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ABSTRACT

This report describes the common sources of bias associated with measure-
ments made for nuclear material control and accounting purposes and presents
recommended approaches to monitoring and controlling such errors. The effect
of meesurement error in material balance accounting is discussed to place mea-
surement bias in perspective. The recommended program for monitoring and con-

trolling bias includes calibrations, routine measurements of reference standards,
method testing and comparative analyses.
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SUMMARY

This report describes the common sources and the effects of measurement
bias in material balance accounting and the general and specific methods for
monitoring and cortrolling bias in measurement processes for special nuclear
material (SNM). The study was performed for the Nuclear Regulatory Commission
to help improve measurement control programs in the licensed nuclear industry.

Bias of measurement processes should normally be determined and controlled
by calibrations and routine measurement of reference standards. As a supple-
mentary bias evaluation procedure, comparative measurements should be made of
typical process material samples using an alternative measurement method that
is accepted as a standard method and is independently calibrated with reference
standards. In scme cases, designed experimental tests of the measurement
process should be used to evaluate the impact of potential sources of bias and
assist in the development of bias-free procedures. The accuracy of sampling
is generally established in this manner.

While bias is expected to be eliminated by calibration, within the limita-
tions imposed by the random error of the calibration procedure, every measure-
ment process should be continually tested 1o monitor the validity of the
calibration under current conditions and to determine bias correction factors
if required. The frequency of bias tests should be established for each type
of measurement system on the basis of historical monitoring data. The potential
impact of an uncorrected measurement method bias on the inventory difference
(ID) of the facility material balance should also be considered. Where the
impact could be appreciable, monitoring for bias should be more frequent than
otherwise. Control charts should be used to monitor the stability of the
calibration.

To help avoid sources of error stemming from composition differences, the
reference standards used for routine bias tests should be similar in form and
composition to the process samples for which the measurement process is used.
In addition, the measurements of reference standards should be made using the
same procedures, equipment, instruments, locations and personnel as for routine

Vit



process measurements. The measurement results must be traceable through an
unbroken chain of comparisons to national standards or national measurement
systems.

As an aid in chuosing or developing suitable calibration methods and
experimental tests for each measurement process, the user should be very familar
with the chemical and physical bases of each measyrement procedure and the
known sources of bias in the use of the procedure. This report reviews the
potential sources of bias in nuclear material mass measurements, sampling,
chemical and nondestructive assays and isotopic ratio measurements. In addition,
a list of references is included that provides supporting information and pro-
cedural details for most of the measurement systems used in the nuclear process
industry at the present time.



1.0 INTRODUCTION

Close control of special nuclear material (SNM) measurement quality is
necessary to ensure that a loss, theft or diversion of SNM will not be masked
by errors in the measurement data used in the periodic material balances that
are performed to test SNM control and accounting. The detection and minimiza-
tion of bias in the measurements is particularly important to avoid a biased
inventory difference (ID) in the SNM material balance. Even a small relative
bias in a measurement process may amourt to an appreciable bias in terms of
quantity of SNM when that measurement process affects large quantities of SNM
over a period of time. Since a positive ID that is statistically significant
indicates a material loss, biases that increase ID will increase the chances
of a talse indication of loss. On the other hand, biases that decrease ID may
mask and prevent detection of actual losses, thefts or diversions.

The importance of controlling biases is generally accepted and the use of
calibrations to insure accuracy of measurements is widely practiced. Neverthe-
less, because of the potential for variable biases in some measurement processes
and the importance of even relatively small biases in material balance data,
there is a need for continuing vigilance in testing and recalibrations.

Federal reqgulations applicable to licensees who possess certain gquantities
of special nuclear material(a) require licensees to establish and maintain a

program "for the continuing determination and control of the systematic and

(2)

random errors of measurement processes...". This program must provide for

the "ongoing use of standards for calibration and control of all applicable

« (1)

measurement systems". Some guidelines and recommended practices directed

(3,4,5) This report

toward these requirements have been published previously.
reviews the sources of bias in typical nuclear material control and accounting
measurements and presents suggested methods for monitoring and controlling bias.

These methods include recommendations of bias monitoring techniques such as

(a) A quantity of material exceeding one effective kilogram of SNM for use in
activities other than those involved in operation of a nuclear reactor
Ticensed pursuant to 10 CFR Part 50, those involved in a waste disposal
operation, or as sealed sources. (!
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periodic recalibrations, frequent measurements of reference standards, special
tests for conditions that may lead to bias, and periodic comparative measure-
ments by other methods of known accuracy.
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2.0 THE NATURE OF MEASUREMENT ERROR

The following discussion is presented to define the basic concepts of mea-
surement error, particularly the systematic error or bias component.(a) It is
recognized that although the concepts are generally accepted, there is consid-
erable variation in terminology and in the statistical handling of systematic
errors. The purpose here is to place the concepts and terminology in a perspec-
tive relevant to the remainder of this report.

Whenever a chemical or physical attribute (length, weight, volume, chemical
composition, etc.) for a material or item is measured, the value obtained will
be in error because of random variations in the measurement process and perhaps
because of an offset relative to the correct value of the attribute. Inherent
limitations of measurement processes cause such error. In a simple case, the
error for any particular measurement is composed of two components: the sys-
tematic error component and the random error component. The two components
are different in that the random error component varies from measurement to
measurement while the systematic component remains fixed for all measurements
in the data set. To clarify the distinction between these components, the fol-
lowing model for a simple case will be useful.

Let

Xy *utBte, for i =1, 2, ..., n (n measurements taken on (1)

an individual item)

where

X the ith measured value

i
i = the true value for the attribute being measured(b)

(a) In everyday usage, the systematic error component is frequently also referred
to as the bias. The term bias is defined in 10 CFR Part 70, Section 70.57
(a)(6), as a systematic error whose value has been determined from the devi-
ation of the mean of a measurement process from a reference value, and whose
effect can be corrected for (emphasis added).

(b) The traditional expression "true value" is used here because of its general
familiarity. Some writers prefer "target value," or "sought after value".(6)
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the systematic error component or bias
jth random error component (frequently the €; are assumed to be

€; = the i
independent and distributed normal (o, of )).

