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Statistical Protocol for the NIOSH Validation 
Tests 
K E N N E T H A . B U S H and D A V I D G. T A Y L O R 

National Institute for Occupational Safety and Health, Robert A. Taft Laboratories, 
4676 Columbia Parkway, Cincinnati, O H 45226 

Early i n 1974, the National Institute for Occupational 
Safety and Health (NIOSH) and the Occupational Safety and 
Health Administration (OSHA) announced a joint program to 
complete the existing workroom level standards promulgated 
by the U.S. Department of Labor in 1972 (29 CFR 1910.1000). 
At that time, a statistical protocol was developed which has 
since been used for laboratory validation of over 300 sampling 
and analytical methods for monitoring employee exposure to 
the toxic substances in the OSHA regulations. The val ida­
tions were conducted by Stanford Research Institute (now SRI 
International) under contracts CDC-99-74-45 and 210-76-0123 
with NIOSH. The contractor set up laboratory facilities and 
a i r generation-dilution systems to validate methods over a 
concentration range from one-half to two times the permis­
sible exposure l imi ts (PEL) for the toxic substances shown 
in 29 CFR 1910.1000, Tables Z-1, Z-2, and Z-3. The OSHA 
PEL's are occupational health standards for personal exposure 
l imi t s and may be either an 8-hour time-weighted average 
(TWA) concentration or a c e i l i n g standard s p e c i f i e d for a 
short time i n t e r v a l (generally 30 minutes or l e s s ) . 

The purpose of the v a l i d a t i o n program was to assure 
that accurate personal sampling and a n a l y t i c a l methods would 
be available f or use by OSHA i n monitoring f o r non-compliance 
to the OSHA permissible exposure l i m i t s (PEL's). The methods 
are available to others who may want to use them to determine 
worker exposure to the substances i n the OSHA regulations. 

When a standardized sampling/analytical method i s used 
to measure the concentration of a workplace a i r contaminant, 
i t i s c e r t a i n that there w i l l be some error i n the r e s u l t . 
But the exact amount of error i n a given re s u l t i s uncertain 
because quantitative errors occur as i f they were random 
v a r i a b l e s , i . e . i n a chance manner, even when the method i s 
used c o r r e c t l y . However, f o r a method which i s " i n c o n t r o l " , 
what i s predictable i s the long-term proportion of i n d i v i d u a l 
errors which do not exceed a selected l i m i t of error. The 
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504 C H E M I C A L HAZARDS IN T H E W O R K P L A C E 

p r o b a b i l i t y that a given error w i l l be less than some selected 
l i m i t could be calculated i f c e r t a i n s t a t i s t i c a l parameters 
of the method, were known, namely i t s c o e f f i c i e n t of v a r i a t i o n 
(CV) and (any) bias. (The CV i s referred to as the r e l a t i v e 
standard deviation by chemists. I t i s the r a t i o of the 
standard deviation of r e p l i c a t e concentration measurements 
to the mean concentration provided by the method.) Usually, 
an approximately normal d i s t r i b u t i o n of errors can be assumed 
to e x i s t as a basis for c a l c u l a t i n g such p r o b a b i l i t i e s . The 
CV i s assumed to be constant over the f o u r - f o l d range of 
concentrations used i n a given method's v a l i d a t i o n t e s t s . 

In t h i s paper, we define an accuracy standard i n terms 
of i t s two s t a t i s t i c a l parameters. However, i n order to 
evaluate the accuracy of a p a r t i c u l a r method i n terms of i t s 
s t a t i s t i c a l parameters, we have the problem that estimates 
of the method's s t a t i s t i c a l parameters are themselves subject 
to random sampling varia t i o n s because the estimates must be 
calculated from only a f i n i t e number of r e p l i c a t e samples. 
The high cost of generating and analyzing large numbers of 
r e p l i c a t e samples necessitated using only enough samples to 
assure that reasonably accurate estimates were obtained of 
the CV and bias parameters of a method. Therefore, we also 
give s t a t i s t i c a l decision c r i t e r i a by which test data f or a 
method can be evaluated to determine whether there i s reason­
able confidence that the method meets the accuracy standard. 

