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PART I

PROGRESS REPORT FOR 1930-31 AND PROGRAM FOR 1931-32

In the report of our Coomittee on pages 904-905 of the Proceedings
of the A.S.T.M., Vol. 30, 1930, we find a listing of five specific objects of
interest to all englineers concerned with the testing and specification of the
qualities of raw materials. I feel that our Committee has made some progress
in attaining these objects through the discussions that have been given at its
previous meetings. Additionsl contributions will dbe mede through the dis-
cussions to take place at our annual meeting in Chicago, June 22-28, 1931. 1
have discussed these problems at length in my book "The Economic Control of
Quality of Manufactured Product®.

Looking forward to the work of our Committee for the next few years,
it seems to me that one of the most important general subjects to be consider-
ed is: THE ACQUISITION OF GOOD DATA. To be in a position to write down the
prerequisites of good data end to make the best use of good data, it is neces-
sary thet we have an understanding of the logic of discovery.

The elementary phases of this problem of getting good date and of
making good use thereof have also been considered at length in the above men-
tioned book. Particular emphasis is there given, however, to the detection of
the existence of assignable causes of variability in a phenomenon. Comparative-
ly little is said about the problem of discovering the assignable causes after
their existence has been detected.

Of course, we of the American Society for Testing Materials are
essentially interested in discovering the physical properties of materials and
the laws interrelating these properties. Since both the properties and laws
are inherently statistical, we should be deeply interested in the recent de-
velopments in the theory of statistical inference, introducing, as they do,
fundamentally new concepts.

These concepts, however, may be considered as simple extensions of
those -underlying the so-called canons of induction based upon the older con-

cept of causation.
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Locked &t broadly, we as materials engineers are vitally interest-~

ed in the scientific method of discovery. For our immediate purpose, We may
think of two aspects of this method; viz., that based upon the older concept
of causal relatedness and thet based upon the modern concept of statistical
causality. In both of these there is a formel part and a pert depending
upon mind and its training. The last few years have seen marked developments
in this formel part and in the understanding of the r8le of mind as may be
readily verified through reference to the bibliography given in Appendix IV
of the book on control of quality.

Since the acquisition and use of good data depend so much upon en
ur.éerstanding of the scientific method, it seems to me highly desirable that
we hold & symposium on this subject in 1932. Four topics to be considered
might be:

1. The need for good deta in A.S.T.M. worke.

2. Scientific method of getiing good data based upon
the older concest of causation.

3. Scientific method of getting good data based upcn
the modern concept of statistical rausality.

4. The rdle of mind and its training.

An attempt should be made to get outstanding authorities in these different
Tields.

The papers given under these headings could be edited by a sub-

committee of our Committee and submitted to our Society for publication as &

separate volume. Such a publication should prove to be an ocutstanding contri-

bution of interest not only to members of our Society but also to those of ell
other engineering and scientifie societies.,

That we may have a fairly definite plcture of the scope of this

symposium, ] am giving in Part II of this communicati.a a discussion of the

logic of discovery underlying the acquisition of good deata.

Looking ahead two years, it seems to me that we should be in a po=-

sition to hold a symposium on: THE CONTROL OF QUALITY OF RAW MATERIALS.

%hat I have in mind may be indicated a little better by the following four
topics that might be discussed at that time:
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(a) Economic Adventages of Conirol of Quality of
Raw Materials.

(b) Specification of Quelities of Materials.

{¢c) Methods of Detecting Lack of Control of Quality of
Materials.

{(d) Inspection Methods Under Controlied Conditions,
The baslic theory underlying such a series of \papers is summarized in the

previocusly mentioned book.
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PART 1IX

THE LOGIC OF DISCOVERY BASIC TO THE

ACQUISITION OF GOOD DATA

Introduction

Logicians and philosophers have always talked & great geal and v?ritten
much about the logic of discovery or the theory of induction. Nevertheless it
sometimes seems that what Mark Twain seid about the weather; namely, that 1t is
something that everyone talks about but no one does anything about, might be
applied to the logic of discovery. In the light of this s:lﬁ_tuation there is
every reason to ask the question: Why should an engineer think about the logic
of discoveryt In what follows, I shall try to answer this question.:' I shall
try to show why it is that some of the recent developments in the theory of
rational induction give promise of getting engineers out of many of the pit-
falls of loose reasoning into which they have fallen and of meking it possible
to establish ways and means of securing economic control of quality of raw
materials and manufactured product.

To clear away any doubt about the practical importance of this
question, let us consider a few specific instances before entering upon the
general discussion. Let us start with the problem .of sampling involved in the
inspection of the quelity of materials. It might be thought thet the best way
of avoiding the sampling problem is to make & hundred per cent inspection.
However, there are .two major reasons why this cannot be done. In the first
place, it is not economical snd in the second rlace, a hundred per cent in-

spection cennot be given where the test is destructive,

As an example of the latter case, consider the inspection of steel

strand which often comes in lengths of 5,000 ft. wound on a single reel. The

usual practice is to cut a 24" Plece from the exposed end of the reel and to

make a tensile strength test on this piece. 4 question that the inspector must

anawer is: What does this single value tell about the tensile strength of the

S5,C00 ft. of atrand?
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Not, how does the latest development in the logic of discovery in-
fluence the answer to this question? It shows something very important: 1t

shows that only under certain conditions does a sample give any appreciable

assurance about the quality of material from which the sample was drawn.
These are the conditions of economic control.