Subtracting u from both sides of the equation, the right side becomes
g + S0 which is equal to the measurement error. The systematic error component
is represented by £ and, in this simple model, is a constant. The random error
component is represented by €5- This term is not constant but may vary in both

magnitude and sign from measurement to measurement.

If several measurements are made on the same sample or item, the results
generally will show a variation. As the number of measurements increases, the
average measu-ement value will approach a constant or “limiting" value. The
limiting value of the average may not coincide exactly with the true value and
this difference between the limiting value and the true value is the bias of
the measurement process.

If the bias were known exactly, each measured value could be corrected.
For such a hypothetical case, the measurement error would be reduced to just
the random component. In actual practice, however, the bias is never known
exactly but must be estimated using a process which has error.

A typical method for estimating the bias is to use the measurement process
to make a number of measurements on a reference standard. The difference between
the average of these reference standard measurements and the assigned value for
the standard is an estimate of the bias. (The actual or true bias may be defined
as the difference between the expected value of a random variable and its cor-
responding correct value.) In the uncomplicated cases to be discussed first,
the closeness of this estimate to the true value of the bias of the measurement
process when applied to materials measured routinely depends on: 1) the size
of the random error standard deviation for the measurement process, 2) the num-
ber of measurements made on the standard, 3) how closely the reference value
assigned to the standard corresponds to the true value for the standard, and
4) how closely the standard resembles in composition, form, or chemical inter-
ferences the items or materials to be measured routinely.
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It must be recognized that estimates of the bias are subject to uncertainty
and that any estimate is merely one from a distribution of all possible estimates.
From this it follows that there is a variance associated with the estimate.

Such variances need to be included in an appropriate way when combining error
sources to obtain the 1imit of error of an inventory difference (LEID).

A simplified example follows to show the sources of uncertainty in bias
estimates and how these affect the uncertainty associated with a measurement
process. Suppose that during a given period a number of plant samples are
taken from the process and measured for a chemical property. Let the model
for the plant sample measurements be:

Xi5 = Y + B+ €43 (2)
where
xij = the value for the jth measurement of the ith process sample
My = the true value for the ith process sampie
£ = the bias of the measurement process
€45 = the random error of the jth measurement of the ith sample and Eij

! 2
has a mean of zero and a variance of o

Suppose further that a standard is measured n times during the period in order
to estimate the bias. Let the model for the measurement of the standard be:

yi=T#B+ni (3)

where

¥y = the ith measured value of the standard

T = the true value of the standard
g = the bias component (i.e., the same value as in Equation 2)
n. = the random error for the ith measurement of the standard where nj
has a mean of zero and a variance of oﬁ
Also, iet the assigned reference value of the standard be R, which is not nec-

essarily equal to T.

The random error components - and n are generally of the same magnitude
but are given different symbols to permit a distinction to be made between
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deviations encountered on plant samples and on standards. The bias, 8, is
assumed to be the same for measurements of samples and standards, the standards
being chosen from a range of standards to closely approximate the sample
composition.

An estimate of the dias, 8. is obtained by subtracting the assigned ref-
erence value, R, of the standard from the average, y, of the results from the
standards measurements, i.e.,

§=73 - R (4)
The value for R is not exactly equal to T, the true value of the standard,
because the measurement process used to arrive at the assigned value has random
errors and bias associated with it. Therefore, T differs from R by some value

i BT
A=R-T (5)

The value of A is, of course, not known but knowledge concerning the potential
magnitude of 2 in the assignment of reference values is needed, since from
Equation 4, 2

Var (8)

Var (y) + var (R) = ;ﬂ~+ var (R) (6)

Thus, the variance of g stems from both the variance of the value R assigned
to the standard and the variance of y.

A bias-corrected plant measurement is xij - 8, or using Equation 2,

Thus 02

Var (x.. - é) = 02 + -1 4+ var (R) (8)
ij E N

Therefore, the sources of variation of a bias-corrected measurement are the
variance of the measurement process, OS’ and the variance associated with the
bias correction. The variance of an average of m bias-corrected measurements
on a sample is

(J? r‘z

Var (% - 8) = .=+ #ﬂ + Var (R) (9)
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where

n

m = the number of measurements made on the sample

the number of measurements made on the standard

Thus, the variance of an average of bias-corrected measurements can be reduced
by increasing the number of measurements on the sample, by improving the mea-
surement method to reduce OS’ and by reducing the variance of the estimated
bias. The variance of the estimated bias can be reduced by increasing the num-
ber of measurements made on the standard, by improving ths measurement method
to reduce oﬁ, and by using a standard with a smaller variance of R. Frequently,
however, the 1imit or bound given for the reference standard is sufficiently
small that it has no appreciable effect on the uncertainty of the bias

estimate.(a)

Bias estimates of very well-characterized measurement processes will include
all sources of systematic error. In many practical cases, this is not attained
and the error model is usually more complex than illustrated above. Bias can
occur if the measurements used for the calibration of the method or the bias
estimates are made under conditions not identical to those encountered when mea-
suring process materials. Differences in procedural steps, environmental con-
ditions, or such factors as apparatus and operators can introduce offsets in
the measurement process. Measurements also can be biased because the standards
do not respond to the measurement process in exactly the same way as process
materials due to differences in composition or other material characteristics.
Such biases could be estimated by careful characterization of the measurement
process using such techniques as methods testing and comparative measurements
(see Sections 4.2 and 4.3). The measurement process often can be modified to
eliminate the cause of bias or to reduce its effect to a negligible level. In

(a) The Timits assigned to R, the reference value of a standard are normally
given by the one who prepared and calibrated the standard. They are derived
from the variance of the calibration process (the measurement data), the
limits or bounds of the standard(s) of higher hierarchy used, and estimates
of the uncertainty introduced by all other possible sources of error in
the calibration process.
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those cases where this is not practical, it may be possible to estimate limits
(or bounds) for the bias for each source that has a non-neglible effect on
measurement results. These limits are to be included in the overall uncer-
tainty of the measurement process.(a)

(a) If the effect of a source of bias can be quantified (i.e., the direction

and magnitude of the resultant error can be determined), the measurement
result can be corrected.
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3.0 SOURCES OF BIAS

3.1 VOLUME MEASUREMENTS

Volume measurements for SNM accounting are normally made in calibrated
tanks equipped with instruments for determining liquid level. Volume is cal-
culated from liquid Tevel readings using a calibration curve or equation. The
calibration equation of a linear volume measurement tank is:

hL =a + bV
The working equation for volume measurement is:
vV = (hL - a)/b
where
V = volume of liquid
hL = liquid height in the tank
a & b = calibration constants, namely, the intercept and slope of the

(a)

calibration curve, respectively

The liquid level, hL’ may be measured by any of several instrument systems.

