output
unless such a range of numbers is tied to his welghting, The nature of
the tie-in is, as far as [ know, an unexplored area and one to which you
may be able to auggest approsches, :

3. INTERPRETATION OF GAME RESULTS - NUMBER OF RANDOM
NUMBERS. But in order to do so with bettez insight, we might also look

at the effects of using random numbers on the interpretasion of game

results. As I indicated, any single play would have to begin a little .
differently from any other play, and would then continue differently, even
though the general circumstances of the game were similar, This comes
about because the decisions of (all too) human players are invelved, but
also because of random number use. While the overall variability in
results, which makes interpretation difficult, cannot really be separated
into the two causes, we can for the time being assume that the players
could be given only limited choices, and we can concentrate an the vari-
ability caused by random numbers. In effect this is what deas happen in
some computer simulations, Consider the number of times a random
number is chosen for a particular purpose in the course of a game. In
practice this varies greatly {rom one game to another, Some use random
selections literally thousands of times in one play: others have few,

and cne two-sided exercise that was called a game did not use any. Let
us examine a little the consequences of the use of different numbers of
random selections, If the purpose, for example, was to {ind the battle
outcome for a single highly important battle, and the random cholce was
made just once, then two quite different possible results could happen.

In statistical terms, the spread of potential results would be large.
(Incidentially what would be learned from such a game would be little. )
On the other hand, if a long series of battles were fought, each of which
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690 . Design of Experiments
was equally important, and in which the probability of the different
possible results did not change batween b2ttlss, Lhen statistically the
reiative spread of possible overall results would be small, Of course
war games really do not present a picture of a large number of exactly
similar events decided on a probability basis in the way described,

Still, they presumably behave somewhat as if they did, and thus to a
limited extent the sapread of results can be discusssd as a statistical
matter, The limitations include this: that the measure of outcome

is indeed a statistic--'winning' or 'losing' {s probably not such 2 mea-
sure, Secondly, for some mathematical considerations the measurs
must be an average. Certainly not all the statistics with which we are
concerned are averages, But, to the degree that the measure of outcome
used is a statistical average, the greater the number of random events
that are applied directly to this outcome, the amaller the standard devia-
tion of the result. The hypothetical universe of means we are speaking

of gets relatively narrow as move choices are put in. Its standard
deviation would vary inversely with the square rvot of the number of
random choices made. Thus certain aspects of thote games which. repeat-
edly make a very large number of draws may be thought of as giving the
same results as if average values had been used in the computaticns,

A complication involved in warlike simulations is that the entities
one deals with (units or weapons) may be destroyed or eliminated. Thus
one has a decreaning set of pleces to work with, and the relationship
batween the opposing pieces can well be changing as the work progresses.
Thus, if a statistic is used like 'the avercge number of Red entities
destroyed per Blue counter-entity, ' such an average could be quite differ.
ent at the beginning of a game than toward the end, when perhaps each
side would at least need to do more hunting tc {ind the enemy.

What should a game designer do then? Should he try to cut down
the quantity of randem numbers his game is to use, or try to increase
them in the hope of reducing the deviation of possible resultsa? No general
rule seems esvident at this time,
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THE FUTURE OF PROCESSES OF DATA ANALYSIS*

John W. Tukey
Princeton University and Bell Telephone Laboratories

I am here to speak of the near-middle future of the processes of data

analysis. This can oniy be done by indirection, since any processes that
serve as examples must be drawn from the present of near future, but
we can-use such examples to illustrate what may be hoped to be broadly-
applicable principles of continuing importance.

In general, the future of processes of data analysis is rosy, but it
is not yet clear how fast the sun is rising. The modern computer has
offered us many opportunities -- far more than we have seized -- and

R R S R N R R S N R A s L DT e B e A U R LS
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there have been many more opportunities for innovation that do not require

a computer than we have seized. Looking at the last decade or two, it
is clear that we have made much progress -- but we cannot be content
with the rate at which we have gone. Will we do enough better in the

future? Will we try to find approximate (or even crude) answers to more

pressing problems, c¢r exact answers to problems of limited (or non-
existent) relevance? Who can say? (For a more historical and less
specific discussion, see Tukey 1965.)

1. SOME PRINCIPLES. To point toward the near-middle future,
we begin by stating a number of broad principles concerning the pro-
cesses of data analysis (a phrase that ought to be construed as including
the thoughts of the analyst of data as well as his manipulations) which
we expect to retain their importance:

Two major aspects of such processes will continue their great
importance:

(1) the essential erector-set character of data-analysis techniques,
where any 2, 3 or 4 techniques are likely to be combined without warn-
ing,

(2) the steadily decreasing cost (and a so-far only slowly increas-
ing ease) of computation, which is reflected in an ever-increasing

*Prepared in part in connection with research at Princeton Univer-
sity sponsored by the Army Research Office (Durham).
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emphasis on computer usage and an ever-growing role of computer-unique
contributions and processes.
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Disproportionately rapid expansion will continue to repair past
deficiencies in:

(3) graphicality and informality of processss of analysis,

(4) graphicality and incisiveness
(5) {flexibility and fluidity
(6) empirical discovery of techniques

(7) focusing and parsimony,

In support of these improvements, our conc.gtuu !umowgrkg :

will_iive more and movre attention to:

(8) doing the approximately right, rather than the exactly wronh
(including dropping tight specifications as rapidly. and gensrally as we |
may).

(9) using umbra-penumbra model pairs and other simultanecus
(rather than alternative) model combinations.

(10) making the relation of estimator and target a two.way straet,

And the day will vet dawn when!

11) there will be one or more programming aystems appropriate
to data analysis.

As they stand, these principles aTe mainly unexplained words,
requiring both examples and discussion to make then more understand-
able,

2, AGROUP OF EXAMPLES, Letus turn, then, to a group of i
examples, to instances of specific areas where progress {a current., (I ?
am sure my mselection is biased, but this is only to be expected.) These
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Design of Experiments 693

examples have not been selected to match the principles in a one-to-one
way, instead each has been chosen to illustrate a few principles, with
an attempt to illustrate each principle more than once. (Unfortunately,
principle 1l cannot be adegquately 1llustrated,)

Table 1 lists the examples and indicates their closest relations to
specific principles.

1
THE EXAMPLES

3, NEWER APPROACHES TO TYPICAL VALUES. It haslong bsen
recognized that samples from distributions whose tails straggle more
than those of a Gaussian were not well summarized by an equally weighted
arithmetic mean, The procedures suggested by Jefireys (1938, see also
Newcomb 188¢6) for large samples have been occasionally implemented
(e.g. Hulme and Symms 1939), More recently (i.e., Tukey 1960, Hodges
and Lehmann 1962, Tukey and McLaughlin 1963) it has been recognized
that what is needed is not so much a large-sample technique carefully
bent to fit the particular distribution at hand, but rather techniques which
provide relatively high efficiency over & wide range of distributions --
techniques that are (approximately) robustly efficient as well as being
(approximately) robustly valid,

Much is being done in this area, and we shall soon have not only a
body of asymptotic theory (Lehmann 1963a,b,¢c, 1964, Huber 1964,
Buckel 1964) but an array of directly useful techniques (Hodges and
Lehmann 1962, 1963, Hfyland 1964, Dixon and Tukey 1967).

