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PRELIMINARY COMMENTS

I appreciate the honor of the invitation to talk
to you this evening on the subject, "Observational Signifi-
cance of Accuracy and Pregision". That. subﬁ’bt“'"dsugned
by your Chairman, has in it what Fpe engineer orten calls
"ten dollar words™, The pha:a;s’e‘é,‘ ;"observational significance",
for example, ought to give any speaker mough rope to hang
himself, Dr. Oliver Wendell Holmes, the father of the late
Justice, use to say that if he were assigned a subject for
a lecture he charged $300, while if the subject was one of

his own choosing, he charged only $200; but :ip either case

he sald exactly the same thinge.

If this topic had not been assigned, I might have
been tempted to choose the text of the old colored parson:
"It ain't dem things you don*t know what gets you into
trouble, it's dem‘ things you know for sure what ain't so",
In either case, I too would say exactly the same thing. 1In
particular, I shall consider some of the things about ac-
curacy, precision, and observability, that many of u::‘have
thought we knew for sure, but what ain't so.

Before tackling our Jjob in rzfal fashion, let ;ﬁ

Aeme hT - Dpasy bl
picture a few things which thought &~knew for sure -
primarily perhaps because —‘g‘k‘l—l‘ad seen them stated in high






places ~ but which # have been forced by experience to

put in the class "ain*t son.

Let us try to interpret the meaning of a physi-

cal measurement when tabulated in the form

"‘t" ? W o X t AX
X

such as found in tables of physical constants. From an
engineering viewpo xnt one wants to make use of such tab-
) WdorsatZipp
ulations;A wants to/make valid predictions. .. To begin,
one is confronted with the question:
AL Py
Is OX e measure of precision or of accuracy; or ko X
n L
is it a measure of both? If in search for an answer, we ,u»
turn to the literature on the subject, we f£ind that accuracy

and precision are often used as synonyms.~ One soon learns

from experience that accuracy is not the same as precision,
Obviously e use @# a tabulated range X it 40X de~

4O LRt MeAhAn
m‘q’:—*&s—mﬁmmuﬁtm;. For example, I hold here in

my hand a table, "Values of the General Physical Qonstants”, .
: M AA
published in 1929 by Dr. Birgee.
iabde, I was ineclined to interpret it as giving ranges within
which roughly 50% of the true values of the therein tabled
constants probably lie. I find that interpretation of mine
now in the elass of those things "what ain't so".
0f course, in application one is not only inter-

ested in tabulating results but also in using them as a
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basis for guldance in future action. From this angle, it

is rather interesting to note that many of the suggested

uses in the terature lead to comclusions so much in error
2 e s

as to invalidate or example, one of the best

ysics published last

. fon. This note ex-

—— errore I hold 4in
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éét only 27% within the limits. 1In commercial mass produoction,
to predict that 50% of a product will be found to lie within a
certain range and to find that only 27% lies within that range
certainly would get a statistician into hot water.
I have in my hand a paper on error theory by 3Sir [h-m

Arthur Eddington. He raises this question: Suppose that h*'
I find the following two values of Planck's constent in the
literature:

hx 10°7 = 6,551 + .013

h x 1027 = 6,547 + ,008,

which one shall I use? If I understand Eddington's argu=-
ment correctly, he maintains that "assuming that these are
to be taken at their face value", (whatever this reserva-

tion may mean), I am justified in choosing the second because the
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LX = .008 is less than the AX = ,013. It seems to me that
this conelusion beloﬁgs in the class "’ed.n'vl:i 80" unless there
1s some saving grace implied in the phrase "taken at their
face value®", | |

Now with your permission)we will pass to a more
formal conslderation of some of the pr‘inciples underlying
the observational significance of accuracy end precision.
Then in the latter part of the hour I shall show a number
of slides to illustrate the principles.