The most common system for remote tanks in high-radiation zones is the pneumatic
probe system, in which the primary measurements are liquid head, measured by a
differential pressure instrument or simple 1iquid-filled manometer, and density.
The mathematical function for a manometer readout is:

hL = Mooy
where
hM = the liquid height in the manometer
M & oL = the densities of the liquids in the manometer and the tank,
respectively(b)

(a) Volume measurement tanks that are not strictly linear may require curvi-
linear calibration equations or a set of two or more linear equations to
obtain the best representation of liquid height to volume.

(b) If the liquid in the tank is homogeneous, the density can be obtained from

the pressure difference between two levels below the surface of known dif-

ference in elevation.
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Other common 1liquid level measurement methods are sight gage, float and ultra-

(7,8)

sonic ranging. Most of the sources of volume measurement error are the

same for any liquid level measurement method.

Tank calibrations are expected to be stable for long periods of time if
the tank and its internal equipment are sufficiently rigid. However, the
calibration curve of a tank may change because of a change in the dimensinns
of the tank from relief of stress or physical distortion under load. In addi-
tion, the calibration curve can be altered by corrosion of the lower pressure
sensing tube and other internal surfaces of the tank and by replacement of
heating or cooling coils or stirrers with units of different dimensions. The
total 1iquid capacity of the tank can also change due to buildup of sediment.
This usually only affects the heel volume (the residual contents of the tank
not normally removable by pumping), which is part of the tank inventory but
which should not affect the accuracy of volume transfers.

Any of the instruments used in the measurements of liquid level, such as
pressure sensors and thermometers, can give b‘ased results. Some possible
causes of error are electrical disturbances, degraded or failed instrument
components, or uncompensated changes in ambient temperature. Liquid-filled
manometers, widely used to measure the pressure differentials, depend for their
accuracy on an accurate knowledge of the density >f the manometer fluid.(a)

The density of manometer fluids can be affectec uy contamination, aging and
radiation damage. These densities also vary with temperature, but adjustments
for such variation can be made routinely. Because of these potential sources
of error, manometer fluid is replaced or the density remeasured frequently.

Lack of care and skill by operators can also be a source of volume mea-
surement error. Some operators may make instrument adjustments or read instru-
ments 1n a manner significantly different from others. Such reading differences
do not necessarily cancel each other, even in measurement of volume transferred

(a) The solution level in the tank is calculated from the static pressure dif-
ferential and the ratio of the manometer fluid density to the tank solu-
tion density. The measurement of the laiter also may be based on a
manometer fluid density value.



which involves the difference between two liquid level readings, because these
two readings may often be made by different operators. Consequently, operator
skill and adherence to approved procedures are important.

Process equipment other than measurement tanks should be calibrated for
measurement of liquid holdup volumes, unless all holdup is to be flushed to
(9) Holdup measurements can be biased, how-
ever, despite thorough calibrations or transfers to measurement tanks, because

measurement tanks for inventories.

of such sources of error as incomplete draindown of liquid in the vessels and
transfer lines, and changes in the capacity of calibrated vessels caused by
accumulations of sediment.

3.2 MASS MEASUREMENTS

Potential sources of bias in weighings are:

e environmental conditions such as temperature, humidity, vibration and dust
that are different from conditions that existed during calibration

e a calibration change due to corrosion or damage to the scale mechanism
e systematic operator error.

These sources of error are applicable to both gross and tare weighing processes.
A bias in the weighing process may affect both weighings equally, in the abso-
Tute sense, in which case the error will cancel for net weights, but such can-
cellation cannot be assumed.

The sensitivity of scales to environmental influences can be determined
and precautionary measures instituted. Significant calibration shifts can be
detected through a monitoring program with working standards (see Section 4.1
and Section 5). Bias can be caused by operator differences in following proce-
dures for cleaning and drying the objects to be weighed and in reading gradu-
ated scales or estimating null points.(a)

(a) Operators may also make mistakes in weighing, recording data and calculating
results, but these are more likely to be random than systematic. The use
of automatic printing or digital readout scale’ will reduce the frequency
of reading errors and mistakes in recording.

3.3



A common practice in weighing is to round the observed weight to fewer
digits than actually observed. This practice may introduce an additional com-
ponent to the random error variance in weighing but usually will not cause a
bias(a) However, if calibration data are rounded, the added error will affect
the standard deviation of the calibration value, which will affect, in turn,
the standard deviation of all process item measurements based on that
calibration.

Excessive rounding can cause a bias in certain circumstances. For example,
consider the case of a group of items whose average mass is 100.4 g and for
which all or nearly all observed values fall between 100.0g and 100.5g. In this
case, rounding of either of the observed values or the mean to the nearest
gram would result in a 0.4 gram bias.

3.3 SAMPLING
Potential sources of bias in sampling are:
1. process and material effects such as:
e variability or inhomogeneity of the material sampled

e segregating behavior of powder mixtures (e.g., the sampling proce-
dure may tend to select material preferentially by particle size
fraction or density)

e change in composition of samples while awaiting analysis
e the presence of solids in solution samples
2. procedural effects such as:

® inadequate protection of samples from air, moisture and airborne
contaminants during sampling and while awaiting analysis

e contamination of samples from inadequately cleaned or dried equip-
ment and sample containers

® incorrect sampling plan or procedure

(a) Guidelines on rounding practices are available in Reference 10.
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3. improper designs or malfunctions of sampling and mixing equipment

4. failure of operators to follow prescribed sampling and sample protection
procedures.

These sources of error may affect not only the primary sampling operations
but subsequent sample handling operations as well, such as preparing, blending,
and subdividing the gross sample, and preparing the laboratory sample.