We may take as another problem typical of those of interest in in-
spection engineering that considered at a recent symposium on weldingl. In
speaking of the Charpy'impact testAresults, one author stated that this test
indicates the abllity of engineering materials to absorb energy quickly and
that it may be used as an indicator of toughness. He also stated that the
ductility of the material indicates toughness. He then showed the results

reproduced in Fig. 1 to indicate as he said

601

the correlation between impact value and '.
the static ductility values. He commented o S0 R .
that the correlation is mnot very good. 3 ¢ .
The real question 1s: Is there any corre- : 40r .
lation, and if so how can we measure 1it? é 5ok e® '..o
We certainly cannot give a rational answer - . .e
to this question without making use -of re- E 20 : ..
cent developments in the distribution g : H * o
theory of measures of correlation. 10 . ...

It is not alone the poor inspec- o loe '.i ° s o
tion engineer, however, that has his worries G 10 G 30 40
of this kind., If we attend any scientific ELONGATION
or engineering meeting, we hear papers omn FI1G, 1

the measurement of this and on the measurement of that, and other papers on
the discovery and measurement of relationship of one thing to another. All
of us have been present at such meetings when several in the audience failed
to be convinced that the reported measurement was a satisfactory estimate of
the objective thing to be measured and that the reported relationship was the

true or objective relati_onship that was sought.

1. Held at Pittsburgh, March 18, 19%1, under the auspices of the A.5.T.M.
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So often under these condivuions we hear the argument that although

a conclusion may appear theoreticelly sound, nevertheless 1t is not consist-

ent with common sense. In fact you will find it interesting to note in erti-

cles and books on engineering, physics, and science in general, the number of
times an appeal is made in just this way to what is called common sense. Now,
if there is eanything that cen be stated with great assurance about common
a.nse, it is that it is not common to any two individuals. If we as engineers
anéd scientists wish to Jjustify our conclusions on & rational basis, we must

meet the following question squarely: What scientific basis have we for

measuring the faith that we should have in any announced discovery in engi-

neering or science?

To keep our fect on the ground, let us lock at Fig. 2 taken from an
articlel in the current issue of

Metals and Alloys. What faith are

we justified in plaecing in the

various relationships there shown?

1
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/ 5/ a0 It is difficult if not impossible
\ Cowiin o s g o to answer without knowing the dis-
NN u§ (7;, TreILE sTRENeT rersion of the observed values
“r‘\“/ o & ': Tnfa about the indicated points. Could
T ’~ '3 such results be used justifiably as
B 5 10,,,,2‘(;“‘"’“;1“ CaE a basis of economic control of

Bismuth alloys? The answer to the
last question is: No, for reasons
FIG. 2 that will appear as we proceed.
As another illustration, how are we to interpret Fig. 3 reproduced
from a recent bcok2 on materials. Are we to judge from the title of this

figure that the tensile strength of wrought iron is functionslly related to

» Thompson, J. G., "Bismuth Alloys", February, 1931.

Judge, 4. W,, ] J
Ltd%, "1930. Engineering Materials, Vol. III, Sir Isaac Pitmen & Sons,




the temperature of the iron? Certainly the
figure suggests a positive answer, but if

50
we take this suggestion, we are being mis-
led, because the experimentel data do not & 40
_ [}
satisfy the conditions requisite for our gl 30k
belief in the existence of such a rela- :
a  20f
tionship. §
Beginning with the work of John B 1of
1 1 e i A edhorms
Stuart Mill" - in particular his five 0555 730 500 1000
canons of inductive inference - much has TEMPERATURE
EFFECT OF TEMPFRATURE Ul'GN TENSTIE
been done in an attempt to develop a STRENGTH 0¥ WRCUGHT 1:0:
formal scientific method of induction
or discoveryz. Fi1G., 3

One of the reasons for considering anew the method of induction is
that within the past few years we have witnessed the rapid growth of the
statistical concept of physical properties and physicel laws., Whereas within
our memories, physical properties were thought of as constants, and physical
laws, as mathematical or functional relationships, we are now living in an
age when physical properties and physical laws are thought of as being in-
herently statistical in nature.

With the introduction of this new concept, comes the necessity for e
modification of the concepts of causation of the older logic of discovery in
which the canons of Mill and modifications thereof play such an important role.
We must come to appreciate the indeterminateness of causation and the signifi-
cance thereof particularly in the economic production of great quantities of
the same kind of material or great numbers of the same kind of apparatus made
in accord with given specifications. .

It is perhaps trite to say that without mind there would be no dis-
covery. However, this human element depends upon two things: native intelli-

Bence:5 and environment or training. It 1s therefore of interest to know how

l. Mill, John Stuart, System of Logic.

2. Within just the pas wo decades numerous articles and many books have
appeared., Some of the more important contributors in this period have
been Bertrand Russell, A, N. Whitehead, Jean Nicod, J. M. Keynes,

C. D. Brodd, H. H. Dubs, R. J. Carmicheael, James Jeans, A. S, Eddington,
Harold Jeffries, W. E. Johnson, A. D. Ritchie, J. Neyman, R. A. Fisher,
and Egon Pearson.

3. Of cogrse, psychologists are still arguing as to what they mean by in-
telligence.
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est be trained for discovery,

£ two

the controllable part of the human element can b
In proceeding we shall 1imit ourselves to a consideration o

kKinds of discovery; Viz., constants of nature end relationships or physical

laws.

