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IN THIS paper ‘the viewpoint is

taken that an analytical proce-
dure has an inherent accuracy and
precision. True enough, there must
be an analyst in a laboratory to put
the procedure to work and this im-
plies to some analysts that an in-
separable association exists between
procedure and operator. A sample
is also indispensable, et there is no
hesitation in sometimes attributing
the variation in analytical results to
a lack of homogeneity in the mate-
rial furnishing the samples. At
other times, often when a reason-
able volume of a liguid is sampled,
the aliquots used as samples can be
considered identical in composition
and any differences among the re-
sults cannot be charged to the
samples.

The role of the analyst, or labora-
tory, may be revealed when two or
more laboratories undertake deter-
minations on samples drawn from
the same stock of uniform material.
In extreme cases the repeat deter-
minations made by a laboratory
cluster closely about the laboratory
atverage without any intermingling
of the results from one laboratory
with the results from another lab-
oratory. Figure 1 illustrates this
point. The open circles represent

the results from one laboratory and

the solid circles the results reported
by a second laboratory. Separation
of the results from different labora-
tories is practically always present
to some extent—that is, the separa-
tion between results from different
laboratories is greater than would
be anticipated, considering the
agreement among the results ob-
tained within a single laboratory.
The reduction, or, if possible, the
climination of these interlaboratory
differences is an everyday problem.

Here is a major reason why busy
analytical chemists turn to statisti-
cal techniques for help in resolving
the complex of circumstances that
surround analytical determinations.

Wrong Operations on Data

Often a study makes available a
collection of anmalytical results ob-
tained under a variety of circum-
stances. One wrong operation is to
take the grand average of all the
data and obtain the individual devi-
ations from this average. It mat-
ters not whether the simple arith-
metic average of these deviations
{(of course ignoring signs) is re-
ported, or some more sophisticated
quantity, such as the standard devi-
ation, is computed. The quantity
so reported is almost surely useless,
if not downright misleading. Nor
will matters be helped if the analyst
happens to have available the theo-
retical or assumed true composition
of the material and is able to meas-
ure his deviations from the true
value. In fact, this usually makes
matters worse. I am fully aware
that these computations are very
generally made, but they are made
in the mistaken belief that the
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simplicity of the calculations en-
sures a meaningful result.

An illustrative example will clear
the ground of erroneous operations
on the data. The example is taken
from some long ago microanalytical
determinations of carbon reported
by Power (1). Analyst H reported
six determinations on pure ephed-
rine hydrochloride as follows:

59.09, 59.17, 59.27, 59.13, 59.10, 59.14

Av.59.15

If the deviations are obtained by

subtracting from these results the

theoretical per cent of carbon,

59.55, the deviations are

~046, —038, —028, —042, ~045, —041
Av.—040

We are immediately struck by the
unvarying minus sign and the rela-
tive constancy of these large nega-
tive deviations. By accident, in
this example, because all the devia-
tions have the same sign, the aver-
age of these deviations (—0.40) is
informative. It is, in fact, an esti-
mate of the bias or systematic error
in the results, and if the sign is re-
tained, we have the direction of the
bias. The average deviation is not
always so kind as to furnish an esti-
mate of the bias. When the signs of
the deviations are not all the same,

True Average
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Figure 1
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MICROCARBON DETERMINATION

Average
® (Y ) ®
59.50 59.55 59.60 59.65 59.70 59.75

Inclusion of extreme values may displace average unduly

the average of the absolute devia-
tions no longer measures the bias—
or anything else. Probability state-
ments cannot be made about the
above deviations because they all
have the same sign. One could state
that no matter how many determi-
nations had been made, they would
all have given negative deviations
from the true composition.