The problem of typical values in the plane, and in higher dirmensions,
is not sc simple, since there is no obvious affine-invariant generaliza-
tion of the notions of order statistics, which have played a central role
in the one-dimensional case. Gentleman (1967?) is tackling this problem
from the point of view of minimizing p-th power deviations, Elashoff
and Bickel (1964») are investigating Winsorizing and trimming. Scon
we may expect working tools for this case, too.

Extensions to many other problems are obviously needed, and can
be expacted to occupy both asymptotic theorists and practical-techhnique
designers over a considerable period,
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Design of Experiments 695

4, NEWER DISSECTIONS OF FACTORIAL TABLES, For a long time

only two dissections of data arranged in a two- (or more-) way table were
common in data analysis. Both of these were almost always left implicit

rather than made explicit. I refer, of course, to the additive decomposi- '

tion, whose two-way form is
= - +y..- +y,.-y, -y .+
Vs =Yty ) ey ) H by, Y, Y )

that underlies the analysis of variance for crossed and nested factors,
and the multiplicative decomposition, whose two-way form is

Pt | [ Ty 4744
ni' = n++ n n n..n
! Y B Tt

that underlies the chi-square test for independence in contingency tables.

The cases where the labels of the columns, or the labels of the rows,
or both, are at least ordered (and perhaps even relevantly quantitative)
are important and deserve much attention. They are not, however, part
of the subject we wish to discuss here. Our immediate concern is with
decompositions other than the usuval ones which can be carried out on
any two-way (or mor e-way) table.

Among the earliest of these was the separation of one degree of
freedom for non-additivity (Tukey 1949) in which the "row' and "column"
parts of the usual decomposition were used to identify and separate part
of the "interaction' parts. Further discussion (Tukey 1955, Scheffé 1959,
Elston 196l), sore generalizations (Ward 2=~ Di~k 1952) and various
modifications ¥ = _yvlarterandA 1.0 0 ., I 2211959, Mandel
19¢€]) followed.

The apparent needs of specific data analysis produced an extension
along the lines of the ''vacuum cleaner" (Tukey 1962) which does not
function well in practice without the aid of some preliminary prepara-
tion (e. g. FUNOR-FUNOM, see Tukey 1962). This is only one of a
branching family of alternatives that are still unexplored.

BT T e e e e T TP R



696 Design of Experiments

Some directions in which we ought to go are clear, but the details of
tools and formulations are far from settled, We need to dissect a two-
way table in more parts than the four indicatad abave, It will joinéluncs
suffice to have:

(ul}) An over-all contribution.
(a2) Column contributions.

(a3) Row contributions.

(a4) Unusual cell contributions,
(a5) Routine cell contributions,

As well as being important on their own, such dissections clearly have
a close relation to the problems of Secticn 3.

Except for the smallest tables, it is likely to be necessaryto go
further, dissection row and column behavior into the unusual and the
routine, just as for cell contributions. In either case, we will be pre-
pared for both of these extremes:

(b) .row and column effects clearly visible above a ''noise'' of
routine cell contributions,

(c) a few cells deviiting widely {rom all the othera, which show no
pattern of variation {including none by row or column),

We will be prepared for oither extreme, since we shall be prepared
for any mixture of these extremes.

We are here at a very early stage in the gaining of underatanding.
We have had some experience in the identification of unusualness, but
we undoubtedly have much to leazrn, Once we aro in reasontble shape
for two-way tables, there are many ways to go.

5, SPECTRUM-LIKE TECHNIQUES, The application of Fourier
methods to data gave rise to usefil results in the simplest cases (e g.
Whittaker and Robinson 1924, Bartels 1940), The modern era in this
area begins with the recognition (Bartlett 1950, Tukey 1950) that
“"white noise'' ig almost always a foolish null hypothesis, and tha:
"white noise plus a few sharp lines'' was an equally poor alternative
hypothesis. Attention was first directed toward such questions &s
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consistent estimation of spectrum density (which the writer finde quite
uninterestins, siiLc he never saw even an approximately infinite amount
of time series data) and variability (under Gaussian assumptions) of
estimates of averaged spectrum densities, Later developments have
emphasized the importance of keeping close touch with the average value
of one's spectrum estimates and the advisability of introducing a variety
of new techniques in order to approach the speciiic problems that are
important in the apecific application. (See Technometrics 196! for a
general introduction, including complex demodulation, see Akaike 1962
for misbehavior of the autocovariance function, see Akaike and Yamamouchi
1962 for practical problems inthe use of cross-spectra, see Hasselman,
Munk and MacDonald 1963 for the bispectrum, see Bogert, Healy and
Tukey 1963 for the cepstrum, craoss-cepstrum, pseudoautocovariance,
and related concepts, etc., see MacDonald and Ward 1964 for intarest-
ing prediction-studying techniques,)

The two beliefs, both quite erroneous in the writer',l’yviqw. that have
contributed the most to delays and inadequancies in the use of spactrum
analysis have been:

(a) A belief that, in using spectra, ons ought to be concernaed oniy'
with Gaussian situations.

(b) A belief that, in using spectra, one ought to be concerned only
with stationary situations.

It ia true that average value and spectrum only complete the speci-
fication of an ensemble ¢f time series if we know more, say that the
ensemble is Gaussian, This {s, however, no moxe than the analog of
the (equally correct) statement that average value and variance only
complete the specification of a distribution when we know more, say
that the distribution is Gaussian, (We do not, however, confine our use
of variance to Gaussian distributions.)

In the absence of a suitably mathematical formulation and treatmaent
of wpectra for nonstationary ensembles, there has baen an unfortunate
tendency for some workers to feel that spectrum techniques should only
be applied to situations of apparent stationarity. In practice, this can
be quite foolish, as Munk and Snodgrass's discovery (1957) through their
nonstationarity, of the weak long«period ocean waves arriving on our
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Pacific Coast from the Indian Ocean and beyond, illustrates. In theory,
it is at best dubious, since if our universe should repea: itself every

1011 to 1012 years, the whole universe (with ail its time scries) may per- a

haps be thought of as stationary -- and who can deny such a possibility?

It may prove fortunate that a mathematical formulation of the non-
stationary case is now at hand (Priestley 1965) which tells us to do for »Ti
slowly changing spectra just what we have done for plausibly constant
Spectra.