Two General Methods of Discovery

let us consider the simplest kind of problem in discovery; viz.,

that of diaooveringl an objective fixed magnitude such, for example, &s the

charge on an electron. Suppose we agree On a method of measurement subject,

of course, to errors of measurement. As an estimate of the charge, we take

the average of several measurements. The question immediately arises, how-
ever, as to how many measurements we should take. This necessitates some
assurption as to the method of approach of the observed average to the ob-
jective magnitude with increase in the number of observations.

i1t 1s customary to assume as a fundamental postulate in such &
case that, if we keep all conditions essentiaelly the seme, the average X of
n otserved values Xl. Xor eor Xys ees X approaches the true objective value

X os a statistical limit Ls expressed formally as follows:
L, ¥=%. (1)

n—>» @
The significant characteristics of such a limit are considered in some detail
in a forthcoming publicationa. All that we shall 4o here is to give an illus-
trative example making use of the observed values of the charge on an electron
as given by Millikana. The successive points in Fig. 4 give the averages of
i, 2, 3, 4, +., n of Milliken's observed values of the chaerge. Note that as
we proceed to the right the observed oscillation in the points rapidly tends
to Adecrease, and as we say, the average approeches a statistical limit
characteristically different, of course, from a mathematical one., If the
observed average approaches the true value in accord with (1), we can say

that, in general, the more observations we take the more likely it becomes

l. We usually say measuri
ng'
2. 8hewhart, W. A., loc. cit., Part I.

3. 1
Millikan, R. A., The Electron, University of Chicago Press, 1917.
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that our observed average differs by less wrer ¢

than some preassigned value ¢ from the true
-t

value X .

In other words, under these . ¢

.
H

assumptions, ‘we can get & relatively good

picture of the increase in information

AVERAGE ¢ x 1027
-

&
-2
8

accruing through an increase in the number . o
of observations. It is true, of course, 1

that this estimate rests upon still fur- sy . *ee o

ther assumptions as tc the nature of the

] W 6 e
distribution of errors of measurement.

Without any other assumption, however, than

that the statistical limit (1) applies, we FIG, 4

may say that the standard deviation of the average decreases inversely as the
square root of the number of observations. The important point in this connec-
tion is that the significance of increase in sample size n depends upon one
little word if, in the sense that iﬁcreasing the size n of sample assures us in
the statistical sense that we will get closer and closer to the true value X'
as n 1s increased 1if the seme essential conditions are mainteined so that the
average X satisfies the condition of & statistical limit, aend if the statis-
tical lim'it is the true value '}'(". In other words, we may say that, if there
is no constant or systematic error, we can get some indication of the signifi-
cance of increase in sample size,

At this_ point, the important question naturally arises: How do we
know that we have succeeded in eliminating the constant and systematic errors?
The answer is that we never know. In other words, the formel machinery of the
scientific method for this case, resting as it does upon the assumption of the
existence of a statistical limit, feils to give us assurance that we are
getting closer and closer to the truth unless we start with e certein kind of
data.

To get good data the human element must enter. Scientific method

offers no formal program for getting the proper kind of data. 1In the last

analysis, even in this simple case, the Tresults of the application of scientific

method are personal 1in character.
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What is the practical significanee of this conclusion insofer as it

ed in the testing of raw
f manufactured

relates to the large quentities of data accumlat
materials and in the production and inspection of the quality o
product? It is simply this: Unless the data are good in the sense that in-
creasing their number leads closer and closer to the objective reality,
analysis of the data can yield little of value.

In the research laboratory emphasis is usually laid upon the guality
of the date - not upon the number. In engineering, however, the question most
often asked has been: How many observations shall be taken? This is indica-
tive of the misplaced emphasis on numbers of date irrespective of whether or
not the dats are good. It was this situation in respect to inspection data
that gave cause for the recent development of criteria to indicate whether or
not the data are good.

Briefly such a criterion essentially consists in making use of
modern statistical discribution theory in the establishment of limits within
which observed variations in good data may be expected to fall. Unless a set

of data exhibit technical control in this sense they cannot be used as a dasis

of prediction, Without the use of such criteria the results of sampling are,
in general, non-intelligible. Thus we see the importance of some of the

recent developments in the logic of discovery.

Let us pass now to a oonsicl!eration of the other general method of
increasing assurance that a result of
« measurement is close to the true objec-
x tive value. We shall use as an 1llus-
tration the measurements of the charge
on an electron by different methods.
Fundementally a given method corresponds
to linking observed facts through
assumed relationships in a way such that
they give an indirect measure of the

charge. Schematically this may be repre-

sented as in Fig. 5, the crosses being

Observed facts. The curves indicate

FiG. 5

theoretical relationships involving
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certain facts and the charge on an electron represented achematically as the
point to which all of the lines converge. The more relationships of this
character which give approximately the- same value as an estimate of the
charge on an electron, the more faith we have in our resultant measure.

It remains, however, to estimate the increase in assurance with in-
crease in the number of dirr;fent wvays of measuring the charge. There is to-
day a tendency to appeal to probability theory and to state that one result
is probably true or more probeble than another. For example, uunml in a
recent paper uses in the title the phrase "the most probaialo". One of the im-
portant points that will bé nade as we proceed is that scientific method does
not provide any means of finding the most probable value of a measurement in
the objective sense. Even in the simple ocase of repetition of measurement,

it does not provide a probability that is independent of an assumption ex-

plicitly stated or implied; it provides no means whatsoever of giving a
probability where various indirect methods of measurement have been employed.

Hence it is that, although the second process of discovery un-

questionably gives greater assursnce than the first in the sense that agree-
ment of let us say 25 measurements divided equally between S different methods
of measurement gives greater assurance than 25 measurements by a single method,
nevertheless we have no formal method of éstimating the increase in assurance

given by incressing the number of methods of measurement.

Nature of Relationship

A. Rules |

A low order of relationship is that expressed in the rules of every
day experience such as: robins go south in the winter and return in the spring;
a furrowed brow indicates deep concentration; the good die young; and statis-
ticians are mostly liars. Such rules are often only partly true - a furrowed
forehead may indicate concentration and it may indicate a stomech ache. Most
of us would not agree that all of the good die young and at least a few of us
will not agree that statisticians are mostly liars.