Variability of the composition of material within a batch or lot would
not necessarily result in biasec samples. If the variability were random, the
sampling error would vary in magnitude and direction from sample to sample but
on the average the results would not be biased; if a sample is a composite of
many subsamples from the lot, the results wouid approach the lot mean as the
number of sample increments is increased. However, if the composition varied
systematically, such as from place to place in containers or from time to time
in the production flow, samples could be biased if random sample selection
procedures were not used.(a)
sampling procedures or the failure of operators to follow the sampling plan.

Consequently, bias can be the result of improper

Process materials cannot aiways be blended thoroughly before sampling.
Processing or equipment limitations or criticality constraints on batch sizes
may preclude thorouyh mixing. Blending problems also occur with powder mixtures
that tend to segregate according to particle size or density,(]]'lz) with multi-
phase systems, and with heterogeneous materials such as scrap, waste, rags,
paper and plastic, contaminated air filters, and ion exchange resins. In such
cases, the formation of composites from subsamples obtained using stratified

random sampling will be he]pful.(4)

Composition changes in a sample awaiting analysis can result from such
effects as evaporation (liquid or two-phase samples), hydration or dehydration,
oxidation or deoxidation, precipitation, and the formation of polymers (pluto-
nium). Sample evaporation can occur during the sampling operation as welil,
and vacuum-1ift sampling devices can greatly increase such evaporation.

(a) That is, sampled in such a way that every portion of the batch or lot had
the same probability of being sampled. (For additional details see Ref-
erence 4.)

w
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Equipment for remote liquid sampling often includes considerable piping,
flush lines, steam or air jets, and retainer cups or wells that can be a source
of sample céntamination or dilution. If the system is not flushed adequately
with process solution before samples are drawn, dilution or cross contamination
of samples is likely.

3.4 LABORATORY ANALYSES

Chemical and physical analyses of materials may involve many steps and
manipulations, each having the potential for introducing error into the overall
measurement. Common steps are drying, mixing, subsampling, weighing, dissolving,
separating, purifying, and assaying. Potential sources of bias in analyses
are:

e errrrs in calibrations of the measurement process or instruments, reagents,
and equipment such as balances and volumetric ware

e the presence of interfering constituents in samples

e differences in composition or form between standards and process samples
that affect method accuracy

e incomplete dissolution of samples

e uncompensated changes in composition of standards and reagents, such as by
evaporation or contamination

e failure of operators to follow prescribed procedures.

Chemical interfecence is a common and troubiesome source of error. Either
the presence of the interference or its effect may not be known. Analytical
method development and testing normally include a careful study of the effects
of potential variations in material composition and impurity levels on the
accuracy of the method. Method modifications are made that eliminate the
interferences if possible, or correction factors are determined. The presence
of sporadically occurring impurities in process samples that cause analytical
interferences can be monitored by performing a general analysis (e.g., emission
spectrography). When such an analysis shows that an interfering substance is
present, either a bias correction can be applied, if it is known, or a counter-
measure such as sample pretreatment and separation can be carried out.
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Incomplete sample dissolutions may result from inadequate procedures,
operator error, or differences in solubility behavior between different lots
of material. For example, the resistance of plutonium dioxide to dissolution
is affected by calcining temperature and time.(]3)

3.5 NONDESTRUCTIVE ASSAYS (NDA)

Nondestructive assays of the SNM content of nuclear materials are achieved
by measuring the radiations or the heat generated by the radioactive decay of
the isotopes of uranium or plutonium, or their decay products, or some combina-
tion of these. The radiation may be spontaneously occurring or may be induced
by gamma or neutron irradiation. Methods based on the former are called passive
assay techniques, and thuse based on the latter are called active assay tech-
niques. Descriptions of the designs, performance and applicability of existing
NDA instruments are available in several publications (see, for example,
References 14-16).

A1l currently used NDA systems respond to a variety of factors in addi-
tion to the quantity of SNM in an item that may result in bias. The principal
factors can be categorized as:

1. instrumental and environmental effects coupled with calibration procedures
that do not provide for control or compensation for these effects

2. differences between the composition of measured items and the composition
of the calibration standards.(a)

Some of the instrumental and environmental factors which may cause bias are
changes in the:

e intensity of a radiation source or in its energy spectrum

e instrumental response, due to aging components or to varying ambient con-
ditions such as temperature, humidity or power

e background radiation level (either from internal or external background
sources )

(a) This is one of the principal causes of item-to-item error (see References 16
and 17).
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e the position of a detector(s) or a radiation source relative to an item
measured.

As an example of an effect due to ambient conditions, consider the case
of using, without ambient temperature control, an instrument whose response is
affected by temperature. The instrument will give biased results when the
mean temperature of the room in which the instrument is used is not maintained
at the mean temperature at which it was calibrated.

Potential sources of bias in NDA measurements due to differences between
measured items and calibration standards include differences in:

e SNM density or distribution

e the form, composition, density or distribution of extraneous materials
that affect the attenuation of radiation, or the amount of extraneous
radiation emitted

e the isotopic composition of the SNM
e the container size, geometry, wall thickness, or composition.

The effect of differences in form, composition or density between items
measured and calibration standards is generally difficult to monitor and con-
trol. The composition differences may not affect the reproducibility of
repeated measurements of a given item, but may cause consistent differences
in response from item to item that are not the result of a difference in SNM
content.

As an example of a situation in which such errors can occur, consider an

235

instrument that measures the U content of containers of oxide powder scrap

of varying bulk density. If the instrument response is affected by the density

of the material in the containers, the response per unit of ¢35

U will vary as
the density varies. Therefore, a bias will occur in the assay of a batch of
items if the mean density of the material in the batch is significantly differ-

ent from the mean density of the calibration standards.

Similar effects can be caused by such characteristics of items as changes
in the kinds of extraneous materials in the items and the distribution of the
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SNM and other materials. For each NDA application, efforts are made to fabri-
cate standards having the expected average characteristics (form, composition
and distributicn) of the items to be assayed. If the chosen characteristics
are right, the average result of the measurements of a group of unknown items
should be substantially unbiased, although considerable variability from item
to item may occur in the assays.