Power listed four of his own de-
terminations that he considered ac-
ceptable. His results were 59.51,
59.75, 59.61, and 59.60, with an
average of 59.62. Apparently
Power avoided whatever circum-
stances led analyst H to his low re-
~ults. The ten deviations that

rould be obtained by taking differ-

~—ences from the average of all ten re-

sults tell nothing useful. The devi-
ations reflect a confused mixture of
random errors and systematic
errors. Even the average used
clearly depends upon the relative
numbers of determinations provided
by the two analysts. If the theo-
retical composition is used, the de-
viations visibly cunsist of two
groups with no intermingling. Sta-
tistical statements for such hetero-
geneous deviations are meaningless.
It is more informative to state for
each analyst the departure of his
average from the theoretical com-
position, for each to give an esti-
mate of his precision using the devi-
ations from his own average.

When the magnitude of the sys-
tematic error is comparable to the
random errors associated with pre-
cision, a predominance of the devia-
tions from the true value will have
the same sign. When a random
error of opposite sign and some-
what larger than the systematic

error comes along, the net result is
to give a sign opposite to that shown
by the majority. The best evalua-
tion of the random errors exhibited
by the above six results is obtained
by using the deviations of the indi-
vidual determinations from the
average of all the results. The de-
viations, —0.06, 0.02, 0.12, —0.02,
—0.05, and —0.01, must sum to zero
and should show a reasonably equal
partition between plus and minus
signs. -

The estimate of the standard de-
viations associated with the labora-
tory in which analyst H made his
determinations is given by s =
VZ=(dev)?/(n-1) or 0.065. The
estimate of the bias, —0.40, is about
six times as large as s. A random
deviation (either plus or minus) of
this magnitude is extremely un-
likely. Hence all the signs of the
deviations are the same. As the
ratio of the bias to the standard
deviations gets smaller, there is
more likelihood of a mixture of
signs. Table I shows for various
values of this ratio the expected
division of the signs of the devia-
tions from the true value.

This particular example was
chosen to bring out clearly the two
concepts of a systematic component
of error and a random component of
error. It may be, that in as clear
cut a situation as this one, few
would go astray. But it must be
remembered that there is a con-
tinuum extending from very large
obvious biases down to very small
biases. The values computed from
the data should correspond to mean-
ingful chemical quantities. The
separation of bias from random
errors is indispensable to an efficient
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approach to the improvement of
analytical procedures.

Statisticians have unwittingly
contributed to the confusion when
they remark that the divisor for the
sum of the squared deviations must
be one less than the number of
measurements, because the devia-
tions are measured from the average
rather than the true value. The
statistician and the chemist refer to
quite different things when they
speak of the true value. The chem-
ist has in mind the actual correct
composition. The statistician
means the value that the average of
the results would approach with an
indefinite increase in the number of
determinations made under the
same conditions. In other words,
the statistician’s true value includes
the systematic error, if any.

True Composition Unknown

If the true composition is not
known, the estimation of the mag-
nitude of a systematic error in the
results is not so easy but in some
situations not impossible, If the

. systematic error in the determina-

tions is the same over a considerable
range of sample weight (or volume),
the systematic error may be esti-
mated by plotting the actual meas-
ured quantity against the sample
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weight. The measured quantity
may be the weight of a dried pre-
cipitate or the milliliters used in the
titration. Clearly if one sample
weight is twice the weight of an-
other sample, there should be twice
as much precipitate or twice as
many milliliters of reagent used. If
there is a systematic error that is
independent of the sample weight,
all the results should be high (or
low) by the same amount. A
straight line fitted to the points will
not go through the origin, as it ought
to, but will intercept the Y-axis,
The intercept is an estimate of the
systematic error. This device fails
if the systematic error is propor-
tional to the amount taken for
analysis. B

While it may be difficult to esti-
mate the magnitude and sign of the
systematic error, the demonstration
that systematic errors are present
is all too easy. If two laboratories
report a number of ansalyses on the
same material, any difference that
can be established between the lab-
oratory averages is evidence that
one or the other or hoth sets of re-
sults are afflicted with a systematic
error. It was shown above that any
attempt to describe such joint col-
lections of data by a single statisti-
cal unit is bound to be misleading.