Several assumptions were made p r i o r to i n i t i a t i n g the 
actual v a l i d a t i o n of a given method: 

1. The a n a l y t i c a l method had to be previously developed 
and tested f o r items such as sample c o l l e c t i o n 
e f f i c i e n c y , recovery, and sample s t a b i l i t y . 

2 . Both the a i r sampling and a n a l y t i c a l method were 
to be validated. 

3. An independent method was needed to v e r i f y the 
laboratory generation atmospheres used to validate 
the method. 

4. The accuracy requirement developed f o r the methods 
had to apply to a single sample ana l y s i s , and not 
require an average of the analyses of several 
samples, because OSHA compliance determinations 
may be made on the basis of a single sample. 

5. The bias determined i n the v a l i d a t i o n referred to 
the difference between average res u l t s of the test 
method and average res u l t s of the independent 
reference method. However, i t was recognized that 
other sources of bias, e.g. some interferences, 
may increase the true bias of the method i n some 
unique f i e l d s i t u a t i o n s . 
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31. BUSCH AND TAYLOR NIOSH Validation Tests 505 

NIOSH Accuracy C r i t e r i o n . Accuracy i s determined by 
both the p r e c i s i o n and bias of the sampling and a n a l y t i c a l 
method. Bias was defined under item 5 above as the difference 
between average r e s u l t s by the test method and average 
r e s u l t s by an Independent reference method. Pr e c i s i o n 
refers to the d i s t r i b u t i o n of sizes of differences between 
r e s u l t s for r e p l i c a t e samples and the mean f o r the test 
method at that concentration. The accuracy c r i t e r i o n and 
i t s implications with respect to the worst p r e c i s i o n and 
bias which are allowable are discussed below. The goal, 
however, i s to assure that, i n the long run, single measure­
ments by the method w i l l come wi t h i n +25% of corresponding 
"true" a i r concentrations at l e a s t 95% of the time. This 
accuracy requirement applies to a concentration range of 0.5 
to 2.0 times the environmental PEL. 

In the case of normally d i s t r i b u t e d sampling and analysis 
errors (and no bias) the above requirement implies that the 
true c o e f f i c i e n t of v a r i a t i o n of the t o t a l error ( i . e . net 
p r e c i s i o n error of sampling and a n a l y s i s ) , denoted by CV-p, 
should be no greater than 0.128 derived as follows: CV«p -
0.25/1.96 - 0.128. The number 0.128 i s the largest acceptable 
true CV-p for which the net error would not exceed +25% at 
the 95% confidence l e v e l . The number 1.96 i s the appropiate 
Z - s t a t i s t i c (from tables of the standard normal d i s t r i b u t i o n ) 
at the same confidence l e v e l . 

If bias e x i s t s , the largest acceptable CV-p would have 
to be smaller than 0.128 i n order for there to be less than 
5% "large errors" ( i . e . errors exceeding +25%). In such 
cases, there would not be a 50-50 d i v i s i o n of p o s i t i v e and 
negative large errors - rather, large errors i n the d i r e c t i o n 
of the bias would occur more often than 2.5% of the time. 
Large errors i n the other d i r e c t i o n would occur correspond­
i n g l y l e s s often, to keep the t o t a l occurrence i n both 
d i r e c t i o n s at 5%. 

The s o l i d curve i n Figure 1 shows the r e l a t i o n s h i p 
between the bias and largest acceptable l e v e l of the true 
p r e c i s i o n parameter (denoted i n Figure 1 as the "target 
l e v e l " of the C V T of a method). Note that when the bias i s 
zero, the largest acceptable true CV-p i s 0.128. Formulae 
are given i n Appendix I for computing the s o l i d curve giving 
the CV-p target l e v e l and bias combinations which meet the 
NIOSH accuracy standard. 

