SYSTEMATIC ERRORS
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By W. J.

HYSICISTS today make very little use of statis-
Plit.‘ai techniques. There was good reason for the

minor role so long accorded the statistical eval-
uation of the errors in physical constants. When two
laboratories make independent determinations, each
may attach to its “best” value a = sign followed by
an estimate s of the error. This estimate of the error
is often based upon a series of observations made under
carefully controlled conditions, Experimenters soon dis-
covered that if laboratories A and B reported values
C,4 and Cy for the same constant, the difference A be-
tween C, and Cp was almost always a large multiple
of the estimated error s, (or §,). Obviously these cal-
culated errors had no more to do with the real errors
than the neatness of the laboratory or the promptness
with which the investigator answered his mail,

Statisticians in turn sensed that all the observations
made in one laboratory, with one piece of equipment,
were afflicted with some fairly constant and unknown
increment that was a resultant of biases associated with
the method of measurement, with the particular as-
sembly of apparatus, and perhaps with some more or
less persistent characteristics of the environment. The
statistician saw no way either to detect or to assess
these “‘constant” errors. Consequently, statisticians con-
centrated on other activities where random errors were
all that really mattered. The comparison of the yields
obtained from two or more varieties of wheat involves
only comparisons. Similarly the chemist, seeking to find
for an industrial process a set of operating conditions
that will give maximum yield, or maximum profit, can
compare runs and not worry much that all the results
may be half a percent high. That may be discovered
later, when the annual inventory is taken,

Both physicists and statisticians apparently agreed to
part company. There remained the custom of calculat-
ing and reporting the precision of the measurements,
partly to establish that very precise habits of work
were maintained, and partly in the hope that more
weight would be given to a determination if a very
small precision error was attached to the result. All
recognized that a small precision error was necessary
but gave no guarantee that the reported average was
close to the truth,

For decades there has been but little contact between
experimental physics and statistics, and I think that
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both parties have been the losers for giving up so easily,
Statisticians were not aware that many of the physical
measurements either approximate, almost exactly, cer-
tain ideal statistical models or else suggest the inven-
tion of statistical models that would extend statistical
theory. The physicist, in turn, relying on his experi-
mental skill, continued to track down the sources of
his errors by traditional methods and overlooked cer-
tain advantageous ways ol combining his observations,

This paper discusses three main topics. First some
remarks will be made regarding the statistical confi-
dence limits that apply to two or three independent
determinations of a constant. The major section deals
with what appears to be a plausible explanation for the
unexpectedly large differences between the values ob-
tained in different laboratories. The last portion pre-
sents some statistical aids for tracking down the causes
for disagreement among laboratories.

Independent Determinations of a Constant

SUPPOSE laboratories A and B report the values C,
and C, for the same constant. Precision estimates
s, and 5, may or may not be given. Perhaps the investi-
gators have searched their souls and ventured to indi-
cate the likely maximum errors in the values reported.
These estimated errors generally do not determine the
opinions of other laboratories regarding these two re-
sults. Depending on the laboratory visited, you may
encounter one of four possible opinions:

. The laboratory favors Ca and discounts Cy

. The laboratory favors €y and discounts C,

. The laboratory believes Co and Cy are of about
equal merit

4. The laboratory is a sceptic and believes both Ce and

Cy unreliable,

T B

If the laboratories are approximately split between
the first two opinions and one of the determinations is
close to correct, then the obvious statistical conclusion
can be drawn that about half of the laboratories will
eventually be disappointed. Perhaps all will be dis-
appointed if neither determination is near the correct
value,

If most of the laboratories are of the fourth opinion,
clearly there is no statistical problem. But if a majority
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of the laboratories feel that both results are worthy
and that there is little to choose between the two
determinations, then some statistical remarks may be
made. We are going to suppose that the method of
measurement is a new one and consequently there is
no other information available than that contained in
the two results already in hand, That there will be
some difference between the two results is to be ex-
pected. Examination of the difference between the two
results tells us little because we have no way of know-
ing whether this difference is smaller or larger than
usual. Statistical tables show that if the average differ-
ence between duplicates is ten units, then individual
differences of from one to thirty units are not uncom-
mon, So a single difference may be very misleading.