INTRODUCTION

Necessity is the mother of invention. When man
became a measuring animal he had to adopt standards of
length, mass, and the like. Commerce and industry called
Tor the legaliz ing of certain standards and the establishe
ment of methods of measﬁring with requisite accuracy and
precision in terms of such standards. Likewise, the intro-
duction of interchangeability about 1787 necessitated ac~
curate measurement and the invention of gauges. The steady
inorease in the aecuracy of interchangeable parts produced
under mapufacturing conditions has led to the invention of
standard length gauges with 60001 inch tolere.nces and pushed
the accuracy of test methods out to .000001 1nch.l Both pure
and applied science have pushed farther and farther the re-

quirements of accuracy and precision,

1ct. Geuges and Fine Measurements, by F. H. Rolt, The Macmillan
Company, London, 1989, Vole 1, Pel0.
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Applied science, particul in the mass production

of interchangeable parts, is becoming perhaps even more exacte-

JUSEINIE ——

ing than pure science in matters of accuracy and preocision.
It undertakes fo mske large numbers of things of a given kind

with gpecified degrees of these factors, such as accuracy of

1% or precision of l%/Failure to meet the requirements may
mean rejection and accompanying 113939599_,19 the cost of pro-
duction., Such specifications may become the basis of con-
tractual agreement, and any indefiniteness in the meaning
of the terms accuracy and precision or in the methods of
lega;_ action. The development "ng modern methods 6?”33’9;
production through speolficatlon is the mother of. mny
changes in our concepts and use of ‘e ierms’ew ing
precision, WMWW

For example, let us eomsider a specifigation of

the form:
A) The accuracy of the test metH& “shall *te"# 1%,
Eﬁ»—{ B) The precision of the test method shall be t 1%.
ﬁ—{G’ Under such conditions when is one justifled in

saying:

|

a) The accuracy of this test method is % 1%.
Jb) The precision of this test method is % 1%.
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Now suppose that a consumer mekes the specification
A and B and a producer mekes the claim a) and b), How would /(

you as an independent and unbiased observer or soientifiec

judge proceed to werify the producer's statement a) and b)? '*/M/

I suppose a layman has the right to assume that

if anyone ever attempts to say Just what he means and mean

Just what he says, that one should be a scientist or engineer

when specifying accuracy and precision and when making state-

ments involving these terms, What is to be said therefore,

is of interest not only in relation to the special problem Zf‘:‘
of specifying accuraey and precision but also as indicating

the limlt to which one may hope to go in saying just what he

means in a aag”that is subject Merifjicati‘o - something 1‘/“’
that is basic to all specification. For example, I think

you will agree that the limit to which we can go in specify-
ing the quality of a physical thing is a verifiable manner
certainly depends, among other things, upon the ‘limit to which
we can go in specifying any simple quality characteristio,
such as length, demsity, or the like, of that thing in terms
of quantitative measurements of such quality characteristicse
As a starting point, we must adopt some criterion

by which to judge the meaning or significance of the terms

accuracy snd precision.
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@ OPERATIONAL CRITERION OF MEAN ING

Since the turn of the century, we have witnessed

the rapid development in certamim—quarters, particularly,(?.he
flelds of logle and physics, of what has been termed a new

phenomenon, nemely, the attempt to apply with rigor the

\,

principle that{-only that whieh 1s observable is signirioant.l

)
]
-

It is supposed to follow that in order to talk in a meaningful
way, one must 1imit his discourse to concepts and statements
that are subject to experimental verification. Let us see
what havoe this prineiple, if accepted without reservation,
would wrought with our interpretation of the Probable Values
of the Physical Constants (1929) as indicating ranges within
which 504 of the true values lie, We certainly cannot ob-
serve the true values. Hence, must we discard such an inter-
pretation as meaninglesé and throw it into the waste bask_et
with other out-moded ideas? /.. sffw .~ v Teafe 4