The dotted curve of Figure 1 gives corresponding maximum 
permissible estimates of CV-p (designated CVx), based on 
laboratory tests performed under the experimental design 
described below. The shaded area indicates the acceptable 
CV-p region for v a l i d a t i o n of a method. The concept of 
making allowance f o r the sampling error i n the p r e c i s i o n 
estimate i t s e l f w i l l be developed more f u l l y below under 
S t a t i s t i c a l Analysis Protocol. B a s i c a l l y , i n the case of an 
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31. BUSCH AND TAYLOR NIOSH Validation Tests 507 

unbiased method, the estimate CV«p must be at or below 0.105 
i n order to be at l e a s t 95% confident that the true CVj i s 
at or below 0.128. 

S t a t i s t i c a l Experimental Design 

Since the accuracy of an a i r concentration measurement 
i s a function of both sampling and an a l y s i s , i t i s important 
to evaluate the method by te s t i n g both the sampling and 
a n a l y t i c a l portions of the method. The v a l i d a t i o n program 
was designed to permit separate evaluation of the l e v e l s of 
error i n these two parts of the method, as w e l l as the t o t a l 
(net) error. A l l v a l i d a t i o n tests f or a given method were 
ca r r i e d out i n a single laboratory, and although many of the 
methods had been used i n the f i e l d previously, no f i e l d 
v a l i d a t i o n s were undertaken. 

I n i t i a l l y , the a n a l y t i c a l method was tested to assure 
that i t was acceptable f o r analyte recovery as w e l l as for 
pr e c i s i o n . The sampling medium was spiked with known amounts 
of the test chemical at three l e v e l s corresponding to one-
h a l f , one, and two times the occupational PEL f o r a given 
a i r volume. Six spiked samples f o r each l e v e l were analyzed. 
The success of t h i s portion of the v a l i d a t i o n assured that 
the a n a l y t i c a l p r e c i s i o n was acceptable f o r the desired 
concentration range. 

The second portion of the v a l i d a t i o n was to test the 
net pre c i s i o n due to both the sampling procedure and the 
a n a l y t i c method used i n sequence. This required the genera­
t i o n of known airborne concentrations of the to x i c substance 
i n a laboratory generator-dilution system. Three concentra­
t i o n s , at one-half, one, and two times the PEL, were prepared 
to test the sampling method. The generated concentrations 
were v e r i f i e d by a completely independent sampling and 
a n a l y t i c a l method. For some substances t h i s procedure was 
not possible and calcul a t i o n s based upon known flow and 
delivery rates, or on the experimentally determined c o l l e c ­
t i o n e f f i c i e n c y , sample s t a b i l i t y , and recovery were necessary 
to estimate the generated concentration. After selecting 
the recommended flow rate and sample volume (based upon the 
sampler capacity), the samples were c o l l e c t e d from the 
laboratory generation-dilution system. Six samples at each 
of the three concentrations were c o l l e c t e d using ca l i b r a t e d 
c r i t i c a l o r i f i c e s . The data from these 18 samples, along 
with the 18 spiked sample r e s u l t s obtained i n the a n a l y t i c a l 
v a l i d a t i o n , were the basic s t a t i s t i c a l set of data used f o r 
the o v e r a l l method v a l i d a t i o n . The data were used to determine 
the p r e c i s i o n and bias of the method, which together determine 
i t s accuracy. The error of the personal sampling pump was 
not evaluated experimentally since sample flows i n the 
laboratory tests were cont r o l l e d by c r i t i c a l o r i f i c e s i n 
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most cases. However, i n the f i e l d , sampling pumps are used 
and t h e i r error was assumed to have a r e l a t i v e standard 
deviation of 0.05 ( i . e . 5%) based on pump s p e c i f i c a t i o n s . 

S t a t i s t i c a l Analysis Protocol 

The purpose of the s t a t i s t i c a l analysis i s to estimate 
the bias and the p r e c i s i o n (measured by the CV-p of the t o t a l 
p r e c i s i o n error of a subject method) and resolve the l a t t e r 
e r r o r i n t o components CVg due to the sampling method (less 
pump e r r o r ) , CV^ due to the a n a l y t i c a l method (including 
e r r o r i n the desorption e f f i c i e n c y f a c t o r ) , and CVp (an 
assumed l e v e l of pump e r r o r ) . Appendix I I gives the d e f i n i ­
tions and computational formulae for the s t a t i s t i c a l analysis. 

