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FOREWORD 
The A C S S Y M P O S I U

a medium for publishin
format of the SERIES parallels that of the continuing A D V A N C E S 

I N C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the A C S S Y M P O S I U M SERIES 

are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

The existence of integrated electronic circuits has changed radically 
our thinking with respect to performing chemical analyses. L o w cost 

microprocessors are now integral parts of commercial analytical instru
mentation. Minicomputers have the ability to control experiments, to 
collect data, and to perform calculations with ever increasing facility. 
Thus, there is considerable interest on the part of the chemical analyst to 
use computational technique  t  validat  th t

Chapters 1 and 2 describ
control of the measurement process and emphasize the use of graphical 
techniques which can be implemented conveniently on digital computers. 
After control of the measurement process has been established, it is 
necessary to evaluate systematic errors; Chapters 3 and 4 are devoted to 
this subject. Chapter 5 describes an innovative procedure which uses a 
laboratory minicomputer to optimize the variables in a chemical analysis. 
Chapter 6 outlines some examples for evaluating statistical control in 
testing laboratories. 

I would like to thank the authors for their diligent effort and to 
express appreciation to Carol Shipley and the text editing staffs of the 
Analytical Chemistry Division and the Institute for Materials Research, 
NBS, for helping with the manuscripts. 

Institute for Materials Research, N B S J A M E S R. DEVOE 

Washington, DC 20234 
August 12, 1977 
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1 

Statistical Control of Measurement Processes 

G R A N T W E R N I M O N T 

Department of Chemistry, Purdue University, Lafayette, IN 47905 

Valid measurements are necessary whenever we 
make chemical test
proper action can b
the material. Measurements are not valid until we 
evaluate the performance characteristics of the 
process which produced the measurements and it is 
essential that the statements about the future 
behavior of these characteristics be correct. 
Statistical control is concerned with removing the 
assignable causes of variation in a measurement pro
cess (or correcting for their effects) so that we can 
associate approximate levels of confidence with these 
statements. 

It is unfortunate, I think, that most academic 
courses involving measurement do not seem to make the 
student aware of how important it is to achieve a 
state of statistical control when we set up and run a 
measurement process. I was able to find only one 
current text on the theory and practice of quan
titative analysis which addressed itself to this most 
important performance characteristic. In contrast, 
applied analytical chemists have been involved in 
statistical control activities for more than 40 
years. 

Some of the United States Government regulatory 
agencies are now becoming concerned about this 
important aspect of measurement operations. For 
example, the Nuclear Regulatory Commission requires 
(1): 

"The licensee shall establish and maintain 
a statistical control system including 
control charts and formal statistical 
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2 VALIDATION OF T H E M E A S U R E M E N T PROCESS 

p r o c e d u r e s , d e s i g n e d t o m o n i t o r t h e 
q u a l i t y o f each t y p e o f program measure
ment. C o n t r o l c h a r t l i m i t s s h a l l be e s t a 
b l i s h e d t o be e q u i v a l e n t t o l e v e l s o f s i g 
n i f i c a n c e o f 0.05 and 0.001. When e v e r 
c o n t r o l d a t a e x c e e d t h e 0.05 c o n t r o l l i m 
i t s , t h e l i c e n s e e s h a l l i n v e s t i g a t e t h e 
c o n d i t i o n and t a k e c o r r e c t i v e a c t i o n i n a 
t i m e l y manner. The r e s u l t s o f t h e s e 
i n v e s t i g a t i o n s and a c t i o n s s h a l l be 
r e c o r d e d . When e v e r t h e c o n t r o l d a t a 
e x c e e d t h e 0.001 c o n t r o l l i m i t s , t h e 
measurement sy s t e m w h i c h g e n e r a t e d t h e 
d a t a s h a l l n o t be used f o r c o n t r o l l i m i t s
t h e measuremen
d a t a s h a l l n o
p u r p o s e s u n t i l t h e d e f i c i e n c y has been 
b r o u g h t i n t o c o n t r o l a t t h e 0.05 l e v e l . " 

I n t h i s c h a p t e r t h e meaning o f s t a t i s t i c a l con
t r o l i s e x p l a i n e d , and t h e p r o c e d u r e s w h i c h we can 
use t o h e l p s e t up and r u n a measurement p r o c e s s a r e 
r e v i e w e d so t h a t i t i s i n a s t a t e o f s t a t i s t i c a l con
t r o l . 