We are told that Eins/tein is ';esponsifgle “r'or tfx
present virility of the principle \[that only the observable
is significantgé at least his discussion of the simultaneity
of events occurring at different places started msny to
think operationally in the field of physics. The outstanding
exponent of the theory, in physical sclence, is Bridgman who,

in his bock on Logic of Modern Physics, 1928, takes the stand

l"Science and the Unobgervable™, by Herbert Dingle, Nature,
January 1, 1938, pp. 21=-28.
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that the concept is synonymous with the corresponding set of
operations.s Logical positivists at about this time were also

seying that the meaning of a statement is its method of veri-

fication in terms of some operation that cen actually be oar-

s SOy gt T P

ried out,

PR ——

It was soon discovered, however, that the acoceptance
of sueh principles as stated would throw out as meaningless
many discussions which even adherents of the theory did not
wish to throw out. At least as early as 1934, it was pointed
out that meaning should ineclude not only practical but also
theq;et£391 verifiability.l

Under these conditions, we shall take the follow-
ing eriterion of meaning as a background for considering ac-
curacy and precision:

Every sentence in order to have definite cog-

nitive meaning must be at least theoretically veri-
fiable or confirmable as either true or false upon
the basis of evidence theoretically obtainable by
carrying out a definite arnd previously specified

operation in the future, The meaning of such a
sentence is the method of its verification.

This eriterion obviously takes in practicalz and
theoretical verifiasbility. As stated, this principle al=-
lows us to resui':;:ct our interpretation of the Probable
Values of the Physical Constants from the waste-basket

as being at least theoretically possible provided we can

“—----------_‘---_-------------.

lLewis, C. I., "Experience and Meaning", Phil, Rev,, March
1934, pp. 125-146, "
Nagel, Ernest, "Verifiability, Truth, and Verification”,
Journal of Phil., Vol, 31, March 15, 1934, DpPD. 141-147.

2’Sometimss called physical and logical verifiability,
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find a setisfactory theoretical operational interpretation

of the concept "“true value",

@ Gtant  CONGEPTS OF ACCURACY AND PRECISION

These two terms have 10;13 been and continue to be
used in the discussion of both pure and applied science -
they are among the most common terms in scientific literature.

. ?ut try to find out Just what either term means or the differ-
ence between them and, as 1s so often true with terms of com-
mon parlance, we f£ind that the meanings are not clear cut.

In fact, the two terms are given as synonyms in some of the
best dictioneries.

Books on the theory of errors also often use them
es synonyms, The author of one of the most widely known
books on the precision of measurements, however, bemoans the
fact that the two terms are used thus carelessly and in-
discriminately.l By precision or precision measure of a re-
sult he refers to what he terms the best numerical measure
of its'reli/albility which cean, as he says, be obtained after
eliminating or correcting for all known sources of error. By
the aecuracy of a result he refers to the degree of concordance
between it and the true value of the quantity measured. These
definitions, however, introduce sevemm end phraeses such

as "reliability" and "concordance™ which are not adequately

expratsst, Worie T ) gor wx 7y o

- ® > W w B W D e e W e w W U @ = =

1Goodw1n, H. M., Precision of Measurements and Graphical Methods,

MoGrew-Hill Book Gompeny, New York, 1913, Pp. 7-8.
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Obviously, if the terms accuracy and precision are
synonymous, one cannot readily see any difference between the
specification of an accuracy of 1% and a precision of 1%, If,
on the other hand, we were to adopt the definitions made by
Goodwin, we would first have to define reliability and ocon-
cordance as well as the numerical measures of these before we
could make intelligent specifiecations., It would appear, there-
fore, that one of the first things to be done 1s to decide
whether or not the concepts are, as it were, synonymous. I
personally feel that the concepts which these two terms try
to define are fundamentally different insofar a8 tbey have
applicability to the affairs of every-day life in enginearing
and science.mhall,_.h&eu;’er., a little later sm-a% these

terms have tended to become confused in the literature of—the
theory of-errors—and-statistive because of certain assumptions
@

that have been made to simplify the theoretical problem, Later
alhumd=nt evidence willl be mmod to show that in practice
there is little justification for believing that the assumptions
hold, Hence there is little reason for confusing the two con-
cepts from the viewpoint of practice.