Assuming normally d i s t r i b u t e d sampling and analysis 
errors (and no b i a s ) , the NIOSH accuracy standard i s met i f 
the true c o e f f i c i e n t of v a r i a t i o n of the t o t a l e r r o r , denoted 
by CV-p, i s no greater than 0.128. However, estimates of 
CV-p (denoted by CV-p), which were obtained i n the laboratory 
v a l i d a t i o n s , are themselves subject to appreciable random 
errors of estimation. Therefore, a " c r i t i c a l value" f o r the 
CV-p was needed^ ( i . e . the value not to be exceeded by an 
experimental CV-p i f the^method i s to be judged acceptable). 
The c r i t i c a l value of CV<p has to be lower than the maximum 
permissible true value (e.g. lower than CV>p • 0.128 when 
there i s no b i a s ) . The maximum permissible value of the 
true CV-p w i l l be referred to as i t s "target l e v e l " . In 
order to have a confidence l e v e l of 95% that a subject 
method meets t h i s required target l e v e l , on the basis of 
CV-p estimated from laboratory t e s t s , an upper confidence 
l i m i t for CV-p i s calculated which must s a t i s f y the following 
c r i t e r i o n : r e j e c t the method ( i . e . decide i t does not meet 
the accuracy standard) i f the 95% upper confidence l i m i t for 
CV-p exceeds the target l e v e l of CVp. Otherwise, accept the 
method. This decision c r i t e r i o n was implemented i n the form 
of the Decision Rule given below which i s based on assumptions 
that errors are normally d i s t r i b u t e d and the method i s 
unbiased. Biased methods are^ discussed further below. 

For our v a l i d a t i o n s , a CVp i s a pooled estimate calculated 
from the p a r t i c u l a r type of s t a t i s t i c a l data set (36 samples) 
described e a r l i e r i n the S t a t i s t i c a l Experimental Design 
section of t h i s report. A s t a t i s t i c a l procedure i s given i n 
Hald ( i ) f or determining an upper confidence l i m i t for the 
c o e f f i c i e n t of v a r i a t i o n . This general theory had ^to be 
adapted appropriately for a p p l i c a t i o n to a pooled CVp estimate. 
For t h i s design, and under the stated assumptions, there i s 
a one-to-one correspondence between values of CV-p and upper 
confidence l i m i t s f or CV-p. Therefore, the confidence l i m i t 
c r i t e r i o n given above i s equivalent to another c r i t e r i o n 
based on the r e l a t i o n s h i p of CV-p and i t s c r i t i c a l value. The 
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Decision Rule i s as follows: 

Decision Rule: The CV^ from lab tests would have to be 
less than the c r i t i c a l value 0.105 to be 95% confident 
that the true CV T i s at or below 0.128 ( i . e . , i n order 
to be 95% confident that future errors by the same 
method would not exceed +25% more than 5% of the time). 

^ Figure 1 provides adjustments to c r i t i c a l values for 
CV-p when a method i s biased. The dotted curve gives c r i t i c a l 
values of CV^ as a function of bias for a s t a t i s t i c a l s i g n i f i ­
cance test performed at the 5% probability l e v e l . Because 
uniform replicate determinations of the bias were not made 
i n the validation tests, the bias i s treated as a known 
constant rather than an estimated value. The experimental 
design could be modified to permit determination of the 
imprecision i n the bias by providing for uniform replication 
of the independent method as well as the method under evalua­
tion. Then the decision chart could be modified to include 
allowance for v a r i a b i l i t y of replicate bias determinations. 
In cases where confidence l i m i t s can be calculated for the 
bias, the c r i t i c a l CV-j should be read from the dotted curve 
at a position corresponding to the 95% upper confidence 
l i m i t for the bias. This i s a conservative procedure. 

The calculated points through which the curves of 
Figure 1 were drawn using a French curve are given below. 