In addition to the new types of quantities being introduced and used,
we are in the middle of a change in the actual computing techniques used
to process the data. Where once some subsequence of:

(cl) taper

(c2) prewhiten

(c3) form mean lagged products
(c4) apply lag window

(c5) Fourier transform

(c6) hann or hamm, etc.

was relatively standard, alternative approaches, involving more computa-
tions linear in the observations before the formation of squares of products
involving the data, are in use or contemplation. Techniques using com-
plex demodulation appear to involve very real advantages, and are already
in routine use (M. D. Godfrey 1964%). Now that complete Fourier trans-
formaiion for N oc.e. v2*ions requires only a few times N- logzN multi-

plications rather than N© (Cooley and Tukey 1965), we may well see
computational techniques develop which start by complete Fourier trans-
formation of the entire data. (The spectrum-analytic character of these
techniques will be revealed by what happens next to the Fourier coefficients
and how the ultimate quantities are interpreted.)

In economics, spectrum analysis is currently being appiied to the
problem of seasonal adjustment, and as a consequence economists are
again thinking about the difficult question of what seasonal adjustment is
really supposed to do.

So far as one can now see, spectrum-like analysis is going to continue
to ramify and develop at a substantial rate.

i
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¢. UNRESTRAINED MONOTONE TRANSFORMATION. The fight bet-
ween those who feared the loss of knowledge that comes from analyzing
unwisely expressed ddata and those who feared serious biasing of levels of
significance and confidence would come from expressing the data in the
way in which it seemed to like to be expressed is an old one, but one
that has never reached the front pages, Partly this has been because
changes in modes of expression have seemed unimportant, Partly,
fear, it has been because those who realized that, in practice, 100% and
200% improvements in efficiency come more frequently from such changes
than irom almost anything else the analyst of data can do once the data
is taken, have notadvertised this fact sufficiently,

Those who have sought better modes of expression have traditionally
chosen some simple family of transformations, often z = (y+c)P, and
have tried to chcose the few parametric constants wisely in each particu-’
lar instance. (For a clear exposition o/ a highly developed form of this
approach, see Box and Cox 1964,) As the techniques have become more
explicit, the hope of their wider application has increased steadily.

All this continues to be imporcant, but the pressure of & real need
for better multidimensional scaling has brought about a computer-aided
revolution. The work of Shepard (1962, 1963) and Kruskal (1964a, b) has
shown how much can often be gained by letting the computer choose wb -
ever monotone transformation of the original value will lead to the
aimplest analysis, The impact upon multidimensional scaling and
factor analysis is already substantial, Kruskal's reanalyses (1967) of
Box and Cox examples show that even a 3x3x3 experiment may be big
enough for such an analysis to be fruitful, We can hope for similar
progress in many other areas (although semi-classical results on
"Maximalkorrelation' show that we cannot do it everywhere),

7. ORDERED PLOTS. The classical example of plotting observed
values rearranged in increasing order is the use of 'probability paper"
to show the apparent Gaussianity, or absence thereof, of a sample of
observations, This example is classical, but it is still surprising how
many statisticians have had little contact with the technique,

The arrival of the half normal plot (Dani-l 1959) introduced a major
change into the analysis of unreplicated and fractionated 2P experiments.
The idea that a set of contrasts could be used to show forth the unusual

.-;F
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size of its largest values, if any of their sizes were truly unusual, is not
a difficult one. It is perhaps surprising that it took so long to appear.

Later, the more general technique of '"gamma plotting", in which two
parameters require estimation rather than one, was developed and
applied in a variety of directions (Wilk and Gnanadesikanli%l, 1964a,
Wilk, Gnanadesikan and Huyett 1962).

Today, the problem of adapting these techniques to the general
analysis-of-variance situation, where different mean-squares have
different numbers of degrees of freedom is being actively attacked with
interesting results (Wilk and Gnanadesikan 1964b, Wilk, Gnanadesikan and
Lauh 1964).

As a consequence of this, the writer is convinced that we shall see a
partial return of the pendulum, which has now swung from analyses
guided only by the natural order of lines (and the relations between
average mean squares) of the analysis of variance to analyses guided
only by the relative sizes of the mean squares. I, for one, believe that
we ought to expect attention to both considerations in well thought-through
analyses, though in ratios differing widely from instance to instance.
(Given a complete 212, for instance, whose 4095 contrasts behave exactly
like a Gaussian sample, I would regard the fact that the 12 largest con-
trasts were the 12 main effects as nonaccidential and highly significant.)

Here, too, we can, 1 believe, lift the curtain of the future a little
When I try, I see signs of plots of gaps (= spacings) among the ordered
observations appearing alongside -- and even in partial replacement of--
the mcre classical plots of the raw ordered observations. Time will
tell.

8. HANGING ROOTOGRAMS. This example is included to show
that even among the simplest of graphical techniques there can he new
and useful techniques.

The histogram, with its columns of area proportional to number,
like the bar graph, is one of the most classical of statistical graphs.
Its combination with a fitted bell-shaped curve has bteen common since
the days when the Gaussian curve entered statistics. Yet as a graphical
technique it really performs quite poorly. Who is there among us who
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can look at a histogram-fitted Gaussian combination and tell, reliably,
whether the fit is excellent, neutral, or poor? Who can tell when the
fit is poor, of what the poorness consists? Yet these are just the sort
of questions that a good graphical technique should answer at least
approximately.

How can we do better? If we have observed n, cases in the ith
class, we know that the variance of n, is reasonably proportional to its
average valres (at least so long as n, is not a large fraction of the total

number of cases, n+).

If we are to do a reasonable job of assessing fit, we deserve to have
roughly constant variance. We can do this by replacing n, by v n,, as

we are well aware in other contexts. We can do the same here, at
least for the case of classes of equal width. We have only to take the
square root (of the height) of the fitted curve at the same time that we
take the square roots of the counts,

Because of the simple identity:

v one Gaussian density = (constant) (another Gaussian density)

the picture will look much the same -- in the large -- a family of
rectangles compared with 'a Gaussian curve, but now variability is
nearly constant (at the price of giving up the principle of "equal area
for equal count' which has real uses in other directions but few if any
in connection with goodness of fit).

But we are still comparing the ends of a row of rectangles with a
curve, something the human-eye-and-brain combination is less than
perfect at. How do we improve matters here? We have only to say,
carefully and precisely, what we have always done, in order to learn
what we might better do. Classically, we have taken a stack of
rectangles, fixed one end of each on a horizontal line and compared
the other ends with a curve. It is not a great step to say: 'Let us
take our stack of rectangles, fix one end of each on a curve and com-
pare the other ends with the straight line. Why did we not do it long
ago?"
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While we are about it, we raight as well turn the picture over, letting
the curve hang down, supporting the rectangles. This third change com-
pletes our path to the ''suspended rootogram' in which the eye can do so
much more for us. (Some viewers prefer to stop at the '"hanging rooto-
gram' stage.) Figuresl,2, 3,4 [at the end of this article] show succes-
sive stages in the progress from conventional histogram to hanging
rootogram.