Suppose a third laboratory is about to make a report.
If we assume that the three results are independent of
the order in which they were obtained, some simple
logic suggests that there is a one-third chance that the
last result reported will be intermediate in magnitude
between the first two results reported. Denote the
smallest, middle, and largest results by s, m, and [
These three letters can be arranged in six orders: sml,
stm, msl, mls, Ism, and Ims. For two of these six
sequences the middle result m is the last in the se-
quence. Consequently, without ever knowing the first
two results, it is a fair gamble to bet one to two that
the third result will lie between the first two results.

Notice, too, that this logic holds quite apart from
any knowledge as to how closely the first two agree.
Of course, if by chance the first two values are identical
or nearly so, one might argue that it would be less
likely to get a third result between them than if the
first two did not agree closely. But just what other
standards can one produce to say, in any particular
case, what would be close agreement, or what would
constitute poor agreement, if these two results consti-
tute all the information available?

A closely similar question, given two equally es-
teemed results, is; What is the chance that the two
values C, and C, bracket the correct value? The an-
swer is one half, After all, the correct result does not
go gallivanting around the way a third independent
result might and contributes no error. It is quite re-
markable that this conclusion rests on a very modfrst
assumption about the underlying distribution, of which
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these two constitute our sole information. We have
only to concede that if a goodly number of qualified
laboratories undertook to make determinations, that
about half the determinations would be smaller and the
remainder larger than the correct value. Symmetry is
all that is required. So it is a coin-tossing problem with
two coins where heads refer to plus deviations and tails
to minus deviations. A quarter of the time we get two
heads (both results high), a quarter of the time two
tails (both results low), and half the time a head and
a tail, or deviations of unlike sign which means that
the results bracket the correct value.

I hasten to admit it is conceivable, through some de-
fect in theory, that all the results are afflicted with a
component error of the same sign and this will spoil
our coin-tossing game, But this is speculation and
tantamount to saying that it is useless ever to venture
an opinion about the confidence to be placed in the
determinations. It does seem appropriate to be aware
of the probabilities that 1 have given even if one
cautiously states the assumptions upon which the prob-
abilities are calculated,

Now a probability of one half is not a very comfort-
ing figure and it is a natural thing to wonder how we
might extend our thinking to limits outside the two
reported values in order to attain a greater confidence
that the correct value lies within these limits, Let
C,— C,= A, where C, > C,, and suppose we consider
limits of the following kind:

Upper limit = C; + kA, Lower limit = C, — kA,

It now becomes necessary to examine how sensitive our
confidence is to the kind of distribution that would fit
a collection of such determinations. Suppose we assume
first the traditional normal distribution. Then for &
equal to one, the probability is about 0.8; that is, add-
ing the difference between two results to the larger one,
and subtracting it from the smaller, gives limits that
four times out of five should bracket the correct value.
If instead of the normal distribution, we imagine that a
determination is equally likely to fall anywhere within
some finite, but unknown, interval centered on the un-
known correct value, the probability drops from 0.80
to 0.75. And there is a vast difference between the bell-
shaped normal distribution and the “rectangular” dis-
tribution of equal probability for all values over a
finite range.

Table 1 shows, for the normal distribution, how the
probability of bracketing the correct value between
C, + kA and C, — kA increases with k. Remember that
A is the difference between two determinations that are
accorded equal weight.

Table 1. Probability, P, that C,+kA and Cs— kA i}rnckel the
correct value, Normal distribution :uasq.med. Equal
weight accorded Cy and Cy; A=Ca—Cs.

k 0 1 2 3 1 5
P 05000 0.795 0.874 0910 0.930 0942

6 7
0,951 0958
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Sad to say, it takes an over-all spread between the
upper and lower limits of 13 times the difference be-
tween the two determinations to attain the traditional
95-percent confidence limits. You may reply: “Non-
sense. Things are not that bad.” But you should be
prepared to justify your comment. After all, in the
light of the peripatetic wanderings of the “accepted”
value of some of our constants, how can you, from just
two determinations, form a better judgment about the
correct value?

The real explanation of the wide limits required in
Table 1 is the small amount of information we have
on A. One pair may give a A considerably smaller or
considerably larger than the average A if many such
pairs were available, The way to improve matters is to
get additional, truly independent determinations.