Etymologically the term ™accurate" has a Latin origin

meaning "to take pains with" and refers to the care bestowed

upon a human effort to make it what it ought to be. Likewlse,



"accuracy" in common dictionary parlance implies freedom

from mistakes or exact conformity to truth, "Precise", on
the other hand, has its origin in a term meaning "cut ofr™,
brief, concise, Likewise, precision is supposed to imply
the property of determinate limitations or that of being
exactly or sharply defined.

In what follows, therefore, I shall take as a
starting point the following distinction:

I. Accuracy in s ome way or other involves the concept of a

difference between what is observed and what is true,

- —

II. Precision involves the concept of reproducibility of
P I e

what is obs erved,

@ REPRODUCIBILITY CF WHAT IS OBSERVED

Let us start with the simple econcept of length,
such as the length of the line A B.

Observable length exists in terms of one or more operations
of measurement, We have no way- of observing length as suche.
Given any method of measuring length, the operation of mea-
suring can be repeated again and agaln thus giving rise to

an infinite sequenee”'of numbers:

W, A. SREWRART'S COLLSCYHID



X Xz, voe Xi, ses xn, %'Fl’ seo In+1, seen (1)

These differ among themselves, Thus ten measurements of a
line with an engineer's scale graduated to 0,01" gave the
following results expressed in inches,

4,000 36994

30996 3.990

50996 3.992

3.994 3994

3.996 3992
TABLE 1

In what sense is there an observable length of
the line A B for a given operation of measurement? In what
sense 1is the observable length verifiable?

Length in this sense is representable by the in-
Tinite sequence (1), At the best it can only be theoretically
verifiable because it is not possible from a practical view-

point to observe more than a finite portion of an infinite

sequences,

P

There is snother point that we should note. We

may divide the infinite sequence (1) into two parts:
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xl’ xa' e e x co‘ Xn, In+l’ XY ] %1’1 XX )
Observed Theoretically Observable
Past Present Future

We usually think of the length of the line A B as existing
as some ocopstant value. However, insofar as observability
goes, the length exists only in the sense that: ﬂlit is
possible, having taken any finite number n of measure-
ments, to take as many m.o_re'measurements/in the future as
we like, and b) knowing the n measurements, it is possible
to make a mor:or less valid prediction in the probability
sense as to what one may expect to get in future measure-

st

ments. Schematically the probabllity relationship cen be

represented:

XI) xa’ seoe Xigooo Xn’ xn+1, Xn*z '"Xnﬂ.’ ce s zj‘

Probability
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Ideal Observable Reproducibility - Random

let us assume as an ideal case the reproducibility
exhibited by a sequence of numbers formed by drawing one at
a time with replacement from an experimental bowl. It is
assumed that maximum validity is atﬂéainable in drawing
probable inferences based upon a sample of n observed values

drawn under such conditions, An Infinite sequence of numberaf

obtained in this way will be said to be random and to have
arisen from a physical state of statistical eontrol.

How Characterize Infinite Observable Sequence

Let us consider the mature of the operationally
verifiable predictions that may be made about the unobserved
but observable portion of such an infinite sequence, Three
choleces must be made:

l. Portion or pertions of the sequence involved in
the prediction.

2, Function or functions of the numbers in the chosen
portion of the sequence.

3, Oriteria to be satisfied by the numerical values

of these functions.

ﬁbviously we cannot say anything definitely verifiable about
the as yet unobserved portion of an infinite sequence unless
& Efwe make the first of these three choices, Schematically we
Qmay illustrate one such portion by the terms between the two

Evertic:al lines,
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consisting of the j+l terms between xn+i and x]:H_1+J inclusive

of the end points, That is to say we must prescribe the mane
ner in which these terms are to be determinede.