1. Milliken, R. A., "The Most Probable 1930 Values of the Electron and

Correlated Constants™, Physical Review, Vol. 35, May 15, 1930, pp. 1231~
1237.

2

NOw.o Dt ieevreeasenenes
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B, Functionel Relationship

One of the first results of the development of the scientific method

was the introduction of the concept of an important kind of relationship;

namely, functional. For example, measurements of pressure, volume, and temper-

ature of gases led to the conception of an ideal gas in which these three

properties are related functionally one to eanother.

Such experimental results led to the conception of objective
functional relationships existing between the macroscopic properties of
physical things expressable in the form

r'(xl, Xoy ees K50 ooy Xm) = 0. (2)

In most instences the function f is assumed to be continuous over the assumed
range of relationship, and the m different properties represented by the X's
are assumed to be such that if m - 1 of them are fixed, the values that the

other one may take are determined, the X's being assumed to be mathematically

independent. A simple example of this kind is the equation of state of a per-
fect ges.

C. Statistical Relationship

Two variables are said to be statistically related under the con-
ditions:

(a) Thet the observed fraction p of the number of times that simulte-
neously observed pairs of values of these two variables fall within a given

aree in the plane representing these two variables, approaches as a statisti-

cel 1limit ]‘..S some fixed value p', as the number n of observations approsaches

infinity, or in other "words that

LS p=p'. (3)
n—>
(v)

That the frequency distributions in the array of one variable are
not the same for all of the arrays.

We may represent this kind of relationship formally as follows:

by
S(xl’ ng * ey Xi, ey Xm) = O, (4)

where the signif i
gnificance of fs is that just indicated, being, of course,

d
ifferent from the £ in (2). The force of condition (a) is to meke con-
stant
nt the probability that an observed set of values of X will fall within

l. Copsidered as a statistical limit,
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a given element of volume dxl, 612, ces
14

dxi, ey %' or, in other words, to make
the system statistically specified in

12

LAY ]

.
® .
e
®

terms of the m different characteristics.

10
Whereas in the functionel relationship the

X's are essuned to be independent quanti-

@
® .
o

ties, this condition is not satisfied in
the statistical relationship, it being
essumed that the various pairs of values

are correlated.

MCDULUS OF RUPTUKRE - 1000 FQUNDS FPER SQUARE INCH
Xy

A typical observed set of data 0

o 0. 0.z 0.3 U4 C.E we o
indicating the presence of & statistical SPECIFIC CRAVITY

relationship between two variables is that
given in Fig. 6 showing the scatter diagram FIG, 6

of modulus of rupture for Sitka spruce in pounds per square inch versus speci-

fic gravityl.

D. ZEmpirical Relationship

Fig. 7 shows two observed relationships, namely, the variation of an
index of business conditions with

time and the modulus of rupture in

GENERAL BUSINESS

h versus speci-
COMPARED WITH NORMAL pounds per square inch versus sp

% fic gravity for 115 hardwoods and 48
20 20
5 N £ softwoods’. In neither of these in-
& 1ow i A 103
::M‘UA / \ P A'\ffm stances are we Justified in assuming
@ 10 //J v © the objective existence of either a
a [+ R
° “ functional or statistical relation-
30 30

L}
1919 1920 1921 1922 1923 1924 1925 1926 1927 1928

ship.
¥or example, compare Fig. ¢
FIG. 7-a and rig., 7-b. That the twvo look alike
in a certain way is true, but in the latter case the objective probability asso-
ciated with a given area is certainly not constant whereas in the first case

it 1s at least for all practical purposes.

1. Data teken from Report No. 354 of the Forest Products Laboratories,
"Aircraft Woods: Their Properties, Selection, and Cheracteristics™, bty
L. J. Markwardt, April, 1930.
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Discovery of Relationship

in whet follows most of the discussion is limited %o a consideration
of the relationship between two variables Y and X. A more generel problem in-
volves the discovery of the relationship of the form (2) or (4) representing,
as it were, the equation of state of a physical entity.

In the general case, the first syep is to discover the set of m
>variables xl. Xz, evs Xi, .o xm
that specify the thing under con-
;sideration. The practical signi-

ficance of this general problem is

o
e—.
.

s . apparent when we note that the com-

B> .
-

“* plete specification of the quality

¥ L UArE INCE

. of a given kind of raw materieal or

-
>
L]

finished piece of product inherent-

-
-~
.

. o*
0yt

1y involves the problem of discover-
12 od *

o . ing and stating some equation of

el e e . state to be used as a standard. In

- . the present state of our knowledge,

MODULUS €F FUFTURE - 1CCC FOUNWLS
.
.
* %

. we are not in a position to do more
-perhaps than set up conditions of

statistical control of certain

quality characteristics.

o 0.1 0.2 0.2 C.4 0.5 0.6 0.7 0.8 0.9 1.0

STECIFIC GRAVITY " A. Functional Relationship

FI1G. 7-b Let us assume that two

variables X and Y satisfy the functional relationship
Y = f'(X, 7\:1, 7\.'2, vy 7\!1) .oy NS )s (5)

where f' is the unknown true functional form and the N’s are the unknown para-
meters to be discovered. |

The problem of discovery may be divided into three steps:
(a) oObtain a set of n pairs of wvalues

Y19 sz cey Yi, ey Yn

Xl' XZ’ ooy Xi’ . Xn

from which to discover (5).
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(b) Discover the functional form f*.