The effects of material variability are expected to be minimal for uniform
materials such as fuel pins and pure compounds because the variations in SNM
purity and distribution, item geometry and matrix composition (including
impurities) are usually small. Less pure and less uniform materials such as
scrap and waste can vary in item characteristics over a wide range and error
from item-to-item, and possibly the bias of the mean of many items, can be dif-
ficult to evaluate.

The main efforts in controlling the accuracy of NDA are directed toward:
1) developing NDA instruments and techniques that are less sensitive to varying
item characteristics and 2) characterizing the form and composition of the
unknown items so that reference standards of that form and composition can be
developed. This characterization is done principally by method testing and
analytical methods. Further discussion of this subject is in Cections 4.2
and 4.3 and greater detail may be found in various other publications and
guides (See References 14-19).
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4.0 METHODS FOR DETERMINING BIAS

Usually the bias of a measurement method is determined and controlled by
calibrations and routine measurements of reference standards that can be traced
to a national measurement system. However, a calibrations and standards pro-
gram may be supplemented by methods testing and comparative measurements.
Methods testing usually consists of a systematic experimental evaiuation of
the response of a measurement process to variations in the procedure, the envi-
ronmental parameters and the sample material composition. Comparative measure-
ment is the use of an alternative method of known accuracy to determine the
“true" value or composition of sample materials in a paired comparison study.
These methods are particularly important for evaluating the accuracy of methods
for which suitable standards are not available. This situation is common to
chemical analysis in industry and research. However, nationally accepted
reference standards are available for the measurement methods important in
SNM accountability. Therefore, control of accuracy entirely through calibra-
tions and reference standards is generally possible.

In the area of SNM accounting measurements, method testing and comparative
analysis are used mainly for establishing unbiased sampling procedures, testing
for bias in NDA and performing tests for diagnostic purposes. Conventional
calibration techniques are not applicable to sampling method evaluation and,
in NDA, calibration requires verification when one cennot be certain that the
matrix and the distribution of the constituents in the reference standards is
representative of the process samples.

4.1 CALIBRATIONS

4.1.1 Procedures

Measurement processes applied to SNM measurements for materials accounting
purposes should be calibrated using physical standards whose reference values
can be related back through an unbroken chain of comparisons to national stan-
() Calibrations normally

result in bias correction factors or calibration lines or curves which are used

dards or nationally accepted measurement systems.

to relate the measurement process output to thé value of a characteristic of the
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material. The processes of calibration, standardization, recalibration and
determination of bias corrections or bias correction factors are basically
identical, although initial calibrations and subsequent recalibrations may
differ in such details as the range covered and the extent of testing for
stability and linearity. For simplicity, the term "calibration" will be used
to refer to all of these procedures.

Calibration procedures applicable to SNM measurements are found in the
guides and standards of the American Society for Testing and Materials,
the American National Standards Institute, the U.S. National Bureau of Standards,
and the U.S. Nuclear Regulatory Commission, as well as the literature of manufac-
turers oy measurement equipment. Procedures for calibrating scales, balances,
and mass standards (weights) are described in References 20, 21 and 22. Volume
calibration procedures for tanks are available in References 23, 24 and 25 and
volume calibration procedures for laboratory glassware are found in Reference 26
as well as many analytical chemistry textbooks. Mass spectrometer calibration
procedures are given in References 13, 27 and 28. Recent summaries of the
chemical analysis methods for uranium and plutonium are given in References 13
and 29-31. Guidelines for calibrating NDA instruments are given in References 14,
16 and 19.

Calibrations should be made to an accuracy that is appropriate and adequate
for the measurement application. This involves consideration of the attainable
precision of the measurement, the quantity of SNM represented by a single mea-
surement, and the total amount ¢f SNM being measured with the calibrated system.
Usually, the measurements ot standards(a)
enough times to reduce the estimated standard deviations of the calibration
parameters (mean calibration factor, bias correction factor, or slope ana inter-
cept of a linear calibration) to levels substantially less than those obtained
in measurements of unknowns. Independent replication, preferably distributed
throughout the period that the system is used for process measurements, is
necessary. Independent replication reduces the standard deviatior of a mean

in calibratiig a system are repeated

(a) Standards used in calibrations will be discussed more fully in Section 4.1.2.
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inversely to the square root of the number of measurements (s;v= ;39. However,
after about 15 replications have been made, the cain for each i

additional measurement is small (see Figure 1),

It canriot be established for the general case just how small the standard
deviation associated with calibrations should be but it can be determined for
each application of a measurement system. This should be done by projecting
the effect of each measurement process calibration standard deviation on the
standard deviation of the inventory difference.

An appropriate recalibration frequency should be established for each mea-
surement system. The frequency inevitably varies from system to system and
may be a function of the type of equipment involved, the accuracy requirements
placed on the system, the environmental conditions, and the performance and
calibration history of the system. One common practice is to run standards
or recalibrate every day for some measurement methods (e.g., isotopic analyses
and uranium and plutonium analysis procedures). Regardless of the routine fre-
quency, a new calibration should be performed whenever:

95% CONFIDENCE LIMITS
OF BIAS E|ST|MATE
o

—
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FIGURE 1. Confidence Region of a Bias Estimate
(o known) as a Function of n
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e repairs or modifications of equipment or changes in procedures have been
made

e monitoring data indicate that a significant change in a calibration has
occurred

e additional calibration data are needed to reduce the standard deviation
of the calibration.

The guidelines given in ASTM Standard D-2865-71 also may be helpful in setting

calibration frequencies.(32)

For some measurement systems, calibrations cannot be repeated frequently.
An example is a liquid volume measurement tank containing radioactive material
or located in a high radiation zone. Such systems may prove to be very stable,
but periodic monitoring of calibrations is necessary to demonstrate stability
and to guard against unexpected changes (see Section 3.1). Periodic tests for
bias of volume measurement systems can be facilitated by having "test measures”
or "provers” in place for delivering known volumes of liquid to the measurement
tanks. Calibration tests may also be made by 1) comparing volume measurements
between interconnected calibrated tanks, and 2) measuring dilution factors for
a corstituent of the solution or an added tracer.(a) Measurement tanks and

instrumentation in isolated locations should be:
e designed and constructed to be very stable with respect to calibration

e carefully calibrated and tested initially to achieve an acceptably small
calibration standard deviation

e periodically rechecked to verify the calibration accuracy
e recalibrated at times of plant shutdown and cleanout.