Theré are other simple things to do in the graphical area, as we
shall learn as we take care to realize that graphs can and should, among
other things, be used for diagnosis as well as naive exhibition.

9. DEOMNIBUSING. The first step in data analysis is often an
omnibus step. We dare not expect otherwise, but we equally dare not
forget that this step, and that step, and other step, are all omnibus steps
and that we owe the users of such techniques a deep and impozrtant obliga-
tion to develop ways, often varied and competitive, of replacing omnibus
procedures by ones that are more sharply focused,

The replacement of group comparisons by multiple comparisons has
been one of the outstanding phenomena of the last decade and a half, It
has raised many deep issues on which we are far from being completely
agreed -- whose discussion would take more space than we can here
provide. So we note here only that a full account of the short-cut methods
using ranges both in numerator and denominators is at last appearing
(Kurtz, Link, Tukey and Wallace 1965, 1967?).

We note also that progress has also been made on the deomnibusing
of contingency table chi-square.

The detection of differences in the effects of ordered treatments --
under circumstances where the effects, if any, may be expected to be
directly -- or antithetically -- ordered has at last engaged the attention
of technique manufacturers. Two competing approaches exist, about
which all protagonists will agree that either one is to be preferred to
the unwise use of a flabby group comparison. One procedure is developed
in a framework of successive testing (Bartholomew 1959, 196la, b): the
other in a framework of single contrasts of maximizing the least sensi-
tivity (Abelson and Tukey 1959, 1963). (The writer notes a continuing
preference for the latter, based on what he regards as good reason.
Again space bars further discussion.)
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Still more recently, there is progress in the deomnibusing of ''good-

ness of fit' tests, which have always had so omnibus a character. For

small samples, or compuleory heavy grouping, we need not merely sum

the squares of standardized (or, better, Studentized) deviations to find a

chi square. As has long been known (e. g. Cochran 1954) we can introduce

any convenient set of orthogonal comparisons, and evaluate the results

as separately or jointly as we wish, In doing this, it should be our hope

to concentrate the effects of fitting the curve to which the data is compared

as thoroughly -- and into as few comparisons -- as reasonably may be.

In larger samples, particularly in the absence of grouping, one can
go a long way toward the separation of "badness of fit'" into three parts:

(al) underestimated badness of fit, where the almost inevitable
fitting of parameters has concealed any true badness,

(a2) systematic badness of fit, where the deviations are both
interpretable and indicative of inadequacy of shape of model,

(a3) irregular badness of fit, often an indication only of inadequacy
of simple random sampling -- no evidence of inadequacy of distributional
shape. :

Orcethis is accomplished, the introduction of the ideas underlying
ordered plotting allows us to break new ground, to -- reasonably and
sensibly -- inquire as to goodness of fit for many kinds of nonrandom
samples without preassumption of what kind of nonrandomness is
involved,  Early trials of such techniques have had quite illuminating
results (Quandt 1964, 196 7).

These are only the beginning. Deomnibusing of all our usual
omnibus procedures will do much to occupy both technique -manufacturers
and philosophy understanders in the years just ahead.

10, THE JACKKNIFE, The "jackknife' prccedure allows almost
any of us to set approximate confidence limits on almost any results
calculated from data which go a reasonable way toward revealing the
variation whose likely effects are to be spanned by the confidence interval.
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In its simplest form, the jackknife procedure assumes that

(al) we have data, and a fixed procedure for extracting an interest- 1
ing number (or numbers) from the data, b

(a2) this procedure can be applied to varying amounts of data,
(a3) the data can be divided into r ''pieces'' of roughly equal "size", ®

(a4) this can be done in such a way as to make the differences
from piece to piece "adequately reflect' the sorts of variation whose
effects are to be spanned by the confidence interval,

(a5) the prototype case of ''adequately reflect'' is the sampling
of r "pieces' from a very large collection of pleces, whose combined
processing would, by definition give the right answer,

(aé) the results of the processing are not narrowly sstimated, in
the sense that no one piece has (and no very few pieces have) a dominat-
ing effect upon the result,

Given all this, to some reasonable ipproximttion and according to
some reasonable belief (which is all that one can ever truly demand) the
analyst treats his data as follows:

(bl) Let Yail be the result of processing all the pleces of data
together.

(b2) Let Y(3)’ read ''y-not-i'', be the reasult of processing all but
the ith piece of data (hence processing r-1 out of r of the pieces together). .

(b3) Let Yy’ read 'y-pseudo-i', be givén by
Y;;i = rylll ® (r'l)Y(i)

(b4) Lety, + ta1 O be the mean of the iy and the confidence

interval generated by a naive application of Student's to the Yay (as if
they were a gsample),

FU e e e e g et ¥ 4 e e
 APLII a— -




Jap———

TR e T TemTt TR L e A N ORI NS Wl - vl e <

Design of Experiments 705

and the technique is applicable in very diverse and complex circumstances.

W

Happily this technique has begun to receive attention from some of
those fitted to pinpoint some of its weaknesses and difficulties. In
: particular, there has been inquiry into the asymptotic behavior of the
. technique, especially where condition (aé) fails (Miller 1964). It is to
e be hoped that there will be more such studies -- and that their results
5 will be correctly evaluated from the point of view of practice.

The cases where (ab) is most likely to fail are those in which a
single order statistic, a median, a maximum, a minimum, or a few
order statistics play an unusually important part. In some of these,
particularly where medians and other inner order statistics are concerned,
we have other means of assessing the stability of our answers that are
adequately robust. In these cases we should clearly use these alternate
procedures,

In others, often those involving maxima, minimsa, and ranges, it
is clear that a properly assessed uncertainty for the quantity of interest
will inevitably depend on such matters as the actual shape of the undes-
lying distribution or distributions, Here robustness is impossible, and

}. 80 is certainty of validity for any confidence procedure. It will often be

true that the best that we can do is to use the jackknife in such situations,

| even though we know it may be fallible, It is usually better to have some
idea of the uncertainty of our values rather than none. (No confidence
interval will ever be computed from data in such a way a8 to include all
possible sources of variation, since no body of data allows all possible
sources to reveal themselves. A little more inadequacy will not be

! . "
J ‘ o
. fatal SRR
BN )
E In cases where (86) is not in question, the situation is rather similar. L
1f there is available a robust special confidence procedure clearly E
! applicable to the case at hand, by all means use it, Otherwise use the |
t‘ jackknife, |

' 1. ESTIMATED VARIANCES FOR WEIGHTED MEANS,

(a) Given n uncorrelated observations Yy with the same average
value and fixed finite variances

for which also
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.