WHAT IS MEASUREMENT 

Measurement has been d e f i n e d as " t h e o p e r a t i o n 
o f a s s i g n i n g numbers t o r e p r e s e n t p r o p e r t i e s u s i n g 
a r b i t r a r y r u l e s b ased on s c i e n t i f i c p r i n c i p l e s . Of 
c o u r s e t h i s i s an o v e r - s i m p l i f i c a t i o n ; a much b r o a d e r 
i n t e r p r e t a t i o n o f measurement f o r m u l a t e s a h i e r a r c h y 
o f measurement s c a l e s : N o m i n a l , O r d i n a l , I n t e r v a l , 
and R a t i o (_2) . The m a t h e m a t i c a l t r a n s f o r m a t i o n s 
p e r m i t t e d on each s c a l e d e t e r m i n e what s t a t i s t i c a l 
m e t h odology can be a p p l i e d t o t h e measurements. I n 
g e n e r a l , t h e more u n r e s t r i c t e d t h e p e r m i s s a b l e 
t r a n s f o r m a t i o n s , t h e more r e s t r i c t e d t h e s t a t i s t i c s ; 
n e a r l y a l l m e t h o d o l o g i e s can be a p p l i e d t o r a t i o -
s c a l e measurements, b u t o n l y a few s e r v e f o r 
measurements on a n o m i n a l s c a l e . 

The most p e n e t r a t i n g a n a l y s i s , by f a r , o f t h e 
b a s i s f o r making measurements was f o r m u l a t e d by 
C h u r c h i l l E i s e n h a r t ( 3 ) ; and i t s h o u l d be c a r e f u l l y 
s t u d i e d by a l l p e o p l e who d e v i s e measurement methods 
and p e r f o r m measurement o p e r a t i o n s as w e l l as by 
t h o s e who use measurement r e s u l t s t o make d e c i s i o n s . 
E i s e n h a r t s t a t e s (_3, p . 1 6 3 ) : 
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1. W E R N I M O N T Statistical Control of Measurement Processes 3 

"Measurement i s t h e a s s i g n m e n t o f numbers 
to m a t e r i a l t h i n g s t o r e p r e s e n t t h e r e l a 
t i o n s e x i s t i n g among them w i t h r e s p e c t t o 
p a r t i c u l a r p r o p e r t i e s . The number as
s i g n e d t o some p a r t i c u l a r p r o p e r t y s e r v e s 
t o r e p r e s e n t t h e r e l a t i v e amounts o f t h i s 
p r o p e r t y a s s o c i a t e d w i t h t h e o b j e c t con
c e r n e d . 

Measurement a l w a y s p e r t a i n s t o p r o p e r t i e s 
o f t h i n g s n o t t o t h e t h i n g s t h e m s e l v e s . 
Thus we cannot measure a meter b a r , b u t 
c a n , and u s u a l l y do measure i t s l e n g t h ; 
and we c o u l d a l s o measure i t s mass  i t s 
d e n s i t y , and p e r h a p s

The o b j e c t o f measurement i s two f o l d : 
f i r s t , s y m b o l i c r e p r e s e n t a t i o n o f p r o p e r 
t i e s o f t h i n g s as a b a s i s f o r c o n c e p t u a l 
a n a l y s i s ; and s e c o n d , t o e f f e c t t h e 
r e p r e s e n t a t i o n i n a form amenable t o t h e 
p o w e r f u l t o o l s o f m a t h e m a t i c a l a n a l y s i s . 
The d e c i s i v e f e a t u r e i s s y m b o l i c r e p r e 
s e n t a t i o n o f p r o p e r t i e s , f o r w h i c h end 
numerals a r e n o t t h e u s a b l e s y m b o l s . " 

There i s a form o f d i r e c t measurement w h i c h i s 
in d e p e n d e n t o f t h e p r i o r knowledge o f any o t h e r p r o 
p e r t y ; b u t t h e number system u s e d t o e x p r e s s magni
t u d e s must behave l i k e t h e p r o p e r t y b e i n g measured. 
A s i m p l e example o f d i r e c t measurement i s the use o f 
JOHANSON b l o c k s t o c a l i b r a t e a m i c r o m e t e r . I n t h i s 
c a s e i t i s e v i d e n t t h a t t h e p r o p e r t y we c a l l l e n g t h 
does behave l i k e numbers i n t h e f o l l o w i n g two ways: 

1 . An e x p e r i m e n t a l p r o c e d u r e can be d e v i s e d w h i c h 
w i l l p r o d u c e an o r d e r e d sequence o f t h e b l o c k s . 