The volume measuring instrumentation can also be checked for bias by making
routine direct comparisons with other independently calibrated reference instru-
ments. On-line NDA systems and other instruments that are isolated during

(a) Such tests have limited accuracy compared to full scale, multiple-pass tank
calibration but they would serve to detect major calibration discrepancies.
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process campaigns should be monitored in a similar manner. Experimental and
historical data reflecting the stability of a system can provide guidance about
frequencies.

Supplementary monitoring techniques that would improve control of accuracy
should be used, such as routine measurements of blanks and backgrounds for
chemical assays and NDA. Whenever monitoring data indicate a significant
departure from normal performance or loss of statistical control {see Section 5),
the measurement system involved should be taken out of service until it has
been tested, repaired and recalibrated.

Calibration procedures, schedules and results should be documented. The
procedures and schedules should have the formal approval of both the per-
sonnel responsible for the performance of the measurement systems and of the
material contrel and accounting system.

Calibraticns should be performed by qualified personnel. All components
of a measurement system (pretreatment, subsampling, detectors, transducers and
other instrumentation) ~honld be calibrated as a unit, if possible, rather than
separately as subsys’ .nalytical systems should be independently calibrated
for each type of materiul to be analyzed except where pretreatments of the mate-
rial to be analyzed reduce each type of material to the same state and these
pretreatments can be shown to introduce no bias.

To avoid possible bias due to compositional differences, working standards
usually are made similar in composition and form to the process material they
are to represent. Calibrations and bias tests should be made under the same
conditions that exist when routine measurements are made. When it is imprac-
tical to calibrate under the same conditions as those encountered during routine
measurements, sufficient method testing should be performed to determine the
magnitude of any bias introduced by the deviation from "normal" conditions.
Tests also should be made periodically for between-operator and between-
instrument effects and other sources of error that may contribute significantly
to the measurement bias by performing designed experiments and statistical
analyses such as an analysis of variance.
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4.1.2 Reference Standards

Reference standards of mass and volume often can be purchased from com-
mercial suppliers. These suppliers can provide certificates of traceability
to national standards and thc tolerances for the calibrations. In addition,
some suppliers and the National Bureau of Standards can provide calibration
standards and recalibration services for standards.(22’33’34)
standards and their availability or preparation are described in References 13,
29-32 and 35-37.

Other reference

“Working" reference standards or working reference materials (WRM) (also
commonly called bench, test or check st:ndards) are generally used for day-to-
day monitoring of measurement process and equipment accuracy. Such standards
should resemble in composition and form the typical process material samples
or items to be measured and should be calibrated against primary reference
standards. Working standards for chemical and isotopic analysis have been
termed working calibration and test materials (NCTM}.(35°37)

A variety of WCTM or WRM may be needed to cover the ranges of composition
and form that are imporiant for monitoring the calibrations of the measurement
systems being used. Since a perfect composition match is not always possible,
method tests and comparative analysec are used as supplementary performance
menitoring measures, as discussed in ection 4.2 and 4.3. When a range of
measurements is involved, calibration standards should be chosen to span the
entire working range. Extrapole: ion of calibration curves is not a recommended
procedure.

Mass, volume and NDA working standards are usually very stable and recali-
bration of them is necessary only occasionally as a precaution acainst damage,
deterioration or tampering. The WCTM for chemical assay are often standardized
solutions or powder mixtures that are not stable in all environments. Such
standards should be recalibrated relatively frequently. Experimentally deter-
mined stability information will help establish the necessary recalibration
frequency and suitable conditions of storage. In addition, some guidance on
recalibration frequencies is available in published 1iterature.(20'23’29'32’35'37)
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Calibration standards should be protected from possible damage, deterior-
ation, misuse or tampering. Locked storage, assigned custodial responsibility,
and inventory control are some of the protective measures that are useful.
Working standards will, of course, receive the greatest exposure; accordingly,
recalibrations should be more frequent than for stored reference standards.

A suitable laboratory should be available for preparing and storing reference
and working standards and calibration equipment. The laboratory may also be
used to perform instrument, equipment and WCTM calibrations. In that case, it
should have a well-controlled temperature, humidity, cleanliness, and electrical
line stability and be free from excessive vibration.

A1l working reference standards should be uniquely identified and short-
lived standards such as standardized solutions should have expiration dates
on the labels. A formal record system for the preparation, calibration and
recalibration information on reference standards should be maintained. The
approved preparation and calibration procedures for working standards should
also be documented.

4.2 METHOD TESTING

Method testing is the process of experimentally evaluating the effects on
the behavior of a measurement system response of variations in the procedure
used, the material or item characteristics such as composition, and the environ-
mental conditions. This is an important technique for identifying the sources
of measurement errors and developing ways to reduce error, such as sampiing
error and bias due to assay method interferences that occur as a result of
variations in material composition (see Sections 3.4 and 3.5).

The method testing approach generally consists of systematically studying
the response of a method to the range of various conditions that may be encoun-
tered in routine application. Statistical experimental design techniques pro-
vide efficient and systematic approaches to method testing.(38’39) In
particular, factorial experimental designs have proven to be appropriate in
such studies. In many cases, the sources of error that are identified can be
eliminated simply by controlling or limiting the range of conditions under
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#hich the method is used, or by modifying the method to nullify the effect of
@n interference. Alternatively, the effect of the interference may be quanti-
fiable and the measurement results corrected by determining the amount or
intensity of the interference and then applying an appropriate correction.

The uncertainty associated with the corrections can be estimated from the
methods testing data.

4.2.1 Testing NDA Systems

Sample pretreatment for eliminating interfering substances, as used in
chemical assay, is not applicable to NDA. Therefore, emphasis is placed on
1) developing NDA methods that are specific for SNM isotopes and are relatively
insensitive to the matrix composition and spatial distribution, 2) classifying
sample items to restrict matrix compositions for each assay system within nar-
row ranges, and 3) determining correction factors for interferences. For exam-
ple, if pellet density affects the NDA response to fuel pellets or pins in a
known manner, a correction factor can be applied, provided that the fuel den-
sity is measured.