(c) Discover the velues of the 8, perameters.
Let us consider these three steps in the above order.
Good Data

It goes without saying that the n pairs of values should be free from
constant and syastematic errors of measurement. Far more important is the faoct
that all varisbles other than X which affect Y should either be eliminated or

kept constant.
The important question is: What are the factors that must be con-

trolled énd how cen we be sure that they have been controlled in getting an
observed set of n pairs of values of X and Y? Obviously we cannot be sure of
our answer fo this question. Success depends upon our previous experience and
our knowledge of the details of the problem in hand, Furthermore, it depends
upon our intuitive, speculative, and postulational faculties. To a man of long
experience in research, this statement is trite. I fear, however, that when we
come to consider the great quantities of data representing measurements of the
quality of menufactured product all the way from raw material to finished
product, we shall find that the importance of this characteristic of good data
is often overlooked. In fact, I have been fold by engineers that by taking
great masses of data, errors and mistakes cancel out. The fact is, of course,
that quantity of deta in no way compensates for quality - errors and mistakes
do not, in general, cancel out. One of the crying needs in many phases of
engineering work is better data and this often means that greater emphasis
needs to be placed upon the human element and less emphasls upon the numbers of
routine data. -

Functional Form f°*

Since we never know f', the best thet we can do is to choose some
functional relationship involving s parameters such as

Y=f;(x, 'A.lg Nzi cey hi’ vey NB). (6)

Needless to say, the function f may not be and perhaps 1is not the true ob-
jective f', PFurthermore, it is not likely thet the assumed functional rela-
tionship will involve the same number of parameters as the objective relation-

ship. In other words, it is likely that s' § s. For example, it is
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cs are only approxima-

customarily assumed that the best xnown laws of physi

tions to the true laws. )

The choice of the functional form obviously depends upon the inves-

tigator end upon his knowledge of the field in which he 1s working. If in an

entirely new field, he will not likely have any a priori basls for choosing a

functional form before taking the data. If, however, he is working in a

femiliar field, he may from a study of aveilable facts and theory in this
field be led theoretically to try a given functional form.

Needless to say, it is possible to find a functional form involving
as many parameters as there are observed pairs of values such that the function
will paess through every observed pointl. There is no reason, however, to be=-
lieve that such & function has much physical significance, if for no other
reason than thet it is unlikely that the observed points lie on the curve of
objective relationship.

The chosen functional form may be of a closed type involving a
fixed number of parameters or it may be of the open type such as a series of
orthogonal functions wherein the number of paerameters is not fixeds In the
latter case there is involved an additional choice as to the number of para-
meters that it is worthwhile trying to discover.

Determination of Paremeters

Having decided upon the functionel form f and the number s of para-
meters to be used, the next step is to choose the best values for the esti-

mates of perameters. But what shall we take as the best values? This is an

open questicn,

Several formal methods are available for finding a set of s para-

meters such, for example, as the determination of their values from s observed

pairs of values of X and Y; the graphical methcd; the method of zero sum pPro-

posecd by Nermal Campbell; end rerhaps the most widely used method, that of

leest squares which states thet the sum

n
.- £(X. 2
j=l [J ( J' Kl’ 7\-2’ t ey ki) e ey 7\.5)-] (7)

shall ve mede & minimum,

l. At least where ther
of %. € is only one observed value of Y for a given value
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In a given problem, these formal methods lead to different sets of
values as estimates of the parameters, and we are faced with the problem of
determining which one of the sets is the best one in a given case. In the
absence of a universally accepted criterion, the choice of the method of
determining the parameters becomes & matter of humen judgment.

As an indication of the wide divergence of opinion about the method
to be used, let mé quote first what E. T. Whittaker and G. Robinson say about
the graphicsl method in the preface to their book The Calculus of Observations:

"When the Edinburgh Laborsastory was established in 1913, a trial was made, as
far as possiblie, of every method which had been proposed for the solution of
the problems under considersation, and many of these methods were graphical.
During the ten years which have elapsed since then, the graphicel methods heve
almost all been abandoned, as their inferiority has become e vident, and at the
present time the work of the Laboratory is almost exclusively arithmetical.”
To compare with this opinion, let me quote some recent remarks of
M:i.l].:‘tkam:L which are in marked contrast to those of Whittaker and Robinson:
"This value of the electron is slso that at which Birge finelly arrives as a
result of his survey of the whole field of fundemental constants. It is true
that he reanalyzes for himself my individual oil-drop readings and weights
them so that he gets from them the value 4.768 £ 0.005 in place of my value
4,770 + 0,005, a result that is so much nearer mine than my experimental un-
certainty that I em guite content - indeed gratified - but I may perhaps be
pardoned for s_till preferring my own graphicel weightings, since I thought at
the time, and still think, that I got the best obtainable results in that way
from my data. The person who mekes the measurements certainly has a slight

advantage in weighting over the person who does not, and the graphical method

by which I got at my final estimasted uncerteinty is, I think, in the hands of

the experimenter himself more dependable than least squeres.” In the same
vein as that of Milliken, we have the words of the late Lord Rayleigh saying

that the method of least squares 1s a géod thing to read up on and then forget.

l. Loc. cit,
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Degree of Assurance

Enough has been sald to show that in every step of the formal pro-

cess of discovering a law of reletionship, the human element enters: firast in

the choice of the date, second in the choice of the assumed functional re}a-

tionship, and third in the choice of the method of estimating the parameters.

It is also significant to note thet men of the calibre of Whittaker, Millikan,

and the late Lord Rayleigh may choose differently. Scientific method in this
sense fails to provide e universally accepted ultimete criterion to show that
the result of one choice is better than another.

In the absence of any ultimate criterion, let us consider briefly
the fectors which must influence our assurance that a given theoretical rela-
tionship is approximately the corresponding objective relationship. In the
acquisition of good data, it is obviously necessary for the experimentalist to
be familiar with all relevant facts.  For example, if the measurements involve
the determinetion of a relationship between two physical properties of e
material in e highly evacuated state, it is necessary that the experimentalist
be familiar with the technique of high vacuum measurements.