(b) the variances ’2

; of y, are all equal, sayto crz. it is well known o

that “;
2 ! -2 » A

o= o7 Ty

where | & : i
> .1 e

y = n zyi ;

is an unbiased estimate of the variance cz/n ofy.

It {s known, but not to enocugh people, or clearly enough, that (b) has
no part in the relation

(%) Ave |z = vary

1

which is & consequence of (a) alone.

We have here a simple example of an umbra-penumbra situation in
which two models, one encompaseing the other, are wisely considered
simultanecusly, The penumbra oz guter model, here defined by (a) . o
above, suffices for the validity of ¢ as an estimated variance y (in the e
sense that (*) then holds), The umbBra or inner model, hers defined by ‘ HE
(a) and (b) together, ensures the optimality of 82 as the unique quadratic
function of the y, that (i) satisfies (*) and (ii) milniminl its own variance 8
among the quadratics that do this,

The pattern here: ''validity in the outer model, optimality in the

inner' is but one of many possible patterns for simultaneous model 4
pairs. It is however, one of the most important ones, one that needs
much more explanation.
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Suppose, for instance, that our concern is not with ;'- but with

Ze,y,

(e Tc.
1

where the ¢, 2 0 are fixed, Can we use the values of the c:l to determine
a quadratic function Q(yl, ICYRRE ,yn) so that

(0) ave Q = wvar Ve

provided only that (a) holds and the ¢, are as assumed? Certainly we
can do this. We can, indeed, press right on, and find a Q which (i)
satisfies (**) under (a) and (ii) minimires its own variance under (a) and
(b) combined. Nay more, we may replace (b) by

(¢) the variances of the Y are in known ratio, in that

2
vary, = dic'

where the di are fixed and known,

For each cholce of {d} , there will be a Q satisfying (**) under (a)
and minimieing var Q under (a) and (¢). This Q will, in fact, be
different for different choices of {di

We could write down, in closed form, expressions for these Q's,
but their detailed form ie of far less concern to us than the facts that

(dl) we can have any of many umbras with a single penumbra

(d2) which umbra we choose can, sometimes, turn efficiencies
topsy-turvy without affecting validity

(d3) the equally weighted mean seems to have no unusual roles;
it appears to be just anocther weighted mean, the one, perhaps, for
which certain formulas look simplest.
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We need, and are inevitably going to get for ourselves, a very much
wider collection of instances where the cuinssgucnces of umbra-penumbra
model pairs have been worked out, much to our illumination and advantage.

11

THE RELATION OF EXAMPLES TO PRINCIPL.ES

HOW THE EXAMPLES ILLUMINATE THE TWC MAJOR ASPECTS,

12,
The first (erector-set) principle is, according to rable i, illustrated by:

. (al) newer approaches to typical values: where Winsorizing is

i combined with Student's t; where techniques developed for single samples
are expected to be used directly or indirectly in simple and multiple

regression and in all aorts of analyses of variance involving replication

within cells,

(a2) new dissections of factorial tables: where we try to use both
{iactorial and idosyncratic dissections at the same time; where we expect
to build each new kind of dissection into more and more complex patterns,

 TEEY WY 0 Tpmen s« o

(83) unrestrained monotone transfiormation: which is rapidly
propagating itself in cooperative combination with a wide variety of

other techniques,

(a4) internally estimated variances for weighted means: where we

learn how to do, knowingly, for weighted means what we have 80 long
done, often unknowingly, for squally weighted means, _

While net one of these is as striking as Cuthbert Daniel's unpublished
injectione of 2J°™ fractional factorial analysis into the calculations of
multiple regreasion, or as striking as the technique-combinations that
are, in practice, appropriate to a variety of complex bodies of data,

they do offer solid {llustrations,

The second principle (computation cheaper, more used, and more
vital) is certainly well-exemplified above. Conasider:

(bl) spectrum techniques: where hand-calculator work would be
worth while for some of the most crucial instances, but where the cost

——
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of hand computation, if it had to be paid, would keep us from many of
the useful and illuminating studies we actually make,

(b2) unrestrained monctone transformation: where iterative
computer algorithmaé lead us easily tc ends not at all reasonably
accessible by hand computation.

(b3) new dissections of facterial tables: where, when the still
more effective techniques arrive, their feasibility will depznd greatly,
perhaps absolutely, upon the availablility of computers, ‘

(b4) ordered plotting: where much of the real push {orward seems
to be associated with the use of modern computer both to calculate and
to make such plots.

(b5) deomnibusing: where, while the deomnibueing of goodnass
of fit is, {n many instances, feasible witheut & modern computer, it
is the availability of computer procedures that will make such .
techniques popular,

(bé) the jackknife: where one of the great advantages is thata
well-written computer problem to do ARTIRLL aleso be used te do y*j )

80 that the cost of jackknifing is only a little more running time, but
no extenaive efiort in programming or debugging.

While these arms matters of technique manufacture rather than
technique use, many of the new approaches to typical values are only
acceasible because of the modern computer (as when Monte Carlo
tachniques are required to find critical values, even when the under-
lying distribution is Gaussian),

There can be little doubt of the importance of the second principle.

13, HOW THE EXAMPLES ILLUMINATE THE FIVE AREAS OF
RAPID EXPANSION. The first area where rapid expansion is trying
to repair past deficiencies, principle 3, involves graphicality and
informality, where the graph is used as an effective, but very informal,
way of connecting the data to the human judgments that are going to
be made about it, that constitute the reasons for its analysis, Here,
Table | points out;
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(al) spectrum-like analysis: where a far larger share of judgments

than many might suppose are in fact based on granhisal prezgntativnas,
ialormally examined,

(a2) orderaed plotting: where a formal significance testing procedure
is largely replaced by an informal judgment made by those who look at
the plot,

(a3) hanging rootograms: where we have striven to learn graphically
and far less formally by seeking an approach to goodness of fit where a
moderately wise man's eye will tell most of the story,

The second area, principle 4, involves graphicality and incisiveness
and is quite distinct from the first, although the areas share graphicality
and appear together in many techniques. At issue here is that grand
property of many graphs: revelation of the unexpected through the
simultanecus revealability of many possible devistions from neutrality,
Table 1 directs our attention to:

(bl) spectrum-like techniques: where little peaks have often
revealed new phenomensa, as in Munk and Snodgrass 1937, or as in the
detection and evaluation of the natural modes of vibration of the earth;

(b2) unrestrained monotone transformations: whaere the graph of
the final monotone transformation is often quite revealing: where the
structures resulting from multidimensional scaling often show unexpected
properties.