The evaluation of analytical data
is greatly simplified if it is assumed
that the participating laboratories
have the same precision. The basis
for this assumption is that appara-
tus, equipment, and analyst train-
ing are highly standardized and of
high quality. Weighings, titrations,
instrument readings, and the like
are likely to be made with about the
same reproducibility. Usually if
there are differences in apparatus or
technique, these concern matters
that do not contribute appreciably
to the precision. Weighing errors,
for example, are usually a minor
consideration, so that little econse-
quence comes from one laboratory
using a balance with twice the sensi-
tivity of the balance used in the
other laboratory. Thoughtful con-
sideration of the steps in an analyti-
cal procedure soon leads to the con-
clusion that differences between
laboratories in regard to equipment,
reagents, or in procedures are more
likely to lead to systematic €rrors
than to changes in precision.

The most obvious source of a
systematic error is a deliberate or
unwitting departure from the pre-
scribed manner of carrying out the
procedure. Chemists are individ-
uals; they have their favorite pre-
cautions, short cuts, and prejudices.

Table . Division of Plus and Minus

Signs of Deviations from True Value

Depends on Ratio of Systematic Error
to Statistical Deviation

Systematic Error Divisiqn pf signs
Standard Deviation of Deviations, %,

2.0 97.7 23
1.5 93.3 6.7
1.2 88.5 115
1.0 84.1 15.9
0.8 78.8 21.2
0.6 726 274
04 65.5 345
0.2 57.9 42.1
0.0 50.0 50.0

If a chemist faithfully follows his
own routine, his own analyses check
each other extremely well. The
same will be true for a chemist in
another laboratory. His internal
checks are no doubt just as good as
those obtained in the first labora-
tory (same precision) but the re-
sults, as a group, may reflect the
established practice of the labora-
tory. Similarly reagents in the two
laboratories may be from different
sources, or lots, or of different ages.
All determinations run with a given
set of reagents may show excellent
internal agreement but average out
at & value removed from the aver-
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age of determinations made with
another set of reagents. Pieces of
equipment may. differ in their zero
settings and introduce -different
biases without in any way altering
the precision of the readings. Geo-
graphical location sometimes in-
volves fairly persistent- humidity

differences between laboratories and:

this may be a reason for the differ-
ence between laboratory results.

Finally there is an abundance of
evidence that different laboratories
have different systematic errors for
a given procedure. Little convinc-
ing evidence exists of differences in
precision. Of course each labora-
tory likes to believe that it does
particularly precise work. Some-
times this belief is bolstered by a
too enthusiastic culling of - results
and running of extra repetitions
until a “satisfactory” agreement is
obtained. Leaving aside any spuri-
ous apparent differences in precision
generated in this manner, it seems
fair to conclude that laboratories
with equivalent equipment and per-
sonnel achieve about the same pre-
cision.

In any event, it takes a lot of de-
terminations to make a convincing
case for differences in precision.
Suppose two laboratories each make
ten determinations and an estimate
is made of the standard deviation
for each laboratory. One of the es-
timates of the standard deviations
must be at least twice the other
estimate to provide reasonable
grounds for the suspicion that there
is a real difference in the quality of
the work. Suppose that one labora-

‘tory does regularly turn out work

that has a standard deviation one
half as large as that associated with
the regular work of another labora-
tory. If each laboratory submits
20 repeat runs, there is only about a
four out of five chance that this ac-
tual difference will be reflected eon-
vincingly enough in the data to war-
rant the conclusion that the labora-
tories differ in precision.