Bias (%) Target CV T(%) C r i t i c a l CV T(%) 

0 12.8 10.5 
2.5 12.5 10.3 
5.0 11.8 9.8 

10.0 9.1 7.9 
15.0 6.1 5.8 
16.8 5.0 5.0 
20.0 3.0 (Unattainable) 
25.0 0 (Unattainable) 

Operating Characteristics of the Validation Test Program 

As would be expected, i n order to be able to have at 
least 95% confidence that the true CVx does not exceed i t s 
target l e v e l , we must suffer the penalty of sometimes fa l s e l y 
accepting a "bad" method ( i . e . one whose true CV-p i s unsatis­
factory). Such decision errors, referred to as "type-1 
errors", occur randomly but have a controlled long-term 
frequency of less than 5% of the cases. (The 5% probability 
of type-1 error i s by d e f i n i t i o n the complement of the 
confidence level.) The upper confidence l i m i t on CV«j< i s 
below the target l e v e l when the method i s judged acceptable 
under the Decision Rule. 
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The validation test program can also have a "type-2 
error", which i s the mistake of deciding that a method i s 
"bad" ( C V X > 0.128) when i n fact i t i s "good" ( C V X < 0.128). 
The risk (probability) of making a type-2 decision error i s 
not bounded (as i s the case for the type-1 error). Rather, 
i t depends on the true C V X . In a previous report ( i - ) , i t was 
shown that the probability of a type-2 error i s large (0.88) 
for a "borderline" true CV-p (just below 0.128) but decreases 
to small probabilities of 0.10 for C V T - 0.091, and 0.05 for 
C V T - 0.088. Thus, more than 95% of methods whose CVx's are 
below 0.088 (8.8%) w i l l be accepted on the basis of their 
test results. "Good" methods whose true CV-p's are i n the 
range 8.8% to 12.8% run a higher risk of not being approved; 
this r i s k could be lowered by using more than the now-pre­
scribed 3 sets of 6 samples for the CV«p laboratory estimates 
i n (each phase of) this program. However, the rate of 
improvement, i n the precision of the laboratory estimates 
CV-p, from using more samples would be small. For example, 
using 45 samples (15 per each of 3 groups) for each of the 
two phases instead of 18 (6 per group) only increases the 
"safe approval l e v e l " (0.05 probability of type-2 error) for 
C V T from 0.088 (18 samples) to 0.099 (45 samples). The 
decision was made, therefore, to perform the smaller number 
(18) of tests for each of the two phases of the program. 

Results of Validation Tests 

Over 300 methods have been validated using the s t a t i s t i ­
c a l protocol described above. Histograms have been prepared 
showing the distributions of precisions and biases obtained 
i n the validation tests. Of 310^methods validated, only 31 
(10%) had precision estimates (CV T

fs) above 9% (See Figure 
2). Apparently, only a small number of "good" methods have 
been tested whose CV-p's are i n the borderline range where 
there i s an appreciable chance of rejecting "good" methods. 
Since the pump error has a CVp of 5% by i t s e l f , no values of 
CV-p f a l l below this l e v e l except for a few cases for which 
the method does not involve use of a personal sampling pump. 
It should be noted also that most of the methods have pre­
cisions clustering around 6-7% indicating the high quality 
of ana l y t i c a l methods tested. 

The d i s t r i b u t i o n of estimated biases for these methods 
i s shown i n Figure 3. Except for a bias of zero, the methods 
tend to be distributed evenly i n the -10% to 10% bias region. 
The high proportion of zero-bias methods may be explained by 
the number of f i l t e r c o l l e c t i o n methods which have 100% 
c o l l e c t i o n efficiency; many of these methods use low-biased 
analysis techniques, p a r t i c u l a r l y atomic absorption spectros­
copy. 
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Figure 2. Histogram of CVT (estimated coefficient of variation of net error attrib­
utable to sampling and analysis) for 310 methods 
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Figure 3. Estimated biases for 310 test methods 
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Summary 

We have presented a s t a t i s t i c a l experimental design and 
a protocol to use i n evaluating laboratory data to determine 
whether the sampling and analytical method tested meets a 
defined accuracy c r i t e r i o n . The accuracy i s defined relative 
to a single measurement from the test method rather than for 
a mean of several replicate test results. Accuracy here i s 
the difference between the test result and the "true" value, 
and thus, must combine the two sources of measurement error: 
1) the random errors of the sampling and analysis ( i . e . 
precision) represented by the to t a l coefficient of variation 
(CV-jO of replicate measurements around their own mean and, 
2) the error due to a real bias (systematic error) represented 
by the difference between average results by the subject 
collection-and-measurement method and average results from 
an independent method. The American Society for Testing and 
Materials, i n their accuracy standard states that accuracy 
does include both of these errors (Section 4.1). We have 
estimated both types of errors and referred results to a 
decision chart (Figure 1) to see i f the test method does or 
does not meet the accuracy c r i t e r i o n . 