Furthermore, a knowledge of available theory pleays an important role.
For example, one might investigate the relationship between pressure and volume
of a gas at a given temperature and thereby come experimentally to a conclusion
thet the pressure varies inversely as the volume. However, the knowledge that
this relationship is consistent with modern kinetic theory tends to increase'
one's assurance beyond that given by the observed relationship. In e siﬁxilar
way, the knowledge that Newton's laws of motion are, as 1t were, first approxi-
mations to more general laws of motion consistent with modern dynamical theory,

tends to strengthen our assurance in the belief that Newton's laws are approxi-

mations to objective natural laws. In the last analysis, it is essential that

the theoretical reletionship be consistent with all known phenomena insofar as

ssidble.
po le. In other words, the rarticular relationships under consideration -

should fit into available theory.
Let u
8 pause to note the significance of these results. If good
data depend
D 50 much upon the broad training of the investigator in respect to
both empirical facts and theory,

¥hat relisnce can we put in a lerge part of



the great quantities of engineering data taken in a routine way by laboratory

assistants, as so often is the case for example in the inspection of the quali-
3y of product from raw material to finished article?

B. Statistical Relationship

Let us again start with the case of two variables X and Y. If these
are statistically related, it follows from what has been said that there is an
oﬁjective probability p' of an observed pair of values falling within a given
interval 4X4Y expressable in the following functional form:

P = £Y(X, Y, Nys Ngs ees Nyy soo n,l)dxu. (8)

In the last analysis the law 10 be discovered involves the discovery of the
function f' and the s, parameters in (8).

A 1little investigation shows, however, that any attempt to discover
the relationship expressed in this particular way requires a comparatively
large number of observations of pairs of values oftentimes running into the
thousands. For example, the number of observed points in Fig. 6 showing the
observedvrelat:lonship between modulus of rupture and density of specimens of
Sitke spruce is not sufficiently large to make it possible to discover the
statistiocal relationship expressed in (8). What is usually done in such a
case is to express the relationship either in the form of some coefficient
such as tl_m correlation coefficient or in the form of a curve of regression of
the form ‘

Y= @' (X)
giving the expected value of Y for a given value of X.
Good Data

The first essential characteristic of observed data used in the dis-
covery of statistical relationship is that they should exhibit statistiocal
control in the sense that the observed fraction p falling within the interval
dXAY should epproach p' (8) as a statistiocal limit. Important oriteria for
detecting whether or not a given set of datq are céntrolled have been de-

velopedl.

l. Shewhart, ¥. A., loc. cit.



- 20 -
It may be shown thet each of the two variables must satisfy the

condition of statistical control. Hence through the application of these cri-

teria, we may determine within closer limits than has heretofore been possible

whether or not a given set of data are good in the sense that they may be used

in the discovery of the statistical relationship. These criteria constitute a

definite and important step in the discovery of stetisticel relationship by
making it possible to get good data to begin with.
Discovery of Relationship

There perhaps would be little question as to whether or not a
statistical relationship existed for the data of Fig. 6. Let us therefore con-

sider the data shown in the scatter diagram, Fig. 8, Is there a relationship

r s ! s |eslar froz | 9s |200]e7 |20 ] 8 | 2 500 in this case? The question 1is
18 a0t easily answered by observa-
|
N ' : ? tion. It is beyond the scope of
10 1 1 3| 142 8 ! '
A S - ' the present paper to go into the
] ] 10 8 12 7 5 47
. LT T elsl e 1, - various methods of testing for
.7 e |13 {16 |16 [0 ]9 |3 .|  the existence of relationship.
O s
:-f s NI ERE h 2o We shall, however, go far enough
"L T A 88 to indicate the inherent differ-
4 1 2 3 10 11 ] 8 5 2 48
ence between the test for a
3 1 1 4 4 5 8 4 2 29
.| T stetistical and that for a
. 2 3 2 1 B8
, functional relationship.
o Since observation of
o 1 [ 3 4 E) s 7
Vertabley | 0w 12 = the data in Fig. 8 would lesad us 0
FIG. 8 believe that the regression is

linear if there is correlation, we shall consider here only the use of the

correlation coefficient r as a measure of this relationship, it being recalled

that this coefficient 1is given by the following expression:

R (9)
. xy

mere x =X-I y =¥ -¥, 0y 18 the standard deviation of X, and 0. is the
standard devietion of Y. Of course, the objective value r' is zero if there is
no correlation and linear regression., However, even though the objective value
r' of correlation coefficient be Zzero, the observed value of r need not bve
zero. In fact it will be distributeqd about zero. 1In other words, the point to
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be considered is that the answer to a question as to whether or not the obser-

ved correlation r in a given case is significant must be considered in terms

of the distribution funection

f'(rt,n) = 0 (10)
of the observed correlation coefficient expressed in terms of the objective
value r' of the correlation coefficient and the semple size n. In the
particular case in hand, the observed correlation r is .0727. A knowledge of
the distribution function (10) for the case r' = 0 shows that an observed
value of r as lerge or larger then .0727 may be expected to occur approximate-
1y 11 times in every 100. 1In other words, we could expect to observe a value
of r as large as .0727 & large fraction of the number of triels even though no
correlation exists. What shall we conclude in such a case?

In the first place it should be noted that an appeal to the use of
distribution theory enables us to test an hypothesis that the observed corre-
lation coefficient came from a universe having a given value of r'., It does
not, however, tell us anything specifically about whether the assumed universe
is the objective one. Furthermore, our conclusion as to whether or not a
given value of r is significant, depends upon what limits we set on the corre-
lation coefficient. The answer to our question is therefore inherently in-
determinate.