A more vivid illustration of the
difficulties in the way of discrimi-
nating among laboratories is
afforded by the following comments.
We assume that six laboratories all
have identical precision. The labo-
ratories report five determinations
apiecc and the standard deviations

are calculated. Then we should not
be surprised if the ratio of the larg-
est estimate to the smallest estimate
of the standard deviation is as much
as 54. Even if the estimates are
based upon ten repeat determina-
tions, the ratio may reach 2.8 purely
from the chance distribution of the
deviations. If ten, instead of six,
laboratories participate, the ratios
are 6.7 and 3.1. The nature of
mesasurement is such that, even
under the ideal conditions of as-
sumed normality and absence of
gross errors, any measure of preci-
sion is subject to large sampling
variation. Unless there is clear evi-
dence to the contrary, the best pro-
cedure is to combine, in the proper
way, the several estimates of preci-
sion and award this value to all
participating.

The combination of the estimates

is easily effected by adding together

the. sums of the squared deviations’

available from the several sets of
results and dividing by the sum of
the divisors previously employed.
The deviations for each set must be
measured from the average of the
laboratory (or group) from which
the data originate. The-six results
by analyst H and the four results by
Power give the following pooled
estimate of the standard deviation:

00214 + 0.0295 _
~54s =000

s§=

The remarks about apparent and
not real differences in precision also
apply to different sets of data accu-
mulated within one laboratory.
Suppose that there are two sets of
measurements, each made up of
three repetitions. Perhaps these
sets were made on different days.
If the range, or spread, for one set is
twice that of the other, one cannot
conclude on this evidence alone that
one set of measurements is more
precise than the other or that more
confidence may be placed in the
average of the set with the smaller
range. Assuming that, as far as the
analyst knows, there was no change
in the circumstances, there is no
reason to expect a sudden real
change in precision. The analyst
should take the view that a given
procedure, in competent hands, has
an inherent precision which ean be
asccrtained. Individual small sets
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of data will inevitably give esti-
mates of the standard deviation
that show considerable variation.
This variation in the individual
estimates of the standard deviation
is natural, however surprising it
may seem. Once sufficient repeti-
tions have been accumulated, say 30
or more pairs of duplicates on
samples not too widely spread in
content of the element, an estimate
of the standard deviation can be
obtained that should be used in
place of any estimate based on some
small set of data. Of course, some-
thing can go wrong and sometimes
does. There are statistical criteria
for suspecting out of line results. If
the difference between a pair of
uplicates is exceptionally large,
this is taken as evidence of a mis-
hap. In that event additional de-
terminations are in order.

Once it is accepted that differ-
ences in precision between labora-
‘tories can be forgotten because, if
present, they are probably minor
differences anyway, the way is open
for a revealing examination of the
data. In any event the evidence is
conclusive that differences in the
systematic errors are the major
source of disagreement among labo-
ratories. Certainly, if this were not
the case, the whole edifice of stand--
ard samples would be without value.
Obviously the use of & standard
sample to check out a procedure can
in no wise alter the precision of the
analytical work. A standard
sample may direct the attention of
the analyst to the need to go over
bis procedure. Rarely will the
measures taken make any difference
in the agreement of check determi-
nations. If poor agreement between
duplicates were the real trouble,
the analyst could use improved
agreement between duplicates as a
criterion of satisfactory results and
dispense with standard samples.
This is only saying what every
analyst knows: Good agreement
between duplicates is a necessary
but not a sufficient condition for a
good procedure.

Systematic Errors

Just as a given analytical proce- .
dure may have a certain precision
associated with it as a property of
the over-all ensemble of operations



involved, so may the procedure it-
self be thought of as having a
built-in systematic error. It is a
common remark that this, or that,
method tends to give high (or low)
results. Obviously gravimetric pro-
cedures are vulnerable to low re-
sults if the precipitates are too
soluble. Very often, in analytical
procedures, a blank is specified and
clearly this is intended to correct for
a systematic error that would other-
wise be present. The chemist’s goal
is to devise procedures that are in-
herently without any built-in sys-
tematic error or bias. It is usually
considered sufficient to reduce the
systematic error to the point where
it is small relative to the precision
error. :