The gain in assurance that comes from a third inde-
pendent determination at first seems disproportionately
large. The narrowing of the confidence limits comes not
so much from being able to average three rather than
two, but from having a firmer grip on the extent of
agreement that may be expected among independent
determinations, The chance that the three results
bracket the correct value rises from one half to three
quarters. That is, the chance that both a tail and a
head will be obtained when three coins are tossed is
six out of eight. If the difference between the largest
and smallest of the three values is added to the largest
value and subtracted from the smallest value, we ob-
tain confidence limits that have slightly better than a
twenty to one chance of bracketing the correct value.
Of course the same assumptions discussed above for
two determinations are made here, too, Even if there
are grave reservations about these assumptions, one can
say that the chances are no better than those indicated.
A bound has been set to our optimism,

In spite of the difficulties that arise in estimating the
error in a constant most scientists agree that the effort
should be made. Professor Bridgeman in his talk at the
1960 Gordon Conference on “Information Processing
for Critical Tables of Scientific Data”! emphasized
that critical tables should endeavor to present the
“best” value and to make some estimate of the “prob-
able” error of the value selected.

Composite Character of Systematic Errors

OMETIMES successive measurements may be made

in a time interval so short thal it is reasonable

to regard the measurements as being made with no
changes in environment, apparatus, or any other condi-
tion that might affect the measurement. Given adequate
precision a reasonable number of measurements serve
to establish an average that very closely characterizes
the measuring system during this interval, This average
will differ more or less from the correct value. This
departure from the correct value is plainly the algebraic
sum of several small effects. For example, the diameter
of a diaphram, the resistance of a coil, the temperature

and volume of a chamber, and similar quantities will
all be assigned values that depart in some degree from
the actual values that existed while the measurements
were made. These deviations from the actual values
influence the outcome—and each may either add or
subtract some small increment to the measurements.
The experimenter has surely tried to keep these various
increments somewhat the same in size and usually he
would say it was a toss up as to the sign of each
increment.

As an example, a recent determination of g presents
two sets of 32 measurements—one set made with one
rule, the other set with a second rule.® Fig. 1, taken
from this paper, shows the distribution of the measure-
ments for each set. No elaborate statistical test is re-
quired to make convincing the reality of the difference
between the means of the two sets. Doubtless there
were other components or conditions that had similar
inerements.

Imagine ten such increments of about equal mag-
nitude but unpredictable in sign. Now the experimenter
is surely at the mercy of the laws of chance. There are
six different algebraic sums (each either plus or minus)
depending on how fate has grouped the signs of these
increments.

Division of

the signs Algebraic sum Frequency

Sand 3 0 252
4 and 6 + 2 420 > 912
Jand 7 + 4 240
2and 8 + 0 o0
1and® + 8 20 112
0 and 10 + 10 2

1024

The foregoing tabulation shows that about once out
of nine times the increments gang up on the helpless
experimenter and introduce a composite systematic
error at least six times as large as the small “uncer-
tainty” he has achieved in his values for the compo-
nents in his apparatus. There is a chance in three of a
net sum of four or more increments, If the experiment
is repeated in another laboratory, the same situation
holds and half the time the two composite net sums
will be of opposite sign. We now see how the difference
between the results from the two laboratories may be
an order of magnitude greater than the standard of ac-
curacy set for the individual components,

The individual increments are taken as equal in size
to simplify the presentation. If the increments vary
from small to large, the effect is very nearly the same
if their average magnitude equals the “‘standard” incre-
ment used above. While there is a certain amount of
cancellation because there may be both plus and minus
increments, it is the net sum that matters. There is no
averaging out here. So the distribution of these “sums”
depends on the average size and the number of con-
tributing increments, Experimenters properly enough
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Fig. 1. Measurement of gravity constant

direct their best efforts to the detection and reduction
of the larger increments because this is the most effec-
tive way to reduce the average size of the increments,

Detection of Increments of Systematic Errors

E have seen that an aggregate of systematic

errors, all of them individually relatively small,
can nevertheless sum up in such a fashion as to pro-
duce a substantial net displacement from the carrect
result. The detection of small systematic errors, and by
that T mean errors comparable to the precision error,
requires a considerable number of repeat measure-
ments. Fig. 1 shows 32 repeat measurements of the
gravitation constant g with each of two different rules.
The repeat measurements with a rule cluster around a
central value for that rule and offer convincing evi-
dence that there is a real difference hetween the av-
erages for these two rules, The shape of the scatter of
the measurements around their average is what would
be expected on the basis of the normal distribution of
errors. Suppose the difference A between the averages
for the two rules is equal to s, the standard deviation
of the repeat measurements, Then, reference to tables
for the normal distribution shows that it is necessary
to make at least eight repeat measurements on each
rule before we can conclude, with 959 confidence
limits, that the rules differ at all in their mean values.