What we £ind in an attempt to discover whether or not two things are
statistically related by means of the correlation coefficient is inherently the
same as that which we find if we try to use any other available test - the best

that we can do is to measure the 1ikelihood of a given hypothesis.

Estimate of Parameters

Just as there are many ways of estimating the paremeters in the
functional, so also are there many ways of estimeting those in the stetisticel
relationship., Possibly we would be justified in saying that there is compera-
tively 1little basis for choosing between the different methods of estimation
in the case of large samples, except that some are far more efficient than
others, and for fhis reason should be used in order to reduce the cost of the
necessary to attain a

investigation by minimizing the number of observations

given precision. For the case of small samples, as We usually have in
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eng.neering work, the problem of comparing the various methods becomes much

more complicated. It may be shownl that under these conditions it is essential

at we use certain methods for estimating the parameters,
onditions which we meet in the measurement and inspection

pariicularly in
th

connection with the c¢

of the physical properties of raw materials and manufactured product. In other

woxrds, the formal part of the theory in the case of the statistical relation-

ship limits the choice much more then it does in the corresponding cease of the
discovery of the functional relationship.

Degree of Assurance
It is customary to try to meke use of probability theory in measuring

the degree of assurance thet we have attained in a statistical investigation.
This theory is closely tied up with the theory of causes and is naturally
linked with the name of Bayes through the theorem which bears his neme. We
cannot do more than indicate the nature of the limitations involved in trying
to derive from probability theory e measure of the assurence of a given hypothe
sls.

A careful survey of probability theory shows that the best we can
hope to do is to measure the likelihood that some function of a set of n ob-
served values will have a value lying within & specified range upon the basis
of the assumption that the observed sample has been drewn from some kind of a
universe. This is true even if we make use of a posteriori probability. Our
conclusion is limited, therefore, by the choice of hypothesis that we make.
Hence, probabiiity theory does not provide a basis for calculating the prob-
ability of a given hypothesis as compared with all others even in the cease of
statistical relationship. It appears thaet the best we can hope to do is to
determine how likely a given set of data is in respect to a certain function of
this set of data based upon one of an indefinitely large number of possible

assumptions,

C. Empiricel Relationshig

As already noted, the empirical relationship may be either quasi-

functional as that of the growth curve or the time series, or it may be quasi-

statistical as that of the relationship between modulus of rupture and speci-

fic gravity of various kinds of woods shown in Fig. 7-b. In general, we have no
e 9 )

l. Shewhart, W, A., loc. cit,
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definite, recognized, and accepted method of trying to discover relationships
of this kind beyond that of finding some empirical curve or smoothed set of

data in. the case of the quasi-functional relationship. For the quasi-statisti-

cal relationship, there is no available method for meking use of the theory of

probability even in calculating the 1ikelihood of the observed set of data

based upon a given hypothesis. The methods of smoothing end fitting empiriocel

‘curves in such instences do not contribute much to our assurance of a given
form of relationship beyond that suggested by the observed data.

It is of interest to consider

26
again the observed empirical relation-
24
ship between modulus of rupture and

22

specific gravity of different kinds of

woods. In the publication already re-
ferred to, a curve is given as shown B
in Fig. 9. What can be the signifi- ’ s
cance of such a curve? Certainly it - .

12 RN .

has no significance in the sense of
10

indicating functional relationship

because it is apparent a priori that

MODULUS OF RUPTURE - 1000 POUNDS PER SQUARE INCH
o
.

no such relationship exists. In the
second place, it cannot be a curve of

regression except in the cease of repe-

[ 0.1 0.2 0.3 C.4 G.5 0.6 0.7 r.p €.y
titions as nearly as possible of tests o e

on the same number of pieces from each

of the total number of species’. FIG. 9

Survey of Roie of Judgment in Discovery

It will have been noted that the application of the scientific

method in discovery involves a human choice at every step. For example, in

i t be fitted to this
1. ssion curve with eny degree of nicety migh
zﬁeéfapﬁﬁiz ?ust as well as one could be fitted to the corresponding set
of points, Fig. 6, representing the observed relationship betwein thg seme
two physit’:al factors for the case of Sitkas spruce. In 11;1;: gig: wizie;s
however, the curve would have no epparent physical sign can )
in the latter case it would have.
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the discovery of & functional or statistical relationship, the following

choices must be mede:

1., Choice of data.
2, Choice of functional form.

3. Choice of number of perameters at
least in certain cases.

4. Choice of method of estimating
parameters.

To a certain extent this field of choice is & kind of methodologicel No-Men's

Land.
History of science shows, however, that the discoverers of the past

have, in general, been those broadly trained in the particuler field of dis-

covery of their choice. They have been those femiliar with the stetus of ex-

perimental theoretical results in their particular field. The importance of
theory in help;ng one to choose the right thing to be discovered is 1llustra-
ted by the fact that several elements in the periddic table have been looked
for and found because their existence was suggested by the blank spaces. So
it is that many of the discoveries of science have been suggested by theory.
Furthermore, it is of interest to note in reading the history of
science that important discoveries have usually come only after the investi-
gator has surrounded himself for a considerable period of time with the facts
bearing upon the subject and during this period hes kept these more or less
constantly in mind. It is true, however, that many of these discoveries have
only come after the investigator has dropped the search for a time more or
less completely from his conscious consideration. In all cases it appears
that the preliminary conscious attention to the facts in hand is essentiel.
For fear that some one might falsely conclude theat the formal parts
of the scientific method do not add much assurance in any case, we need con-
slder another example. In meny branches of science, we often find cumulative

frequency distributions plotted on some kind of probability peper. If the

data 80 plotted lie on a straight line, it is concluded that the universe

from which the deta likely came is functionelly of the form of thet used as
& basis for the grid of the paper.