Under such conditions we see that:

| If (i+j)< @, the chosen portion is practically observable,

If (i+j)= oo, the chosen portion is only theoretically obe
i servable,

Customarily (i+j) is chosen equgl to infinity corresponding

to the eoncept of true valueb In fact it is only in the sense

S— S
o s e gt PR

of the whole of the infinite sequence that the property of
length exists operationally. Obviously, therefore, operational
existence is not verifiable once and far all from the practical

viewpoint, bo
M

e
,\ ,,,,,,,,, -

Table 2 shows some of the 1nfinite number of differ-

/ /ent functions that may be chosen, The average X, standard
deviation ¢ and precision constant h -t-]-'g are three common
o

choices, The walues of these for the infinite sequsnce will

* ! t 1
be referred to as X', ¢ and h ‘:rl /__
=4 2l

moment functions there are an infinite number of choices of

° Of the symmetric

which o and h are only two.
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v
7
j : Heving made the first two choices, we must make a
choice of the limits within which the values of the chosen
functions must 1ie. For each such function @, the verifiable
prediction must be in the form that the observed value for

the chosen portion of the sequence will lie within specified
tolerance limits

Ol to 92.

That is to say, if we are to make a statement about the length
of a line A B that ean be decided definitely

YES or NO,

we must limit our statement to a finite portion of the po=
tentially infinite sequence and must imply specific choices
of function and of tolerance limits. In so doing, however,
we have let the "existence™ of the length of the line slip
through our fingers.
“Example

Let us consider the statement: "Michelson has dur-
ing the last few years been making new messurements, and as a

result of these announces the velocity of light to be
299,796 kilometers per second,

with a possible error of one kilometer only!™

-
e B m w e e e o oW e W N W e W EE e e e e ®

1) Cf Mechenism of Nature by E. N. da C. Andrade, G. Bell
and Sons, Lon. 1930 p. 80.
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How would you verify this statement? One can con-
ceive of there being a true constant value of the velooity

of light. So fer as I can see, however, this true value is

not obgervable at least in any practical sense. All that we
can do operationally is to take more measurements by Michelson's
or some other method. To make an observably definite statement
we must state how this quoted value is to be compared with
future observations., How many n measurements are to be made?
Shall we take the average or some other function of these

n measurements as a basis for comparison? These are typical

of the questions that must be decided before any statment about
the velocity of light becomes operationally definite,

' For example, let us consider the statement that
future measurements of the velocity of light will not differ
from that quoted above by more than one kilometer. Is this
statement operationally verifiable in the sense that it can
be decided unequivocally Yes or No? If it is to be answered
in the affirmative, we must first limit ourselves to a finite
future period of time, Then we must specify unequivocally
what is to be meant by a measurement, Shall the experimentalist
be allowed to group his single observations as he sees fit?

To reject so-called discordant observations? To welght his
observations as he chooses? To c¢hoose at will the number of
single observations to be considered as the basis for what

is to be taken as a measurement? To illustrate the effect



of grouping we may again refer to Michelson's original data,
When he grouped them in the following way according to kinds
of mirrors used he got the following results in kw,

per sec.
Glass 8 299,797
Steel 8 299,795
Glass 12 299,796
Steel 128 299,796
Glass 16 299,796
TABLE 3

However, the range in single observations is 299,718 to 299,859,
0f course, if we could observe the true value C',

we could verify once and for all whether or not

299,796 - C* [< 1.

Now let us see how the customary measures of ace=
curacy and precision are related to the observability of an

operation or measurement,

@ CUSTOMARY MEASURES OF ACCURACY AND PRECISION
Let ue-c onsider the concept of accuracy in the case
where the true value X' is given theoretically. Let us lay off

on a line a number representing this true value Fig, 1. Then



X,
s

\"\u.‘_\let us locate on this line two other points X = X'-Ll and
X'= X' + Lz.

f = xt-\{,l f' } - xt,&z

Fige 1

Accuracy with respect to the range X'-&l to X*+4, has to do

with the elusteri’ng of the numbers in a sequence of type (1)
within this range. |

Let us consider the eorresponding concept of pre-

cision., Let ¥' be the average of the numbers constituting

the sequence. Locate this‘average and two other points

X = Xt- Ll end X = i'*'az on a line Fig, 2, Let us assume
a case where the theoretical trué value X' is not equal to
X* 1is not equal to X'.