The important thing here is, that within one labora-
tory, the precision measure of error is the proper meas-
ure to use in evaluating differential effects of such
substitutions of components of the apparatus, or in
evaluating effects of changing environmental conditions.
Dorsey, in a lengthy paper published in 1944, gives on
pages 10 and 11 some pointed remarks on the necessity
of examining the effect of changing the adjustments of
the apparatus. I quote one sentence,

Readjusting the apparatus, he (the experimenter) will
proceed to change, one by one, every condition he can
think of that seems by any chance likely to affect his
result, and some that do not, in every case pushing the
change well beyond any that seems at all likely to
occur accidentally,
Excerpts from Dorsey’s 110-page article are given in a
paper by Dorsey and Eisenhart.*

The single sentence quoted above is particularly in-
teresting because Dorsey saw the direction in which
progress was to be made. In the nearly twenty years
since Dorsey prepared his remarks we have made con-
siderable progress in the direction he indicated. We see
that not only should the adjustments be changed, but
whenever possible there should be at least duplicate
components for certain vital parts of the apparatus.
The use of two rules, as exhibited in Fig. 1, shows how
much the results are at the mercy of a single rule.
Clearly the only thing to do is to take the average for
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the fwo rules, and there are only two rules. The predic-
tion as to what might happen with more rules throws
us right back to the discussion in the first part of this
paper. Incidentally, Dorsey’s recommendation that sub-
stantial changes be introduced in the conditions indi-
cates that he found it difficult to detect the effects of
small changes.

The previously-quoted sentence contains the phrase,
“one by one”. Change the adjustments “one by one” is
the way we all learned to experiment. The interpreta-
tion is easy then because, for example, if we merely
substitute one rule for another, any effect is obviously
to be credited to the substitution of one rule for the
other. In the intervening years since Dorsey wrote
there has been a good deal of activity in the devising
of more efficient programs for evaluating the effect of
just such changes in adjustments or substitutions of
components in the apparatus,

If there are a number of possible adjustments and
components to investigate, the total number of meas-
urements may become very large because a consider-
able number of repeat measurements must be made for
each assembly and each adjustment. There are really
two parts to this problem. If, for example, the experi-
menter winnows his choices down to seven alternatives
(including both adjustments and substitutions for com-
ponents) does that mean that he need try all 27, or 128,
possible combinations? Experimenters have already an-
swered this question, They designate some standard
initial assembly and set of adjustments and then pro-
ceed to change, one by one, the seven items under
consideration. Some measurements are made under the
initial state; an item is changed, and another set of
measurements made. Whatever was changed is put
back to the initial state and a second item changed.
There will be eight such sets and a goodly number of
measurements are required in each set.

Today, as a result of some purely theoretical in-
quiries into what statisticians term weighing designs,
we know that seven variables could have been equally
well evaluated with one fourth the usual number of
measurements. Or, and the prospect is enticing, we
could have detected, and perhaps corrected, systematic
effects only half as large as those just detectable under
the “one by one" approach. T say that these were the-
oretical statistical inquiries because statisticians were
mainly concerned with biological and chemical prob-
lems that involved major changes in the variables, In
such investigations there are mutual interactions of the
variables that pose quite different problems. Here the
changes in the variables are minute. The differential
effect of substituting one rule for another almost iden-
tical rule (as in Fig. 1) would be virtually unaltered
even if some other set of initial conditions had been
chosen.

Statisticians were unaware of the extremely impor-
tant problems posed in the evaluation of physical con-
stants., Yates was the first statistician to suggest and
name “weighing designs” in an incidental paragraph in
a paper ® in 1935, In fact, Yates belittled the designs

because he deemed it most unlikely that any problems
appropriate for such designs really existed. It is inter-
esting that other statisticians,®% in a purely theoretical
way, embellished the idea advanced by Yates, None
saw the possibilities that exist for application in very
precise physical measurements, And we lack, even now,
an adequate exploration of the programs that might
serve the needs of those who determine physical con-
stants.