The systematic error of a proce-
dure is a property of the procedure
when performed as specified. De-
partures from the specified proce-
dure may substantially modify the
original bias. Sometimes a labora-
tory with the best intention of cor-
recting a suspected bias may over-
shoot and even change the sign of
the systematic error. In any event
there 1s no question but that the

procedure modifications and the
equipment and reagents associated
with each laboratory do result in a
corresponding gamut of laboratory
systematic errors that modify the
basic systematic error of the proce-
dure. Considerable advantage fol-
lows from accepting this picture of
the structure of the systematic
error. In the first place the true
chemical composition may not be
known. All that can be done then
is to take as a working reference
point the consensus of the partici-
pating laboratories.  Individual
laboratory systematic errors can,
in faet, be measured only from this
consensus reference point. A par-
ticular laboratory that is far out of
line may be presumed to have de-
parted from the accepted procedure
in a-unique way. In the absence of
any other guide, the consensus of a
reasonable number of laboratories
may be taken to characterize the
analytical procedure. After all, the
laboratories are expected to follow
the procedure. At a later date, an
opportunity may arise to try the
procedure on materials of known
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Persistence of systematic errors is shown in two series of analys_es un
by the same 8 laboratories. Each laboratory is shown by a different
symbol. The solid symbols refer to the first series and the open symbols

the second series
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composition. Any discrepancy be-
tween the true composition and the
consensus of the laboratories must
be considered a defect in the proce-
dure.

The essential point is that when
this way of looking at the system-
atic error is “simplified” by concen-
trating attention directly on the
difference between each labora-
tory’s own average and the known
composition, useful information is
lost. Suppose that the systematic
error for the procedure is positive
and that one laboratory departs
from the consensus by a nearly
equal negative systematic error.
This particular laboratory then has
& practically perfect check with the
true composition and therefore
swears by the procedure. There are
some omitted words here. The lab-
oratory swears by the procedure as
carried out by that laboratory.
That does not advance matters at
all unless we know, or can find out,
in what respects this laboratory de-

parted from the specified procedure,

This may be a significant deliberate

* departure and ascertainable or it

may be a chance departure depend-
ent upon the reagents, apparatus,
ete., that were used by this labora-
tory. In all fairness, each labora-
tory should be judged by its close-
ness to the consensus, if we have
any confidence that the participat-
ing laboratories conscientiously
tried to follow the procedure in
every detail. The discrepancy be-
tween the consensus and the true
value ought to be charged to the
procedure.

The consequence of this point of

view is that laboratories close tothe

consensus deserve pats on their
backs. A laboratory whose result
departs from the consensus should
be called to account even when it
happens to check the true composi-
tion. If the laboratory deliberately
departed from the procedure it
should share this knowledge, and
also simultaneously admit that it
did not adhere to the agreement to
test the procedure as given. If
every laboratory departs capri-
ciously from the procedure as speci-~
fied, then the whole business of in-
terlaboratory testing might as well
be forgotten because no single ver-
sion of the procedure can be tried
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out. If the laboratory has no rea-
sonable explanation to offer for the
good check it got, when the con-
sensus of all was clearly not a
check, there seems no more reason
to congratulate this laboratory than
a laboratory that had an equally
large deviation from the consensus
but in the opposite direction. After
all, if chance is operating in the
events that introduce laboratory
systematic errors, maybe the
chances of a plus or negative sys-
tematic error are not too different.
So one laboratory, judged by the
true composition, looks very good,
another very bad when perhaps
both laboratories have substantial
defects in their reagents or appa-
ratus.