% f' ":{e

X ;-&1

m-h—
1 &

Fige 2

Precision has to do with the clustering of the

numbers in a sequence of measurements within the range
x*-&l to Xt + &2.
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If we view accuracy and precision in this way, it
is obvious that for a sequence in which

Xt -xt’ (2)

or where the theoretical value X' is the same as the average
Xt of the sequence, the concepts of accuracy and precision
become the same if the method of measuring the clustering

effect is made the same in the two cases. The customary

theory of errors measures the clustering in the same way
and in effect assumes that equation 26 is satisfied., Hence

it is that the two terms are of ten fused into one and the

same meaning,

Let us for the moment take as a measure of cluster-
ing the fraction pt of the numbefs in a sequence falling witbhin
the chosen range. Then we might conceive of comparing two
sequences of measurements of the same true value X' in re-
spect to‘accura.cy corresponding to a chosen interval by com-
paring the corresponding fractions of numbers falling within
this range. In the case where { = 4, is chosen equal to A

it is sometimes convenient to speak of the accuracy far a

chosen value p®t as the ratio

percent accuracy = f;’— x 100. (3)



- 22 -

Such én.gccuracy expressed as a percentage, however, is ob=
viously dehi‘segdent upon the value of p' chosen. Presumbly

we may define preeision in much the same way as

bPercent precision = %’. x 100 (4)
4

where the precision as thus given corresponds to a chosen
value of p', Equations (27) and (28) constitute the basis
for definihg accuracy and precision in percentage. It
should be noted that if the true value X' is equal to the

expected vaiue Xt*, then the percentage measures become the

S&Mol

@ FIVE CONCEPTS TO BE GIVEN OPERATIONAL MEANING

In the last section, three concepts were intro-

duced corresponding to the symbols
p*', X' and X'

All of which were defined in terms of an infinite sequence.

These call for operational interpretation,

S ER AR A A W e G R SR s WS GE S G eR AP W @ o W s & @ - ®

1e Of course it is sometimes assumed in_the literature of the

theory of errors that not only does X' = X' but also that
the distribution in the sequence is random and follows the
normsl law of error with standard deviation o'. Then the
probable error which is 6745 o' is taken as a measure of
accuracy and h' = _1 is taken as a measure o precision,
‘ ctv/2

o' being the standard deviation of the law of error. Here
again perhaps we find another reason why the two concepts
are often takem as synonymous in the literature, because

they are both expressible in terms of the standard deviation
o*,



13
.

OBSERVABILITY OF p' end Xt

Coneept
True probability p* and expected value Xt

Concept of Statistical 1limit

Lim @ = ot

n -—-—aoom

Show case for average of sample of size n drawn from a

normal bowl universe,




300.000

299,800
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Moreover in dlscussing reproducibility, we called

attentlion to the fact that all infinite sequences are not
the same from the viewpoint of being able to make valid pre-
difjﬂfgons. In the measurement of the length of the lbixie for
example, it is tacitly assumed that all the measurements in

the sequence are to be carried out under the same essential

conditions. Strictly spesking then we must think not only

of the sequence itself but also of the conditions surround-
ing the taking of each measurement. We may represent this

situation schematically as follows:

xl, XZ’ coe Ii’ es0 %, Iﬂ+1’ Xy xn+1 PP
|| | 1 |

€y G Cs n “n+l
where the Cts stand for what we mean by the term condition
as used in the phrase, the same essential conditions. What
we need is an operationally verifiable criterlon that must
be met by sequences supposed to arise under the same essential
condition. This we shall call the criterion of control.
Finally we need to consider the fact that statements

such as

The acecuracy of this test method is 1%.