(b3) ordered plotting: where we have learned that half{-normal plots
expose many kinds of interesting behavior other than the stray large
values to detect which the plot was invented (Daniel 1959),

The third area, principle 5, involves flexibility and fluidity and
deserves discussion in two rather separate pleces. Flexibility hers
refers to the existence of a wider variety of frameworks for analyais
and inference, thus offering, on the average, a better match to the
needs of the problermn. Fluidity refers to the ability of single analytical
procedures to respond in a very wide variety of ways to the apparent
character of individual bodies of data, Clearly a continuous graduation
irom flexibility to fluidity is possible -- indeed many stages along this
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(cl) Our stwer appredzhis t& typical values are not yet focused
inta v ferm -~ es they roight sowwe ¢ay Be, where they completely
fiuidiced. {As I trwst they never will b=, since [ expect *hat the analyst
will always be very sften able to add infsrnmatron about the underlying
distribution over and above that cortained ir a single small sample. )
Shall we use trirnimed means, Winsorized means, or Hodges-I.ehmann
median differences? If we trim or Winsorize, how far? We have not
yet provided the user with the information most helpful in choosing
answers to these questions, but we have begun to provide him the flexible
kit of tools from which to choose.

{c2) There will be more than one choice among new dissections of
factorial tables,

{c3} Onc can rightfully say that the modern phase in spectrum-like
analysis comes from expanding our kit of tools beyond the serial
correlation function and the pericdogram (neither of which was really
helpful).

(c4) The jackknife is a great aid to flexibility; in most situations
it removes that grim complaiat "But if we do that how can we compare
the result with chance fluctuations ? and allows much freer choice of
technique.

{c5) The ability to estimate variability for all weighted means
with the same robustness as for the equally weighted case is a similar
contributor to flexibility,

For the nmoment, the unrestrained monctone transformation is the
outstanding example of complete fluidity. We face a challenge in
tinding others.

The fourth area of growth, principle (6), involves the empirical
discovery of techniques, as onposed to their theoretico-mathematical

Best Available Copy
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discovery. Here again wo deal with a matter of amount rather than kind.
4t seems likely that no technique was developed solely empirically, without
Any ''theoretical' insight at all, though many have becn developed without
any trace of a mathematical mode. At the other extreme, techniques
based on rigid mathematical models, clearly-specified critezia, and
vigorous optimization only gain credibility from some empi~ical suppert,
whether of their hypotheses or of their functioning in pract.ce.

Accordingly, our examples will tend to be ones that show a greater
empirical content than most, ones whose developments are separated in
amount, rather than kind, from those of most technigques. Table l cites:

(d1) newer approaches to typical values: where 'triyvnming'' and
"Winsorization' came into being at least as much because of how they
worked in practice as for any insight or theoretical argument: where
the matching of denominators to numerators has come about by empirical
comparisions based on tables of order statistic moments; where the
critical values have often to be determined by Monte Carlo.

(d2) spectrum-like techniques: where one source of modern lag-
windows was Hamming's observation that the points of an estimated
spectrum for a single particular set of data would be improved by
hanning; where the pseudoautocorrelation was suggested by a diffuse
analogy with the cepstrum, and only the fact that it seemed to work made
it plausible.

Though not quite a technique of data analysis, the near constancy
of standardized 5% distances for Pearson curves (Pearson and Tukey
1967?) is based upon Charles P. Winsor's wholly empirical discovery
of the near constancy of the standardized 5% distance for chi-square.

The fifth growth area, principle 7, is one of focusing and parsimony.
Some books on probability and statistics reveal that every sample (or
other grouping of observations) is unusual in some way. (If only by how
closely it matches a copy of itself.) It is rare, however, that the
discussion carries on to the logical conclusions: First, that it is
important to be restrictive in the kinds of unusualness to which one
pays attention. Second, that one escapes this difficulty when one can
focus all one's attention upon a single numerical aspect, or on a very
few numerical aspects. Third, that once a fair number of such aspects
arc involved one is in a situation very like the unrestricted case and
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that just how one divides his attention is of great impoitance. One can'be
wisely parsimonicus with one of onefs most valuable possessions, by
focusing one's attention where this is most likely to be profitable.

Table 1 directs our attention to:

(el) new dissections of factorial tables; where, instead of merely
giving a single number to an inchoate mass of "interaction', we are
striving to attend to very particular aspects, such as the single very
unusual cell or indications that some other mode of expression will lead
to a better approximation to additivity.

(e2) deomnibusing: in each of whose specific instances we are try-
ing to improve our focusing, to learn about something identifiable and
thereby to increase both the value of our knowledge and the chance of
gaining it.

14, HOW THE EXAMPLES ILLUMINATE THE AREAS OF INCREASED

ATTENTION. The first principle of increased attention, principle 8,
calls for greater attention to being approximately right rather than
exactly wrong. The hardest part of this, at least for the mathematician,
is to admit that one is proceeding approximately -- even though it is hard
to see how one can ever do better in the real world.

Table 1 directs our attention to:

(al) new dissections of factorial tables: where we are seeking to
ask the questions of greatest importance to us, even though their asking
tends to destroy the neat, nice, manageable, null hypothesis which was
the formal foundation for the classical asking of less useful questions;
where our conclusion levels are going to become approximate; where
there will be, for a period of years at least, no formal criterion to
insulate us from the very real difficulties of picking a good technique.

(a2) deomnibusing: where we are again very willing to be approxi-
mate in the answering of more meaningful questions.

(a3) the jackknife: where by admitting that an approximate con-
clusion procedure can serve us, we have brought a very much wider
range of techniques into the fold for which confidence, and significance,‘
statements are at hand for use when appropriate.
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" The s&cond,principle of increased attentior; pringiple 9, calls for
mozre use of model-pairs:and other Vit might be A and it might be B
and we must think about both together'" approaches. The use of pairs
of models as alternatives, as in the Neyman-Pearson account of hypothesis
testing, is classical. (Pearson (1939) points out how much Student had
to do with the recognition of ite importance.) It is remarkable, by
contrast, how little attention has been paid to pairs of models simulta-
neously considered. Perhaps this is because, in many instances, the
use of simultaneous model pairs inevitably attracts attention to the
deficiencies of a technique. . In an optimality-validity umbra-penumbra
‘situation, for example, emphasizing the validity of the technique in the
penumbra cannot help reminding us that it is not optimum throughout.

'I‘abie 1 drq,\&'s our, attention to: 'A

(bl) newer approaches to typical values, where Gaussian and crudely.
Gaussian underlying distributions provide umbra and penumbra that are
used in varied ways:. relatively good efficiency for the Gaussian and
validity for all' symmetric distributions; critical values set for the
Gaussian (and approximately valid elsewhere) and moderately high
efficiency (except for unseizable opportunities) anywhere near the
Gaussian: etc. - . |

(b2) internally estimated variance for weighted means: where the
whole discussion is on an umbra-penumbra basis. -

The third principle of increased attention, principle 10, calls for
making the relation of estimator and estimand a two-way street, _
.See Tukey 1962, p. .10 and references cited there.) The mathematician
wants the problem to come before the solution. But a good solution can
often be recognized as such before we have identified one or more of the
problems it solves. And a good solution may be good because it solves
a problem other than the one as whose solution it is customarily derived.