2. A n o t h e r e x p e r i m e n t a l p r o c e d u r e can be d e v i s e d t o 
combine ( w r i n g ) t h e b l o c k s a d d i t i v e l y . 

A more complex example i s t h e p r o p e r t y we c a l l a b s o r -
bance (A = - l o g T r a n s m i t t a n c e ) w h i c h behaves ac
c o r d i n g t o t h e r u l e s o f m a t r i x a l g e b r a (<4). 

In a n a l y t i c a l c h e m i s t r y , measurements a r e o c c a 
s i o n a l l y made by a d i r e c t method; b u t f o r r e a s o n s o f 
c o n v e n i e n c e , we more o f t e n use an i n d i r e c t method 
b a s e d on f u n d a m e n t a l o r e m p i r i c a l laws i n v o l v i n g 
v a r i o u s p h y s i c a l , c h e m i c a l and b i o l o g i c a l p r o p e r t i e s 
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4 VALIDATION O F T H E M E A S U R E M E N T PROCESS 

o f m a t t e r , e n e r g y and r a d i a t i o n . 

I t i s a f a c t o f e x p e r i e n c e t h a t a measurement 
p r o c e s s can be u s e d under more d i v e r s i f i e d c o n d i t i o n s 
when i t i s b a s e d on f u n d a m e n t a l laws r a t h e r t h a n on 
e m p i r i c a l laws f o r w h i c h we have i n a d e q u a t e t h e o r e 
t i c a l e x p l a n a t i o n s . However, we s h o u l d n e v e r f o r g e t 
t h a t e m p i r i c a l laws a r e i n v o l v e d i n a l m o s t e v e r y 
measurement p r o c e s s . 

MEASUREMENT METHODS AND PROCESSES 

L e t us now examine how we d e v i s e and c a r r y out 
t h e o p e r a t i o n s t o mak
d i s c u s s e d t h i s i n g r e a  (_3  p
e x t r a c t some o f h i s p o i n t s : 

" S p e c i f i c a t i o n o f t h e a p p a r a t u s and e q u i p 
ment t o be u s e d , t h e o p e r a t i o n s t o be 
fo r m e d , t h e c o n d i t i o n s i n w h i c h t h e y a r e 
c a r r i e d out - t h e s e i n s t r u c t i o n s s e r v e t o 
d e f i n e a method o f measurement... 

A measurement p r o c e s s i s t h e r e a l i z a t i o n 
o f a method o f measurement i n terms o f a 
p a r t i c u l a r a p p a r a t u s , equipment, c o n d i 
t i o n s , e t c . t h a t a t b e s t o n l y a p p r o x i m a t e 
t h o s e p r e s c r i b e d . . . 

W r i t t e n s p e c i f i c a t i o n s i n methods o f mea
surement o f t e n c o n t a i n a b s o l u t e l y p r e c i s e 
i n s t r u c t i o n s w h i c h c a n n o t be c a r r i e d out 
( r e p e a t e d l y ) w i t h e x a c t i t u d e i n p r a c 
t i c e . . . t o t h i s e x t e n t t h e r e a r e c e r t a i n 
d i s c r e p a n c i e s between a method and i t s 
r e a l i z a t i o n by a p a r t i c u l a r p r o c e s s . . . 

The s p e c i f i c a t i o n o f t e n i n c l u d e s i m p r e c i s e 
i n s t r u c t i o n s s u c h as 1 r a i s e t h e temper
a t u r e s l o w l y 1 , T s t i r w e l l 1 , e t c . . . t o t h e 
e x t e n t t h e i n s t r u c t i o n s a r e n o t a b s o l u t e l y 
d e f i n i t e , t h e r e w i l l be room f o r d i f 
f e r e n c e s between r e a l i z a t i o n s o f t h e same 
measurement method... 