The precision of this test method is 1%.
are probable inferences. In any probable inference P on

evidence E there is presumably sn objective degree p{’ of
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belief which one should place in the inference, and this
inheres in the relation between R and P, Schamatiocally

we have:

Py

How shall we give p.; an operationally verifiable meaning?
We shall f£ind this question of particular importance in

our discussion ‘of ascuracys
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OBSERVABILITY OF X!

So far our discussion of observability has been
confined to a comsideration of a single type of operation

or measurements In general there are many ways of measur-

ing length, mass, time, ¢, e, h, G and all other physical

properties. What we need to econsider is a potentially in-
finite number of methods of measurement, particularly when
we allow for differences between measuring instruments (and

obgervers) of the same kinde The situation is that shown
in Fig. 9,

xll’ '1'12, .o xli’ ses xln’ ‘. 'qi;fl' oo x1n¢1,“P‘ x'ln*im”l'b see
Xpys Xgps se  Xpys we Xoppy ‘Xgners oo Xpness xanom' L

...Q‘OOO..O.Q.QD...0*.‘)5...,9.07.0.00.00.000000000...0‘.r‘.....‘.......
.

.....OOl.........0."00;0.......0..I.......‘..O......O...I.......OI.....

xkl;‘“ Kka, o Xk‘i, R ese an’ xkn,.,l' [ X X3 xm‘,i’ xkn‘.1¢1, [ X X ]

T Ao . K S———
sseseliyseicssccncs canee saessnibsscossanis ‘,o_oooo\poop)ﬁ‘»’ao ecsootesstecse

o aEF
‘.0’500.0.0.....Oo.o.o;oton00‘0000“‘00’0‘000.0!0.000000.00000000..0...

. 4
P16 e @Ll——” -
L4

I
Any definitely verifiable statement about accuracy

must involve three choices:
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a) Some finite portion of each sequence from each of

a specified number of different operations,
b) Some function ¥

¢) Some tolerance limits ¥y and !'2 such that

- t
ns ¥k

is a definite yes=no criterion.




VALID PREDICTABILITY
b gongept

N\

a) System of constant chance ocauses.

b) sSeme essential conditions.

¢) Physical state of statistical ocontrol.

d) Random seguence,
The first three refer to physical conditions or ocauses.
The last refers more to the observable numbers .
Operational Meaning

It is essumed that drawings with replacement and

thorough mixing from a bowl satisfy conditions a, b and oe

The cbserved sequence is assumed to satisfy de
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Valid Prediction: Type 1

When distribution im bowl is normal, "Student"
theory enables one to make valid prediction as indicated
in Fig. 1. This assumes that X* is known. Validity of

prediction is the same for all sample sizes.

) [
ﬁ "I miaindie
- %
10} /}\
FIG. 1
Valid Prediction: Type II

X, Egscee Xy Xpe1r Tpeze 0% Tneg 00
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It should be noted that this constitutes predic tion
In terms of observables, To make it definite we must choose:

a) Portion of future sequence

b) Fumction

¢) Tolerance range.
All of which have previously been noteds In addition we must
choose:

d) The sllowable error

Fig, 2

Note that errors are reduced as n increases.
For example we must often go ton = 1000 or more
before errors can be reduced encugh to justify setting of

tolerances.

Now reconsider Eddington's comment about

h x 1027 = 6.551 + ,013
b x 10°7 = 6,547 % 4008
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or in general the results of neasurement expressed in the
form

X x4x

Even assuming that variable X is in a state of gtatistical

control. Obviously interpretation depends on rize of n,

CRITERION OF VALID PREDICTABILITY

In general we have infinite sequence which mey

or may not be like the "random" one drawn from a bowl,

Let us represent such a sequence as follows:

Xl" 180'. .11... ann*‘l'.’ x’n-ti'"
I |

el cz 61 cn °n+1 cn+1.