When sall, or nearly all, the re-
sults from a. particular laboratory
deviate in the same direction from
the known composition, the evi-
dence of a Systematic error in the
results is unmistakable. The ad-
vantage of remembering the possi-
ble, and likely, composite character
of the systematic error, lies in the
steps that may be taken to achieve
better results. The procedure may
require modification. Certain lab-
oratories may need to mend their
ways. The desired end is one where
all the laboratories cluster closely

- sbout their consensus combined

with close agreement of the con-
sensus with the known composi-
tion. In fact, it can hardly be
maintained that an agreed upon
procedure exists unless the labora-
tories can achieve good agreement
among themselves around some.
value. Once this stage has been
reached, it will improve the chances
of successfully locating the cause
and remedy for a discrepancy be-
tween consensus and true value.

Separation of Syslemalic. and
Random Errors

Very few data suffice to demon-
strate the presence of individual
systematic errors for laboratories
and to provide an estimate of their
common precision (2-4). Two
fairly ‘similar materials, not very
different in percentage of the ele-
ment to be determined, will be re-
quired. These conditions are stipu-
lated because the precision as well
as the systematic error may depend

on the per cent of element present
and possibly be changed if interfer-
ing substances are present. Only
one determination is necessary on
each material by each of a number
of laboratories. If duplicates are
run, the averages will be used. Let
the materials be designated X and
Y. The laboratories are numbered
1 to », and the results symbolized
85 T, Y15 T2y Y25 . - .; Tmy Ya A
pair of coordinate axes should be
drawn on a piece of graph paper. A
scale of values is laid off on the
z-axis covering the range from the
lowest value reported for X to the
largest result. Using exactly the
same unit, the scale of values on the
y-axis must cover the range from
the lowest value for Y to the highest
result. Usually the scale is so en-

. larged that the smallest divisipn on

the graph paper corresponds to one
unit in the last place of the values
reported.

The pair of values furnished bya
laboratory determines the location
of a8 point on the graph paper.
There will be as many points as
there are participating laboratories.
A horizontal line is located through
the average (consensus) of the
values reported for Y and a vertical
line drawn through the average of
the values reported for X. These
two lines divide the graph paper
into four quadrants. The pair of
deviations from the averages, asso-
ciated with a laboratory, must be
either ++, +— —4 or ——,
and these correspond to the four
quadrants just formed. If plus and
minus deviations from the average
of each material are equally likely,
then the four combinations, 4+,
+—, —+, and ——, are equally
probable so that, in theory, equal
numbers of points should fall in the
four quadrants. This distribution
of the points would not be changed
even if the laboratories did have
different precision, because the
signs, and not the magnitudes, of
the deviations determine the quad-
rant getting the point.

Examination of scores of such
charts has shown in almost every
chart an unequal division of points
among the quadrants. Two of the
quadrants, the upper right corre-
sponding to ++-, and the lower left,
corresponding to ——, contain a
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majority of the points. The ex-
planation for such a departure from
theory is immediate. If a labora-
tory does have a systematic error,
this error, by definition, appears in
both the result for, X and the result
for Y. While the random errors
may be of opposite sign, the devia-
tions will be converted to the same
sign if a large enough systematic
error is added to, or subtracted
from, each random error. The re-
sults reported by the laboratories
show only the net remaining after
random and systematic errors have
been combined. The signs give the
show away and the surplus of points
in the ++ and —— quadrants is
graphic testimony of the presence of
systematic errors.

Analysts like to dream of a world
in which only random errors exist,
and small ones at that. Consider
the contrary world where perfect
precision exists but each laboratory
bas persistent individual systematic
errors. This would mean that if a
laboratory’s result for X is higher
by 0.10% than the consensus for
material X, then on material Y it
will be exactly 0.10% higher than
the consensus for Y—exactly the
same amount higher on both mate-
rials because of perfect precision
(sampling errors assumed not pres-
ent). In this contrary world all the
points would lie precisely on s 45°
line passing through the point where
the horizontal and vertical lines in-
tersect. Perfect location of all
points on such a line has not been
observed, but some distressingly
near approximations have been en-
countered.