Fig. 10 gives one such plot

for a series of 15,050 measurements

representing efriciencieé on as many : ESES3

telephone instruments of a given kind. e

What conclusions would you draw? Do

the points lie sufficiently close to

VARIABLE X

the line to satisfy you thet the ob-

Jective frequency distribution is

such as to give a straight line? If

you answer yes, your eyes have misled
you, for it can be shown by analytical FIG. 10
methods that it is very unlikely that the objective universe is one of the

same functional form as that used és a basis of the gridl.

Logic of Discovery in Relation to
Production Engineering

Thus far we have considered the problem of discovery as an object in
itself with a view to indicating the relative importance of the human element
and the formal steps of the scientific method in the process of discovery.
Let us now consider briefly the problem of doing vhat we want to do time end
time again as in the production of large numbers of the same kind of things.

We can only touch here upen some of the fundamental elements of this
problem. In the first place it is essential that we adopt certein standards
or specif‘icﬁtions on the qualities of materials and finished products. 1In
most instances it is true that the qualities of units of the same kind or the
qualities of materials of the seme kind are inherently statistical in nature
in thet no metter how hard we try to make things with the seame quality or to
choose pieces of the seame kind of material all having the same quality, we may
expect to meet with failure. Looked at, therefore, from the viewpoint of con-

trol of a given quality X, ¥t is reasonable to believe that there are some
d be left to chance pro-

l1imits within which variations in this quality shoul

we are not to waste time unnecessarily in looking for trouble when 1t is

reasonable to believe that we cannot find it.

- - - -
. - e wm em o = e = -
- - - -
- e e E m m ow s we e s em m o m ow W = ==

1. Goodrieh, R. D., "Straight Line Plotting of Skew Frequency Data”,

i l
'et Of Ciuil En ineers, Vol. gl, po *

treated in greater detail.
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It is in this connection that the recent developments in the appli-

cation of statistical theory give promilse of being of great economical impor-

tance in that they enable an engineer to set limits on & quality or on any
such that the variations within such

statistic 6 of that quality, Fig. 11,

1imits should be left to chance. The

rational basis for establishing these

] 1imits is discussed in detail elsewherel.
b The interesting thing is that they can be
set so that over a long periocd of time
they will insure econcmic cont;'ol.

In the more general case, the

SUCCESSIVE SAMPLES OF n

gquality of the material for all practical
4 purposes depends upon a set of let us say
1 m physical and statistically related

characteristics Xl’ Xz, sey xi, veoy Xm.

...______.__.___.__._.__.__T___

!
|

31':.

.

30,
S

The standerd of quality in such a case

}

FIG. 11 As inherently a statistical equation of

state rerresented symbolically in the form

r's(xl’ xz, LI Y Xi’ vy Xm) = 0. (4)

Assuning thet it is essential to control each of the m characteristics, it is
simply necessery to establish control limits for each of the m variebles. It
is also possible and often desirable to establish similar limits on the corre-
lation coefficients between the pairs of the m differént quality cherecter-
istics. 1In the case of each of the quality cheracteristics or correlation
coefficients so treated, a devistion outside of the economic limits indicates

the presence of ceauses of varistion which should be eliminated.

It is interesting now to look again at the relationship between

strength of wrought iron end temperature shown in Fig. 3. Suppcse we were

assigned the problem of producing wrought iron controlled in respect to the

relationship indicated in this figure. fThis problem is anelogous to many that

¥e experience in the production of materials and apparatus of one kind or

enother. 1In the first place experienced men in the production field of

- - - - - - - -
- I T
- e = - o
- - e

l. Shewhart, W, A.y loe. cit.
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naterial would givg exactly the same relationship as shown in the above
figure. The guestion therefore arises as to what we should consider as a ocon-
trolled product in respect to this particular quality.

In the light of what has been said, this problem reduces to an ex-

tension of the simple one of controlling a given quality characteristic about
the expected value as 1llustrated schematiceally in Pig. 11. After we have done
everything feasible to eliminete causes of variability other than those which
should be left to chance, 1t is reesonable to expect that the values of
strength corresponding to a given temperature would be distributed in some
statistical distribution about some expected velue different, in general, for
each value of temperature. In fact, it 1is quite possible that the expected
values of these frequency distribution functions would lie on some curve such
as that shown in Fig. 3.

The suggested method of control in this case is to esteblish limits
through the aid of the criterion described ab/ove for each temperature in which
we are interested.

Incidentally it is of interest to note that the method of presenting
data by means of a smooth:distribution or by a suscessive series of points in-
dicating only the average values of one varieble Y corresponding to another
variable X as shown previously in connection with the properties of Bismuth
alloys, is quite unsatisfactory from the viewpoint of control because it does

not give any basis for establishing tentative limits of the type just con-

sidered.

Conclusions

Our brief survey of the field.of scientific discovery has tended to
emphasize the importance of the human e:lement and of experience and training
in discovery. It has indicated the way in which a knowledge of the fovmal
processes involved in the scientific method may be of materiel assistance to
the experimentalist in laylng proper em-hasis on each step of discovery in e
particular case., One very important thing which cannot be stressed too much,
because of its engineering significance, 1s that the customary emphasis on

number of observations is in meny ins?t inces entirely misleading.
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Passing to the problems involved in the production of controlled
quality in manufactured product, attention has been directed to the economic
signif icance of recently developed criteria for indicating the presence of

causes of varietion which should not be left to chance. It 1s extremely

significant that these criteria can be established in a way such that in the
long run they serve to guide inspection effort at any stage in the production

process from raw material to finished product in an economical way,
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