Téble 1 directs our attention to:
(cl) spectrum-like techniques: where much has been gained by

asking what spectrum estimates actually do estimate, rather than by
asking for asymptotic results which demand unreal amounts of data,
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(c2) the jackknife: where the esiimaeivs id dafincd by = procena,
selected by what wisdom the analyst possesses, and the estimand follows
after it, like the tall of a kite,

In each of these three areas of increased attention, if one goes
through the uncited examples carefully, one will find each principle -
recurring again and again, though usually less explicitly, If one looks
at the three areas in the right way, they seem to blur and move together
into one. B

If we look at all the principles, the same blurring appears, though
not a8 obviously, There is a sense in which all these principles are
'"s{sters under the skin'',

ot
THE CONCLUSION

15, SUMMARY. If we ask of the near future of processes of data
analysis, one can predict three essentials; L

(dl) greater realism,
(d2) greater effectiveness,

(d3) greater use of computers.

Cdadl
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MONTE CARLQO TECHNIQUES TO EVALUATE

]

EXPERIMENTAL DESIGN ANALYSIS 4

M. M, Everett, D. L. Colbert, and l.. W, Green, Jr, %
Pratt-Whitney Aircraft -

Florida Research and Development Center S

West Palm Beach, Florida ;

°, 1. INTRODUCTION. Monte Carlo simulation, using today's high : -

speed computers, has opened new fields in analysis of systems previ- ‘ o
ously unavailable to engineers and mathematicians. Especially valuable
are the approaches they offer to study the accuracy and precision of
some of the empirical relationships used in analyais of variance and
experimental design.

This report gives the results of two such simulation programas
made at Pratt & Whitney Aircraft's Florida Research & Development i
; Center. It is not the purpose of this paper to present the findings of
i these studies as absolute truisms. They are, however, provided as ’
the results of case histories and do offer a method for further explora-
tion of analytical solutions in the field of analysis of variance and
experimental design.

The two simulations presented here are Rejection Criteria for
Approximate Student's 't'' Test, and Bias in the Analysis 6f Variance
Components from an Unbalanced Design,
2, DISCUSSION. | L

A, REJECTION CRITERIA FOR APPROXIMATE STUDENT!'S "T" TEST

1D e r———

' One of the simplest designed experiments is that designed to test,
or compare, the first moments of two lots cr populations. Of interest
here is the case of the comparison of two means (X and ¥) calculated
{roem the samples drawn {rom those populations when the population

2 2
variances, cJ'x cry. are ngt equal,

ER

This paper reports on an investigation of three diffsrent commonly
used methods to determine critical values for this situation, The pur-
pose of the investigation was to compare the relative merita of each,
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assuring that the true level of significance was at.least as great as the
pre-selected level of significance, and to obtain an unbiased estimator
having a minimum variance,

To compare, by a 't'" test, two means from independent samples,
where it is suspected or known that the variances are unequal, the test
would be:

(X -Y) - (p, -w)
(a) tcal - -
v sxz/Nx + sYZ/NY

When the hypothesis to be tested is that b = p.y, this reduces to

(b) tca.l -

v o2 2
s /Nx + s, /Ny

2
In the case where c'i # o-y s tca.l does not follow the student’s ''t"
distribution with Nx + NY ~2 degrees of freedom. Therefore some
critical! criterion, such as a modified t-distribution, must be used to
judge significance.

1. Methods Used to Determine Critical Values.

Method 1 - Cochran and Cox Approximation

2 2.
N 1:(1x * N tay
() = = J
a 2 2
Sx SY
N~ t N
X b

This method utilizes a weighted mean of the tabular t values for the two
samples.

Ryl s
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Meinod ¢ - SDixon and Moacssey Approvimation

t'u (2) = tabulated value of student's ''t'" associated with y degrees
of freedom where

2 2

] 8

x . ¥

Nx Nl

'y = 2 z cz
Sx [ ]
N—— Nx+l> + N NY+1
x y

This ipproximntion assumes that the mean comparisons follow a
student's ''t' distribution not at (Nx + NYT-Z) degrees of {resdom but

rather at some Y degrees of {reedom.
Method 3 - Satterthwaite-Welch Approximation

t. (3) = tabulated value of student's 't distribution with ¥ degrees
of {reedom where

2 2 2
x X
NN |
Yy = Bi 2 .Z 2
N—,: (Nx- 1) + Nyy— _(VNV - 1)

This is the approximation for the modifled degrees of freedom. It is
shown in various texts in different algebraic formas.

T T
- T 1

In determining to'. (2) and t:: (3) it is not necessary to round the

degrees of freedom to the lower value; the tables can be interpolated
for an unbiased estimate. However, in tables ! and II, discussed later,
for t& (2) and ty (3) the lower rounded degrees of freedom were used or

the percentiles shown would have been somewhat smaller,
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2. Simulatioa Proqedure

Theee three methods were compared by Monte Carlo timulation on the
IBM 7090 and 1620 computers, For a stated set of parameters and sample
size, 10,000 samples were drawn from both the X and the Y populations,
These samples were randomly paired and their first moments input to
equation (b). The output was 10,000 values of tlap under the restriction

that E(X - ¥) = 0, Then all 10,000 values were ranked and the percentiles
identified. This process wus repeated for various combinations of

0'2, a’z, N, and N .
x ¥ x y

Approximate rejection values for ty (1), te (2), and t (3) were

calculated and averaged for o at levels of 90%, 95%, and 99%. The
rejection values ‘were then compared to the appropriate percentile level
f{rom the rarked values. .

3, Conclusions and Discussion,

Tables I and Il summarigze the test cases that were simulated. The

recorded levels for the t/ (1) are the average estimates for the actual

levels 90%, 95%, and 99%. Table I is used to demonstrate the output of
the simulation process. It compares the three methods when used with
equal variances. The only significant conclusion demonastrated is that
the Cochran & Cox approximation is an estimator whose confidencs level
is at least as high as the prior selected confidence level. Table II
continues to demonstrate this,

If & bias exists in Method 2 and Method 2 it does #o0 only at certain
levels of the parameters and their sample sizes. This indicates that an
interaction of the variables exists, Table Il compares only a faw
situations and is entirely too general to draw many exact conclusions,

It does, however, give an insight into the comparative accuracies involved,

In additional simulation studies it has been found in all cases observed
that the Satterthwaite-Welch Method was & more precise estimator than
the Dixon and Mussey approximations, Further studies are required to
obtain an unbiased estimate with & minimum variance.
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It may be noted that an exact solution due to H. Scheffe has been
omitted from this study. Scheffé's method is based on the fact that if

n < n~2, a sample of size n, may be randomly selected from the larger

. It is then possible to calculate Scheffe's "t"

sample size of 31ze n

stat1 stic by:

e i, i (AT VTR

.