Most interlaboratory studies
yield plots that are intermediate in
character between the two extremes
of equal numbers of points in the
four quadrants and all the points in
the 4+ and —— quadrants. The
points scatter in an approximate
ellipse whose long axis is the 45°
line through the point correspond-
ing to the averages for X and Y.
The larger the systematic errors,
relative to the precision error, the
more elongated and thinner the
ellipse will be. When the points do
straggle more or less closely along
the 45° line, the evidence for an
unsatisfactory procedure is conclu-
sive. Possibly the procedure is in-




adequately described and is so vul-
nerable to individual interpretation
that, as a group, the laboratories are
having trouble. On the other hand,
if a substantial majority of the
points are clustered in a fairly
broad ellipse with - only a few
points far out along the 45° line
(either in the 44 or —— quad-
rants), thereis a strong suspicion
that the more remote laboratories
have their own unique way. of mak-
ing the determinations.

An excuse often advanced by a
laboratory with an out of line re-
sult is the claim that it got a8 non-
representative sample.. This claim
is considerably weakened when the
laboratory’s point is far out and
near the line, because now the lab-
oratory has to claim nonrepresenta-
tive sample for both materials, and,
furthermore, departing in the same
way. An even stronger objection
can be put forward against this
claim. If the materials sampled are
not uniform, then, in taking the
samples of X, half of the samples
will be high and half low. This is
also true for material Y. The two
samples sent, quite blind, to ‘a lab-
oratory may be high in both (++);
high in X, low in Y (+—); low in
X, highin Y (—+) ; or low in both
(——). All combinations are
equally likely, so that if the lack of
uniformity of the stocks is sufficient

‘to dominate over the systematic
errors, then the points should be
equally distributed among the
quadrants, The argument is now
turned in reverse and a lack of

equal distribution among the quad- -

rants considered evidence that
sample variation is not the problem.

There is a possible ambiguity.
Either very poor precision or nen-
uniform material may lead to an
equal distribution among the quad-
rants. The allocation of samples
may be modified to resolve this am-
biguity if desired, but the event has
not been observed, so means to dis-
tinguish between these causes will
not be given. ,

Earlier mention was made that in
the event of perfect precision the
points would lie exactly on the 45°
line. Random errors displace the
points from the line. The perpen-
diculars from each plotted point to
the 45° line are 2 means of estimat-

ing the precision of the procedure
as revealed by the combined results
from the participating laboratories.
Designate the lengths of the perpen-
diculars by py, pz, . . ., p,. Then
an estimate of the common standard
deviation is given by
8=V Zp* (n-1)

Some readers may be interested to
show that this formula is equivalent
to

Zd-nd’

21
Here each d is the difference be-
tween the result reported for X by
a laboratory and the result reported
for Y by the same laboratory. The
algebraic average of these differ-
ences gives d.

Each laboratory provides a per-
pendicular. Measure the distance
along the 45° line from the foot of
the perpendicular to the point cor-
responding to. the averages for the
two materials. This distance, di-
vided by the v/2, gives the best
estimate of the systematic error of
the laboratory measured relative to
the consensus of all the laboratories,
If the true compositions of the
materials are known, they may be
used to plot a point. The distance
along the 45° line to the true point
divided by+/2 gives an estimate of
the systematic error of the proce-
dure as used by the participating
laborstories. -

The extensive range of systematic er-
rors noted in results by a large num-
ber of laboratories all -analyzing thé
same sample of phthalic anhydride
indicates the possibility of a faulty
procedure
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Number of Laboratories Required

The small amount of work called
for from each laboratory should
make it easier to enlarge the num.