Once it is recognized that the effect of a very small
change in a variable does not depend on the other
variables, provided that these other variables also are
held within very close limits, the way is open to change
more than one variable at a time, I illustrate this prin-
ciple first for the case of three variables x, v, and sz,
which may be assigned other nearby values 2', ', and
<'. Let us designate the standard initial condition by
x, v, and z and let these serve as the coordinates of the
origin in the three-dimensional graph shown in Fig. 2.

Yo |

i X\Z

(Y { TR Jp |

¥,z X\Y,Z

XYy.Z %
/ IY!

22

Fig. 2. Diagram for three variables

The customary way to explore this situation is to
change one variable at a time. The three choices are to
move to 2’ on the x axis, to ¥ on the y axis, and to 2’
on the z axis. These are poor choices by comparison
with the choices x'y’, #'z', and y'z'—marked with circles
in the diagram.

The usual procedure for detecting the effect of
changing x to 2’ makes use of the data obtained at the
two points x,v,z and x'yz. The more efficient method for
detecting the effect of changing x to ' makes use of
the data obtained at all four points, x,v,2; x,v's; 2’y
and x'vz’. Two of these sets involve x and two involve
x' so the data are grouped accordingly.

¥z x'y's
ay's’

The two sets with x include y and z and y' and 5"
So the average value for x incorporates the effects asso-
ciated with y, ¥/, z and g'. This is also visibly true for
the two sets with »’. Therefore, the effect of changing
x to ' will be given by comparing the agverage of all
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the data taken at x with the average of all the data
taken at x°. Inspection discloses that the four sets may
be partitioned into appropriate pairs to detect the effect
of changing v to ¥', or z to z’.

xy's’

vys!

xy5 ay's’ xye

vz x'y's 1'y's

The basic idea here is so important that I illustrate
it again for the case of just two variables. Recall the
32 measurements made with rule 1 (#) and the addi-
tional 32 measurements made with rule 2 (R). Group
them in opposing groups as next shown.

reer RRRR
reer RRRER
rrer RRRR
rrer RRRR
rrer RRRR
reer RRRR
reer RRRR
reee RRRR

If half of the measurements in each group were made
with another variable at 5§ and the remainder at S, the
measurements may be segregated into four sets.

Set 1 Set 2 Set 3 Sel 4
rs rs rS rS RS RS Rs Rs
rs rs rS rS RS RS Rs Ks
rs rs rS rs RS RS Rs Rs
rs rs rS rS RS RS Rs Rs
rs rs rS rS RS RS Rs Rs
rs rs rS rS RS RS Rs Rs
rs rs rS rS RS RS Rs Rs
rs rs rS rS RS RS Rs Ry

Rule 7 is present in sets 1 and 2 and rule R in sets 3
and 4. The other variable is put at s in sets 1 and 4 and
at § in sets 2 and 3. We may now play both ends
against the middle pairs of sets and evaluate the effects
of s and S, The data are used twice over. If the set size
is reduced from 16 to 8, 7 variables may be studied
with these same 64 measurements,

That is, all the data taken are used to evaluate the
effect of changing each variable. Either fewer repeat
measurements are required at each combination, or
more variables may be investigated with the same num-
ber of measurements. Indeed, the more variables that
are investigated in this manner, the more efficient this
method becomes. Seven variables lend themselves to an
especially elegant sequence of seven partitions of eight
sets into contrasting sets of four sets against four sets.
This example, shown in Table 2, I am glad to report, is
the one first mentioned by Yates twenty-five years ago.
You may note that four of the initial conditions are
changed each time,

It would be a pleasure indeed if I could include here
a small catalog of programs extensive enough to meet
the situations likely to occur in practice. T can point
out that the program shown in Table 2 can be used for
fewer than seven variables by ignoring one or more of
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the changes. It will still be necessary to work with
eight different combinations, Similarly, in a paper by
Plackett and Burman ' schemes for _[2, 16, and more
variables are given. Variables may be ignored here. too.
but the number of combinations is not reduced.

The minimum number of combinations required is
one more than the number of variables, if just two
alternatives are used for each variable. The substitution
of a component is sometimes a tedious affair so there
is sure to be interest in programs involving a minimum
number of combinations, I have tried my hand at this
game and offer the program shown in Table 3 for
studying five variables with six combinations. Each
effect is measured using the results of four of the six
combinations, divided two against two.

Table 2. Program for seven variables with eight sets.