Such a sequence ‘should satisfy criterion I when broken into
subgroups of 4 (or small sample) by means of the C's.

A. Random Sequence Satisfies Criterion

MERAGE T

40
SAMPLE NUMBER

Al]l points are withiln.
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Empirically found that we must have from 25 to 250
samples of 4 that show control before we can be reasonably

sure that we bave physical state of statistical control.

B, Most Sequences Do Not Satisfy Criterion [ R T
Show application to measurements of the velocity
of light,

299,800
®e
___________________ e
. . .
299,780 .. s o, .
L] (] al L sl
v -

. Teves Ol .
299760 .. : -
____________________________ Y
,\ \
- ¥
299740
o

VELOCITY.OF LIGHT - KM/SEC

[ 20 30 40 50
SAMPLE NUMBER

g

C. Show That We Can Get Sequenceg That Satisfy Criterion I

Blowing time of fusese

TIME TO BLOW IN SECONDS




46009-.4—“7

- .
i SR . PLATINUM
GOLD » 'y o8 o o
GLASS ae o8 .
[ L s .
6.680 6.870 8880 6890

HEYL'S MEASUREMENTS OF G - GM./CC.X [0°%

AVERAGE R

20
SAMPLE NUMBER
war

IAMPLE HUmBLE
»
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D. Wipe Out C's ana Criterion Fails

5045
4350
4350
3975
4290
4430
4485
4285
3980
3925
3645
3760
3300
3685
3463
5200
5100
4635
5100
5450
4635
4720
4810

4565

4410
4065

4565

5190
4725
4640
4640
4895
4790
4845
4700
4600
4110
4410
4180
4790
4790
4340
4895
5750
4740
5000

4895
4255
4170
3850
4445
4650
4170
4255
4170
4375
4175
4550
4450
2855
2920
4375
4375
4355
4090
5000
4335
5000
4640

4335
5000
4615
4215
4275
4275
5000
4615
4735
4215
1700
4700
4700
4700
4095
4095
3940
3700
3650
4445
4000
4845
5000

4550
4700
4310
4310
5000
4575
4700
4430
4850
4850
4570
4570
4855
4160
4325
4125
4100
4340
4575
3875
4050
4050
4685

4685
4430
4300
4690
4560
3975
2965
4080
4080
4425
4300
4430
4840
4840
4310
4185
4570
4700
4440
4850
4125
4450
4450

Table of Data

4850
4450
3635
3635
3635
3900
4340
1340
3665
3775
5000
4850
4775
4500
4770
4500
4770
5150
4850
4700
5000
5000
5000

1700
4500
48410
5075
5000
4770
4570
4925
4775
5075
4925
5075
4925
5250
4915
5600
5075
4450
4215

4325

4665

4615

4615

Application without reference to Ctse

481

a4ty

AVERAGE RESISTANCE IN 102 MEGOHMS

or

2

30

SAMPLE NUMBER

FIG. 6

4300
4765
4500
4500
4850
4930
4700
4890
3625
4425
4135
1190
4080
3690
5050
4625
5130
5250
5000
5000



“ 30 »

Negat ive result,
Now apply with use of Cts,

0
3 ® . .
8 D :
0
% aef e ' 0 @
" se @ . L3
e . «* ®
z . e © °® [
b Lo 0 . v . .
g aak®s . . o o , :\
= e ) 4L
[ * R
a o4t
« - [
40k = —— e Py L -———
R s ‘4'
£ b
s .
< 28
e « .
—s b -
SAMPLE NUMBER
v e
FIG. 7

Positive result.
Hence operational criterion of predictability in

terms of observation involves a human elemente.

Conclusion

There is an operational criterion of valid pre-
dictability. Its use involves human ingenuity in use of C's
and the empirical fact that a certain quantity of data is

necessary,

3

Bate...... ........ e A
K. ¥0
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