F i n a l l y , we would l i k e to point out that the s t a t i s t i c a l 
protocol for validation deals mainly with the l a s t step i n 
determining the v a l i d i t y of a monitoring method. The s t a t i s ­
t i c a l protocol i s not appropriate for application to a 
method that has not been completely developed. Tests for 
such items as sample co l l e c t i o n efficiency, s t a b i l i t y , and 
recovery; sampler capacity; and analy t i c a l range and c a l i b r a ­
t i o n a l l should be evaluated prior to application of the 
s t a t i s t i c a l protocol i n connection with laboratory validation 
testing. 
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APPENDIX I 

TARGET VALUE OF CV T FOR A BIASED METHOD 

The maximum permissible CV-p (target value) for a biased 
method can be found by means of the formulae given below. 

Let B • Bias r a t i o for the method 

- (mean result by the method)v(true concentration)• 

Standard normal deviates for l e f t and right sides of the 
normal d i s t r i b u t i o n corresponding to large errors (errors 
beyond +25%) are given by: 

„ 0.75-B , „ 1.25-B 
Z L = B ^ T a n d ZR " B ^ V 7 ~ 

For a given B, CV^ i s the solution of the equation: 

/ TO 

-yL- e- ( 1 / 2> z 2dZ + [ 1 e ( - 1 / 2 ) z 2 d Z = 0.05 

ZR 
The equation must be solved i t e r a t i v e l y . For any selected B, 
C V T / S are selected by t r i a l and error i n order to find the 
value of CVj for which the sum of the integrals equals 0.05. 

TT i n i i * -0.35 „ 0.15 Example: B » 1.1, Z L = — — , Z R = — — 
CV-p CV«p 

For CVX - 0.09116, Z L - -3.8394, Z R - 1.6455, and the sum 
of integrals i s 0.0001 + 0.0499 - 0.0500. Thus a method with B 
-1.1 ( i . e . 10% bias) has CV T - 0.091 as i t s target l e v e l . 
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APPENDIX II 

COMPUTATIONAL FORMULAE FOR STATISTICAL ANALYSIS 

This appendix gives the formulae and definitions used i n 
the protocol to s t a t i s t i c a l l y analyze laboratory data from 
validation tests. 

Definitions and symbols are l i s t e d below: 

Mean - arithmetic mean or average (x), defined as the sum 
of the observations divided by the number of observations (n). 

Standard Deviation - the positive square root of the 
variance, which i n turn i s defined as the sum of_squares of the 
deviations of the observations from their mean (x) divided by 
one less than the number of observations (n - ! ) • 

Std Dev -

CV - coefficient of variation, or relativ e standard deviation, 
defined as the standard deviation divided by the 
mean* 

CV - Std Dev 
Mean 

CV 1 coefficient of variation (estimated value) for the 
six a n a l y t i c a l samples at each of the 0.5, 1, and 2X 
OSHA PEL's for the recommended sample volume. 

CV( 2 coefficient of variation (estimated value) for the 
six generated samples at each of the 0.5, 1, and 2X 
OSHA PEL's. 

CV - pooled coefficient of variation: the value derived 
from the coefficients of variation (of a given type, 
e.g. CV^ or CV«) obtained from the analysis of 6 
samples at each of the three test levels. The mathema­
t i c a l equation i s expressed as: 
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CV Ji f i < c V 

where: 

- degrees of freedom, equal to number of ^ 
observations minus one (n^ - 1), at the 1 
le v e l . 