When bias corrections for interferences in NDA cannot be determined, the
uncertainty contribitec by the interferences may be estimated and reflected in
the uncertainty of the results. One method for estimating this uncertainty is
to:

1. Identify, a priori, all significant sources of interference in the NDA
measurement .

2. Experimentally determine the distribution of the interfering parameters
that actually occur in the population of items measured, and determine
the empirical relationship between the magnitude of each interference and
the effect on the response 2f the method.

3. Calculate the variarce associated with individual item measurements from
the information gathered by (2) (i.e., the distribution and magnitude of
interference of each variable parameter).
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4. Periodically redetermine the distribution of the interfering parameters
in items to ensure that the calibration standards are still representative
and the distribution functions of the interfering parameters have not
changed.

The above approach is applicable only to relatively well-characterized
materials that can be expected to have the same distribution of composition
over an extended period of time. Fuel rods, pins, pellets, powder, and pure
compounds of SNM may be such materials.

Another approach, which may be termed a maximum credible extremes method
can be app]ied.(la) It consists, basically, of the following steps:

1. Identify, a pricri, all significant sources of measurement error due to
interferences.

2. Estimate the maximum range for each source of interference in the items
to be measured.

3. Fabricate standards representing the maximum variability in the charac-
teristics that are sources of interference, as well as standards repre-
senting "average" or "typical" items.

4. Measure these standards and prepare a family of calibration curves.

5. Estimate the maximum credible error from the calibration data. (This
would include both within- and between-calibration variations.)

This approach is sometimes used to test whether the NDA measurement error
may make a significant contribution to the limit error of the inventory differ-
ence (LEID). Since the maximum credible error derived with this method does
not have a statistical basis, it may be too extreme for inclusion in the LEID
calculation. However, if the quantities of SNM are small, such as in wastes,
the maximum credible error may be insignificant with respect to the LEID and,
therefore, a more refined evaluation of limits of error may not be justified.

4.2.2 Sampling Tests

There are three general approaches to using experimental tests of mixing
and sampling to determine bias and the standard deviation of the bias estimate.
These are:
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¢1as i¢ avarlaple for use as a standard method for calibration purposes although
1L may not be suitable for routine process application because of costs, slow-
ress, large sasple requirements, or other reasons.

feceuse suitable reference standards are available for the assay of SNM
anc their isotopes, it is possible to limit the use of comparative analyses
for SNM to cituations in which the measurements can be related to material
standards or watienally accepted measurement systems. This is accomplished
1t the reference or alternative measurement is made by a method that is cali-
brated zgairst suitable reference standards. To maintain traceability, a com-
parative measurement program may take any of these forms:(s)

& pericaic submission of process samples for measurement by an alternative
methad whose recults are traceable

¢ periodic submission of process samples for measurement by another facility
having demon: trated traceability ir the desired measurement

e intertacility interchange and measurement of well-characterized and repre-
sentative materials whose values are assigned by a facility having demon-
strated traceability in the measurement.

Conparative ieasurements can be used to monitor the accuracy of volume
measyresert instrumentation, using duplicate pneumatic gauges or manometers to
cnock in-piant measurements of liquid level and using laboratory measurements
to chec! in-piant solution density measurements. When comparative data indi-
ca.e that a bias exists, an investigation should be initiated to verify the
bias, identify the source and develop corrective measures.

NDA shculd also be monitored for bias by the comparative method.(]4’]7’]8)
NDA measurements are susceptible to bias resulting from differences in composi-
tion bhetween unknown items and standards (see Section 3.5). It may not be
feasible or practical to determine whether a given interfering condition exists
in a given time, particularly for heterogeneous and variable material. In
such cases, the comparative measurement method may be the only way to estimate
the bias and its uncertainty. For example, even though a material is not well-
characterized and it is not possible to predict all interferences and their
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behavior, conventional analyses (e.g., by a chemical assay method) of selected
typical material can provide comparativ: data. The general approach would be
to:

1. Periodically select an unknown and measure it several times with the NDA
instrument to attain a mean value with a relatively small random error
variance.

2. Measure the item using another technique for which calibration using
reference standards is pssible. This may be accomplished by:

e dissolving the entire item and performing chemical analysis

e dividing the item into a number of small samples and measuring each
using a nondestructive small-sample assay system; the small sample
NODA system should be one that has been calibrated using a calibrated
destructive analysis method.
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5.0 TECHNIQUES FOR MONITORING BIAS TEST DATA

To maintain control of the overall uncertainty of material balances within
some limit, Lo' it is necessary to institute controls on the individual measure-
ment processes such that their combined errors do not exceed Lo‘ The allowable
errors of the individual measurement process may vary from situation to situa-
tion and ordinarily can be partitioned in several ways. To keep the overall
uncertainty within Lo requires that each particular measurement be controlled
to within some limit, Ly (i.e., that each measured value has a high probability
of being within that limit). Li can be expected to dirfer considerably among
measurement processes because of differences in the amount of SNM measured.

Because it is impractical to check each measurement, some procedure is
selected for monitoring the measurement process performance that provides evi-
dence that all but a small fraction of the measurements are within the control
limit, Li' Selection of the monitoring procedure should be based on a knowledge
of the operating characteristics of the measurement process. These character-
istics include random variances, systematic changes within the process, and
the extent to which possible biases can offset all results from the true value.
By sampling the measurement results at a sufficient rate and by an appropriate
selection technique, reasonable assurance can be provided that the process is
in control at a selected confidence level. The following paragraphs describe
a few of the techniques which may be used as aids to monitoring errors.