. nl_Xl. ) ‘ "2 X,
E' i o

t! (4) '
n, [f ymy y 12 2 (M e N/
Z {}_{11 i (H;) XZi} i {il [Xn' (5;_') XZiB n |

n, (nl,-l)

AT A Y

which is distributed as Student' "t with nil-l degreeo of freedom. It

is immediately obvious that the relative in rmatmn of this statistic

decreases as the value of nz-nl'becomes large, since n,-n ‘observations

are randomly eliminated from the calculation of the ''t" statistic under
the assumption that n; < n,.
Since this loss of information is especially severe for the case

where one sample size is very small, this method was not con31dered
in this study. :

; B. BIAS IN THE ANALYSIS OF VARIANCE COMPONENTS FROM AN
’ UNBALANCED DESIGN.

It was suspected that a bias existed inthe estimates of the compo-~
- nents of variance when analysis of variance techniques are applied. It
was further suspected that this bias was due to unequal sample sizes.
If this bias could be related to sample sizes and sample size ratios then
it may be possible to derive an unbiasing technique, Using the IBM
7090 computer, a Monte Carlo Simulator was written to determine if

this suspected bias existed and to study the possibilities of finding a
method to identify this bias.
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1. Simulation Procedure

TSN AP R SRR AR ctiint 2™

The simulator was designed to determine the distribution of estimates
of process variance from a one-way ANOVA, byproduct of which were
estimates of the within-process variation discussed below. To simulate
the two sources of variation, two populations of normally distributed
random numbers were set up. The means of these distributions were
given fixed arbitrary values, while the standard deviations (and therefore,
the variances) were variable. The first population was designated as
the process-to-process source of variation. The second was designated
as the within-process source of variation. It was decided that three !
ratios of standard deviations of these populations would be used. There
were:

U'Ju:oc.ess-to—process 0f0.5, 1.0, 2.0
o within-process ‘

These values were selected because they cover the general area of
interest in estimating process-to-process variation. It was further
decided that for each ratio above, a control case (balanced data) should
be run, in addition to a case with mild unbalance, and a case with
extreme unbalance. The balanced case had four runs wiih 10 data
points for each run. The mildly unbalanced case had four runs with
8, 9, 10, and 12 data points each. The extremely unbalanced case had
four runs with 5, 3, 10, and 15 data points in each. The analysis of
variance described above was carried out for each case on an IBM 7090
computer in the following sequence:

1. Four values were selected fzom the population of process-to-
process random numbers. One of these corresponds to each a
process.

2, Four sets of numbers were selected from the within-process
population. Each of these sets corresponded to one of the four
processes, For example, for the control case, each set would
have ten random numbers; for the extremely unbalanced case,
the set corresponding to the first process would have five
members, the second set would have th>ee, etc. The value,
selected in step 1, for the first pr~cess is added to each member
of the set of within-process numbc.rs for the first process; the

s, Ky
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For comparison purposes the plots of the control case, the mild
unbalanced case, and the sxtremsly unbalanced case are shown together
in figure | for the ratic 1.0 te 1, 0 of standard deviations.

The results of the simuiation are summariged in table IIl, Ifa

second process number is added to each value of the second set,
etc, In this manner an array of numbers is produced, Each
column has a common process effect while within each column
there is a within-process effect,

The formulas of the analysis of variance were used to estimate
the process-to-process and within-process variances. Thease
values are stored in the computer.

,,11
J
3
. jl
)

Steps 1-3 are repeated 1000 times so that the 1000 astimates of
each variance are obtained. ]

The 1000 values are then ranked and the mean, standard dev-
istion, and standard error of the mean are computed, The
ranked estimates and computed statistics are then listed,

The plot, figure 1, was then made, showing the {requency
distribution of the estimatens.

bias exists in either the process-to-process or the withia-process
variance it is not evident here. There is however, a relatively large
scatter of the variance sstimates,

2.

Conclusions and Discussion

Based on the Monte Carlo Simulator, the following conclusions
were rekcned:

1

The distributions of the estimates of within-process variances

(discussed in the appendix) were approximately normal. These
distributions exhibited a marked central tendency and a degree

of symmetry.

The bias in the estimates of within-process variablility was
negligible in each case tested. The cases using unbalanced
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data (unequal sample sizes wilhin run) Gid Lot domcnstrate
biasen significantly larger than the control case.

= These first conclusions were not unexpected and were more or less
5 byproducts of the simulation. The more important conclusions follow:

3. The distributions (figure 1) of the estimates of process-to-
process variances were highly skewed to the right and truncated
on the left, However, the cases using the unbalanced data
were no rnore skewed than the con‘rol case (balanced data).

4, The bias in the estimates of process-to-process variability
was negligible in each case tested, including the cases of
unbalanccd data.

5. Although estimates of process-to-process variance resulting
from the analysis of variance technique ars not optimum, no
known method of improving this situation exists. .

The last three conclusions presented represent the main intent of
this study, It must be noted that the estimates of process-to-process.
variance cannot be considered 'optimum!' estimates. Since an optimum
estimate should have minimum variance and minimum total erxror, the
estirnates based on analysis of variance techniques cannot be optimired.
Any attempt to further optimize them through the use of an unbiasing
technique must reduce the variance of the estimates and, at the same-:
time, increase the relative value of each estimate (because of skewness),

In figuce 2 the sample curve for the distribution of estimates of
process-to-process variance is skewed and exhibits & large amount of
scatter. The distribution of an optimum estimating procedurs should
have minimum variance and minimum bias, approached by the second
curve shown in figure 2, To optimize the present estimates (obtained
irom ANOYVA) of process-to-process variance, the acatter of the
distribution of theae estimates should be reduced. To accomplish this,
each estimate (sz) should be divided by a factor K, whera K is greater
than one (1). The proper selection of K will minimize the variance.
However, this will bias the estimate so that a correction must be made; :
that is, the mean estimate of the variance will be only 1/K of the true ‘
value, Thus, 1 - 1/K must be added to each estimate 82 to unbias the
estimates, However for any estimate s~

- PO . . R
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(l/K)lz + ().-]./K)l2 IZ/K + 8 - |Z_/x -

Therefore, for any K selected the estimate is not improved, Any
other plan to optimize these estimates will fail since to reduce the scatter

a bias must be introduced and to minimize this bias the scatter must be
increased,

Y v YRR
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FIGURE I

1000 Observations

Process-to-Process Components of Variance
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