CV̂  - coeff i c i e n t of variation (CVj or CV 0) of the 
observations at the i 

3 

1=1 

'1 ^"2' concentration l e v e l . 

index for the 3 concentration levels. 

pooled coefficient of variation calculated as 
above based on data for the 18 anal y t i c a l (spiked) 
samples (3 groups of 6). 

CV A+DE 

CV A+AMR 

derived correction to CV^ including precision error 
due to the use of the desorption efficiency factor, 
which i s an average of 6 values. 

CV A+DE » CVX ^T/T~ 1.0801 CVj 

corrected CV^ analogous to use of a desorption e f f i c i ­
ency factor noted above except that this notation i s 
used where the factor i s associated with analytical 
method recovery (AMR) other than for s o l i d sorbents. 

c v 2 -

CV A+AMR 1.0801 CV, 

pooled coefficient of variation based on the data for 
the 18 generated samples (3 groups of 6). 

CVg - coefficient of variation of the sample co l l e c t i o n , 
not including the v a r i a b i l i t y of the personal sampling 
pump. The value i s dependent on the data from the 18 
anal y t i c a l and 18 generated samples. 

CV0 ( c v 2 ) 2 ( c v p 2 (See "Note" below) 
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CVp - coefficient of variation due to the pump error, 
assumed to be equal to 0.05. 

/ \ 

CV T - coefficient of variation of total procedure which 
consists of the composite variations i n sampling and 
analysis, desorption efficiency, and the pump error. 

cvT 

or: 
- V<cv2 + <cw2 + (cv2 

CV T = |/ ( C V 2 ) 2 - ( C V p 2 + 1.1667 ( C V p 2 + (0.05) 2 

or: 

CV T - | / ( C V 2 ) 2 + 0.1667 Of* + (0.05) 2 (See Note) 

NOTE: In case CV 2 < CV1, take CV g - 0. Then re­
place CV^ by a pooled estimate (CV^*) based 
on CV 1 and CV2, 

— / f l C V 1 2 + 
f2 C V 2 2 

f2 

where f. and f ? are the respective f-values used i n 
2 2 

the denominators of CV^ and CV 2 . Thus the equation 
to be used when CV^ < CV^ i s : 
CVT = ^ l.ieeUCVf)2 + (0.05) 2 

GRUBB'S TEST for rejection of an observation i s applied 
i n order to determine i f one of the observations should be 
rejected as being an ou t l i e r . The following equation was used 
for the test: 

B,' - or i l U L I s s 

where: 

x - observation being tested (most distant from the mean) 

x mean of n observations 

s • standard deviation based on n-1 degrees of freedom. 
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For any 6 observations, a value can be rejected i f B^f _> 
1.944. The B^ l i m i t i s based on a 1% significance l e v e l 
( i . e . , a B.f value calculated from the data can be expected to 
exceed 1.944 only 1% of the time i f the observation i s a l e g i t i ­
mate one conforming to the underlying theory). For validation 
testing reject no more than two values i n a set of 18 results 
and the two may not be i n any one group of 6 replicates. 

BARTLETT1S TEST for homogeneity of CV fs i s applied i n 
order to test the f e a s i b i l i t y of "pooling the coefficients of 
variation" for any set of 18 generated samples ( i . e . , 6 at each 
of the 0.5, 1, and 2X OSHA standard l e v e l s ) . The following 
equation for the Chi-square, with 2 degrees of freedom, was 
used: 

f In ( C V 2 ) 2 - £ f± In (CV 2.) 2 

Chi-square = 

where: 

i= 1 

i + 1 

3 (3-1) 

CV^ - pooled coefficient of variation of 18 generated 
samples 

C V 2 i 5 8 c o e f f i c i e n t of variation of 6 generated samples at 
the i t h l e v e l 

2 
f. • degrees of freedom associated with (CV^.) a n Q 4 

th 
equal to number of observations at the i lev e l 
minus one. 

3 
f = E f l 

i-1 
In order to pass Bartlett's test at the 1% significance 

l e v e l , chi-square must be less than or equal to 9.21 ( c h i -
square has 2 degrees of freedom). 

RECEIVED October 21, 1980. 
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