ber of participating laboratories ~—

over the usual handful. Much ean
be said in favor of a large number
of participating laboratories. In-
formation regarding the prevalence
of systematic errors can be obtained
only by having enough laboratories
to reveal them and to estimate
fairly, by their consensus, the sys-
tematic error of the procedure.
There is another easy way to en-
large the number of points. An
additional pair of different mate-
rials, still rather similar to the first
pair, are sent to the same labora-
tories. The results are used to Ppre-
pare a second graph. The second
graph is placed on the top of ‘the
first graph, so that the horizontal
and vertical lines are goincident and
all the points transferred to one
graph. This merely gives a com-
mon consensus point. As the true
compositions have not been used,
the absolute values are not in-
volved. If the true compositions
are known, the common graph is
prepared by plotting the true point
on each graph and superimposing
these points. The axes are kept
parallel. Laboratory numbers
should be attached to the points.
If a laboratory has both its points
far out along the 45° line, the con-
clusion is obvious to all concerned.
The whole process should be Tre-
peated with materials having very
different per cent values of the ele-
ment to be determined. A separate
estimate of the precision is proper
and should be made. Indeed the
systematic error of the procedure
may change and possibly that of
individual laboratories. The range
of per cent and types of materials
that require study depend on the
analytical chemistry involved,

The economy .of effort achieved
by the elimination of duplicates and
other ramifications such as an
elaborate schedule of operators,
days, etc., is considerable. More
important, the rather spurious yard-
stick of parallel duplicates by the
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same operator is discarded. Par-
allel duplicates are favored indeed.
Whatever the attendant circum-
stances, these duplicates have
everything in their favor as far as
showing agreement is concerned.
Just what use can be made of such
a yardstick? Nearly every prac-
tical comparison involves deter-
minations carried out under less
uniform conditions than a pair of
parallel duplicates. Even the single
analyses on the two materials are
likely to be run together, so that
there is the same criticism to be di-
rected against using these to esti-
mate precision. The two mate-
rials would be better run at least on
different days. Figure 2 shows a
plot of potassium determinations by
14 laboratories on two samples of
fertilizer. The two samples were
run & month apart, so that the esti-
mate of precision is realistic. The
clear evidence of individual sys-
tematic errors in materials run a
month apart shows the persistence
of systematic errors.

The estimate of precision pro-
posed here is usually optimistic. A
laboratory runs two materials, no
doubt under parallel conditions.
The two results provide an estimate
of the difference between the two
materials. When the difference is
taken between the two results, any
common effects drop out, so that
the difference is in large' measure
freed of any consequences of the
particular set of circumstances
existing when this pair of determi-
nations was made. Every labora-
tory provides an estimate of the
difference and the estimate of the
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precision is based upon the con-
cordance of these several estimates
of the difference between the two
¢ompounds. The most that can be
said in support of this scheme is
that, unlike duplicates on one ma-
terial, the ldboratories do not- know
the difference between the two ma-
terials. There is no protection
against a.laboratory that runs two
or more determinations on each ma-
terial and reports the averages of
these under the label that they are
single determinations. Eventually,
if over a number of times, a given
laboratory always has a point
unusually close to the 45° line, it
might reasonably be asked to dis-
close how it consistently achieves
& precision so much better than
other laboratories.

Very careful efforts on analytical
work are associated with atomic
weight determinations and with the
work on standard samples or refer-
ence materials. The approach here
is chemical rather than statistical.
Using every iota of available chemi-
cal information elaborate precau-
tions are taken to eliminate, or cor-
rect for, every possible source of
systematic ~error. Comparatively
little dependence is placed upon re-
peat determinations. Here the
chemist supplies his own testimony
to support the position taken in this
paper. Systematic errors are the
real_headache. If enough care is
taken, or alternative procedures are
employed, the systematic error can
be greatly reduced. By such means
atomic weights and standard
samples gain acceptance. In the

.ordinary work of analytical chem-

istry, most of these precautions are
not feasible. Nevertheless the goal
of general agreement among lab-
oratories, using a procedure with a
very small bias, is the task of the
analytical laboratories. To achieve
their goal, the laboratories must get
the right kind of data and interpret
them properly.
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