Control charts provide a running graphical record of small subgroups of
data taken from a repetitive process. The p.,ocess may be a measurement process
or a production process. Control charts may be kept for any of varicus statis-
tical parameters of each small subgroup (e.g., the average, the standard devi-
ation, or the range). The chart for each particular characteristic is designed
to detect certain specified departures of the process from the assumed condi-
tions. The order of grouns is usually with respect to time, but not necessarily
so. The grouping is such that the members of the same group are more likely
to be alike than are members of different groups.(41)

Control charts can be used to test whether or not a process is in statis-
tical control.(42’43) A process is in statistical control when repeated samples
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fre © the process behave as random samples from a stable probability distribu-
tion. Thus, the underlying conditions are such that it is possible to make a

prediction in a probability sense.(4])

Control limits are usually computed by using formulas which utilize infor-
mation obtained from the measurement results, The computed limits are placed
as lines on a specific chart, and the process considered to be in control if
all points fall within the control limits. These techniques are illustrated
here with examples of x and Cusum charts.

An X control chart is illustrated in Figure 2 showing the percent devia-
tion of individual analytical results from the accepted value of a reference
standard. The control limits shown are based on the random error standard
deviation of a .ingle measurement and, in this case, two levels of control are
indicated. For systems that are in a state of control, an occasional value
slightly outside the inner 1imits, such as the three shown in Figure 2, is not
unexpected (5 out of 100 can be expected, on the average, if the control limits
are set at the 95% confidence level). Upon each such occurrence, a precaution-
ary action may be to perform a repeat measurement. Two or more such points in
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FIGURE 2. Results of Analysis of a Control Standard
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close proximity or any result outside the outer limits should be cause for
initiating a broader investigation. The number of data points above and below
the mean should, on the average, be equal if the calibration of the system is
stable and unbiased. Thus, a run of several consecutive values on one side of
the mean, such as occurs in the week beginning on day 16 in Figure 2, indicates
a possible shift in calibration. Such a hypothesis should be tested by an
accepted statistical method.(40‘4]'44) More detailed discussions of the con-
struction and use of control charts and other related statistical tests can be

found in many References.(41'46)

A cumulative sum (Cusum) chart is a plot of consecutive sums of a series
of differences of observed values or means of subsets of values from a refer-
ence or accepted value. For example, if X5 is the result of the ith measure-
ment on a reference standard and u is the accepted value of this standard, the

cumulative sum after the kth measurement is:
k
Cusum = 2 (xi - u)
i=]

The series of values plotted on a Cusum chart would be:

(% = w)
(X] - b) + (xz - U)
(X]'- u) + (xz - u) ¢+ (X3 - )

(X1 -u)+ (xz s Ui ¢ 0. ® (xk-] - u) + (xk - u)

1f the summed values are means of subsets of measurements, then:
k

Cusum = ) (%; = »)
i=1

One may choose to normalize the values to the standard deviation of x, in
which case, the units on the ordinate of the chart would be in multiples of
the standard deviation. The Cusum for this case is:
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An illustration of a Cusum chart is given in Figure 3 in which the sum is
normalized by dividing by the stardard deviation of the x values. This chart
also illustrates the use of a V-mask for outliers. The design and use of
V-masks is described in References 47 and 48.

jrutley

m
i
=l

SEQUENTIAL NUMBER m
FIGURE 3. Typical Cumulative Sum Chart

Cusum charts provide a powerful graphical technique for detecting a per-
sistant bias.(45'47'48) (If the bias is short-term or varies between positive
and negative values, a standard Shewhart X chart may be just as effective for
detecting the error.) If the measurement system is in statistical control and
there is no bias relative to the reference value, ., the Cusum values are
expected to be dispersed about a horizontal line with no persistent asymmetry
or extreme departures from the average. An increased degree of dispersion
relative to the immediately preceeding Cusum data points is indicative of
increased random error or a recently introduced bias. A persistent positive

5.4



or negative trend away from the expected horizontal (or zero) line is indicative
of a persistent measurement bias. When there is no bias, all variables are
random. Nevertheless, an occasional extreme deviate will shift the Cusum to

a level appreciably above or below zero. The Cusum line will then appear to
vary randomly about that level unless another large deviate of the opposite

sign occurs to return the Cusum to near zero.

Several other graphical methods in addition to control charts, have been
devised to detect biased data.(49’so) A few of these methods are described in
the following paragraphs.

Results from the analysis of a group of standards may be plotted against
the reference values in the manner shown in Figure 4. If there is no measure-
ment bias, a straight line representing a good fit to the results should lie
at 45° and pass through the origin. A constant bias would displace the line
from the origin, and a bias that varies directly with the quantity of sample
(proportionate bias) would cause the slope of the line to differ from 45°.

REFERENCE VALUE

1 1 i
15 20 5 30
MEASURED VALUE

FIGURE 4. Analysis of a Standard
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A similar graphical display is useful for comparing paired results by two
measurement methods (see Figure 5). One of the methods is usually a standard
procedure calibrated against reference standards and the test may be made with
unknown or synthetic samples prepared to investigate specific effects such as
chemical interferences. The data shown in Figure 5 indicate a bias between
the methods. Such data can be statistically tested using a Student's t test.
Similar graphs can be constructed for comparing results between instruments,
analysts, or between results on different days.

21

METHOD 2 RESULTS

- 1 1

12 15 18 21
METHOD 1 RESULTS

FIGURE 5. Analysis of Duplicate Samples by Two Procedures

A useful technique proposed by Youden(Ag’So) for comparing analytical
results by several analysts or laboratories is displayed in Figure 6. Samples
of two materials are analyzed for a given constituent by each participating
analyst or laboratory and the results plotted as X and Y. A horizontal line
is then drawn through the median or average Y value and a vertical line through
the median or average X value. If there is no bias between analysts or labora-
tories, the results should be approximately equally distributed among the four
quadrants formed by the median lines, reflecting simply random error. If a
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FIGURE 6. Analysis of Two Samples by Several Laboratories

bias between analysts or laboratories exists, the results will be found predomi-
nantly in the lower left and upper right quadrants as is the case in Figure 6.

Youden(so) has also suggested analyzing duplicate samples using different
quantities of sample (e.g., using twice as much material for the second analy-
sis as for the first) to test for a constant bias. When the two results are
plotted against sample size, as in Figure 7, the line joining the resiults
should pass through the origin (within the limits of error of the measurements).
A constant bias in the measurements will cause an intercept at zero sample size.
The intercept is an estimate of the bias. However, a proportionate bias will
not be detected in this test, assuming that the true value of the constituent
is not known.
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