1 2 3 4 5 (i} T H
! ¢ ¢ ! iy A 7 4 /i
il 1 r U 7 n (i u
] I’ i ¥ ! ¥ ] I’
W w W W " w W
v X v X X 1 X x
¥ ¥ I8 v v ¥ ¥ ¥
-~ P Z & Z g 5 Z

Table 3. Five variables in six sets.

1 2 3 4 5 i 1— V=(145)/2—(24+6)/2
gl Vg V = I w—W=(142)/2—(5+6)/2
w w W W W W x—X=(1+4)/2—(2+3)/2
¥ X X =x X = v—Y=(3+6)/2—(445)/2
e ¥ W J= O S s—Z=1(54+6)/2—(3+4)/2
g B L £ B z av=(14+2+34+4)/4

Table 4. Program for three variables, two with
three choices, one with two choices.

Variables

x X X x X X
TG 1 E 7
z Z y
2 —2
Stx sels =
- Z z
; -

L6034 055 6 ; bz
N X W XK :
yiy 9 ¥ oy ¥ 1 g Z
i Z 7 Z =it

Above coefficients are weighing
factors to estimate 1-x

There will be times when more than two choices are
possible and of interest for some of the variables. T re-
gret to say that the enumeration of efficient designs for
such mixtures of two and three choices has hardly
begun. Let me illustrate with a simple case of three
choices for each of two variables and two choices for a
third variable. There are 2 X 3 X 3 possible combina-
tions, and a minimum of six sets are necessary to sepa-
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what can we o for you?

We had the answer for TIROS...for
NIMBUS. We've had the answer to movie
camera, still camera, X-ray camera and
aerial camera problems. We've had the
answer to problems of high volume-
low unit costs; we've had the answer to
problems where few-of-a-kind are in-
volved. If your company is facing an
optical design problem, Elgeet's engi-
neering and design section welcomes
the challenge to create the break-

through that you require.
Write:. Elgeet Optical Company, ef
838 Smith St., Rochester, N.Y.
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A position on the staff of the newly formed Applied
Research Section at Convair/Fort Worth offers oppor-
tunity rarely found for physicists and engineers at the
doctorate level. Active and mature programs in elec-
tronics, space mechanics, thermodynamics, and nuclear
science are in progress. Research programs in the fields
of astro physics, ultra high pressure physics, relativity,
gravitation, physics of materials, and geophysics are in
the formative stages of planning and activation.

As a research scientist or engineer at Convair/Fort
Worth you hold a position that promises to be exciting
and challenging. In addition, you will discover that Fort
Worth is at once part of the Fort Worth-Dallas area
that is now the nation’s 6th market—2nd in aircraft—
and a friendly community with countless educational,
cultural, and recreational facilities. The climate is mild
year ‘round, cost of living is below the national average
and adequate housing is available in all price ranges.
If you are interested in future stability and can qualify,
a position within this section offers unlimited potential.
All qualified applicants will receive consideration for
employment without regard to race, creed, color, or
national origin. For further information, forward your
personal resume to Dr. E. L. Secrest, Chief of Applied
Research, Convair/Fort Worth, P. O. Box 748 P, Fort
Worth, Texas.

CONVAIR/FORT WORTH

CONVAIR DIVISION OF

GENERAL DYNAMICS

rate the individual effects of these variables. The prob-
lem is to pick that subset of six from the eighteen
available sets that will lead to the most efficient evalua-
tion of the effects of the variables, 1 suspect that the
program shown in Table 4 is as good as any, just on
the basis of the appealing symmetry.

In the squares are indicated certain factors and these
are the factors to be used in evaluating the effect of
changing x to x. Notice that the estimation of the
effect of a change in the variable involves a weighted
average of the six set results. The best average for the
constant gives equal weight to all six sets, Similar sets
of constants apply for evaluating x — X, vy — ¥, etc.

The essential point regarding these illustrative pro-
grams is that certain combinations lend themselves to
an efficient use of the data, that is, to a more sensitive
scrutiny of the possible sources of error. The one-at-a-
time technique is one of the least efficient programs,
The small individual contributions to error that are
associated with uncertainties in values assigned to com-
ponent quantities are not easy to detect. A planned set
of combinations will rank the various sources of error
in order of magnitude and reveal where the program is
weakest, Statistical techniques will not remove errors
but they can help isolating the important sources
of error.

Enduring Values

HERE is more in this discussion than the matter
of efficiency. The several variables, chosen by the
experimenter because they may influence the result, are
actually put to the test. At present the investigator has
two ways to arrive at an opinion or guess as to the
error introduced by any one of the quantities which
he would like to know exactly when he introduces it
into his computations. He may, on his judgment, hazard
a guess as to the maximum uncertainty in each of
the relevant quantities. Alternatively, he may accept
the estimates of others—e.g., the estimate of the man
who measured the length of the rules used in the
determination of g. Thermometers, weights, resistances,
purities, standard cells—the list is endless—they may
all be obtained with some sort of statement from the
calibrating source. It is easy to push responsibility off
this way. And we go on getting determinations from
different laboratories that disagree much more than
anticipated even when the claimed uncertainties in the
components are included, Maybe it is time to check
these indispensable bits of information. If the Coast
and Geodetic Survey measures the distance employed
in a determination of the velocity of light—ask them
to measure two or three distances. The above schemes
will soon put these measurements to the test. A choice
of resistances, diaphragm diameters, thermometers—all
should be made to run the gauntlet.
Yes, T know,
the same bias.

all the resistances may be subject to
The two rules used in the determination
of g may share a common increment that will not be
revealed by the data, But there is a difference between
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the two rules and now our estimate of the limits of
error can allow for this difference. We must use more
than one rule, or we will not have the data to estimate
this source of error,

I return to the summation of the systematic errors
associated with the individual components. The use of
two or more choices creates the possibility that the
choices differ in the signs of their systematic errors.
The final value reported will be an average of the re-
sults obtained with the several sets—each set a unique
combination of components and conditions. The in-
dividual summations of the separate sets now enter
into an average with all the advantages that come from
taking an average. Furthermore, the spread of the re-
sults for the several sets will surely give a more rea-
listic idea of the uncertainty in the final result than
that obtained from hopeful guesses.

There is another matter that cannot be glossed over.
Suppose the measurements are made according to some
carefully thought out program similar to the suggested
weighing designs, Admittedly this limits the freedom of
the investigator. The experimenter likes to be free to
follow some inspired hunch. He often wants to try
some alteration in the apparatus, or in the conditions,
on the chance that his spontaneous idea has merit. This
might be regarded as the art rather than the science of
experimentation. The investigator should consider how
often such ideas pay off and also the large number of
measurements required to detect small effects, when
tempted by such ideas.

I personally hold that allowance should be made for
“shots in the dark”. If the planned program is allotted,
say, around three quarters of the measurement time,
there would still be opportunity for imaginative excur-
sions. Even if these isolated shots lack the power that
they would have if incorporated in the planned pro-
gram, they add a lot of zest to experimentation.

We all know that a serious effort to determine a
physical constant is not undertaken lightly, The dom-
inating thought in the mind of the investigator is to
arrive at an enduring value, What is an enduring value?
1 suggest that it is a result coupled with a stated zone
of uncertainty that includes the value that future work-
ers will converge upon.
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BOSTON AREA SITE
OF NEW LABORATORY FOR
PHYSICAL SCIENCE

A modern and well-equipped research facility
established by P. R. Mallory & Co, Inc. offers the
following research staff openings for scientists in
solid state physics, thin films, materials, metallurgy
and electrochemistry,

THIN FILM SCIENTISTS—To
initiate and supervise investigations
of fundamental phenomena associated
with dielectric, magnetic, resistive and

semi-conductor films,

THEORETICAL PHYSICIST—
Theoretical studies of basic solid state
phenomena.

METALLURGIST—To establish
metallurgical laboratory and initiate
program of materials research.

ELECTRON MICROSCOPIST—
To establish electron microscope facil-
ity for investigation of structure of
films and other solid surfaces.

ELECTROCHEMISTS—For pro-
gram on fuel cells and fundamental
electrochemical phenomena.

SOLID STATE PHYSICIST—For
of bulk
properties of thermoelectric, semicon-

experimental investigations

ductor, and other interesting materials.

Expressions of interest may be submitted in con-
fidence ta Dr. S. P. Worsky, Director, Laboratory
for Physical Science. All qualified applicants will
consideration regardless of creed,

receive race,

color or national origin.

P. R. MALLORY & CO. INC.

118 Main Street
Watertown, Massachusetts