To q u a l i f y as a s p e c i f i c a t i o n , a s e t o f 
i n s t r u c t i o n s must be s u f f i c i e n t l y d e f i n i t e 
t o i n s u r e s t a t i s t i c a l s t a b i l i t y o f r e 
p e a t e d measurements o f a s i n g l e q u a n t i t y , 
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1. W E R N I M O N T Statistical Control of Measurement Processes 

t h a t i s t h e measurement p r o c e s s must be 
c a p a b l e o f m e e t i n g t h e c r i t e r i a o f 
s t a t i s t i c a l c o n t r o l . " 

Of c o u r s e , we must c a r r y out a w e l l d e s i g n e d 
s e r i e s o f e x p e r i m e n t s t o d e v i s e t h e t y p e s o f e q u i p 
ment and t h e sequence o f o p e r a t i o n s w h i c h make up t h e 
measurement p r o c e s s b e f o r e we can f o r m u l a t e t h e mea
surement method; and i t i s n e c e s s a r y t h a t we f i n d 
optimum c o n d i t i o n s f o r r u n n i n g t h e p r o c e s s so t h a t i t 
re s p o n d s t o s i g n i f i c a n t changes i n the l e v e l o f t h e 
p r o p e r t y b e i n g measured, b u t does n o t r e s p o n d t o 
s m a l l changes i n i t s o p e r a t i n g c o n d i t i o n s ( 5 ) . My 
e x p e r i e n c e l e a d s me t  c o n c l u d  t h a t  f a i l t
r e c o g n i z e how d i f f i c u l
c o n d i t i o n s , (b) c o n t r o  s i g n i f i c a n  a s s i g n a
b l e c a u s e s o f v a r i a t i o n , and (c) w r i t e a c o n c i s e y e t 
unambiguous s e t o f p r o c e d u r a l i n s t r u c t i o n s . 

Measurement p r o c e s s e s i n c h e m i c a l a n a l y s i s 
c o n s i s t o f u n i t o p e r a t i o n s w h i c h i n c l u d e , 

- t a k i n g a g r o s s sample from an a g g r e g a t e o f m a t e r i a l , 
- t a k i n g a l a b o r a t o r y subsample from t h e g r o s s s a m p l e , 
- t r e a t i n g t h e s u b s a m p l e , p h y s i c a l l y and c h e m i c a l l y t o 
remove i n t e r f e r e n c e s , 

- m easuring a p r o p e r t y o f t h e t r e a t e d s u b s a m p l e , and 
- e s t i m a t i n g t h e d e s i r e d p r o p e r t y u s i n g a c a l i b r a t i o n 
c u r v e . 

A u s e f u l t e c h n i q u e f o r v i s u a l l y showing t h e 
measurement o p e r a t i o n s i s a b l o c k d i a g r a m o r f l o w 
c h a r t . The p e r s o n who d e v e l o p e d t h e p r o c e s s , o r has 
ru n i t r e p e a t e d l y , can e a s i l y draw t h e f l o w c h a r t ; i t 
w i l l s upplement t h e method and h e l p o t h e r p o e p l e t o 
u n d e r s t a n d t h e p r o c e s s . 

I t i s i m p o r t a n t t o r e a l i z e t h a t t h e f i n a l 
measurement i s an a t t r i b u t e o f t h e l a b o r a t o r y s a m p l e , 
and i s o n l y an e s t i m a t e o f t h e p r o p e r t y i n t he e n t i r e 
a g g r e g a t e o f m a t e r i a l . We must n e v e r f o r g e t t h a t we 
make i n f e r e n c e s about t h e magnitude o f t h e p r o p e r t y 
i n t h e a g g r e g a t e f r o m a s m a l l f i n i t e group o f mea
surements on t h e l a b o r a t o r y sample. 

I f we f a i l t o c o n t r o l t h e s i g n i f i c a n t a s s i g n a b l e 
c a u s e s w h i c h c a n , p o t e n t i a l l y , a f f e c t t h e v a r i o u s 
o p e r a t i o n s i n t h e measurement p r o c e s s , we w i l l c e r 
t a i n l y f i n d t h a t i t w i l l n o t meet t h e c r i t e r i a o f 
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6 VALIDATION OF T H E MEASUREMENT PROCESS 

s t a t i s t i c a l c o n t r o l . 

STATISTICAL CONTROL 

I am u n a b l e t o g i v e a s i m p l e , c o n c i s e d e f i n i t i o n 
o f what we mean by " t h e s t a t e o f b e i n g i n s t a t i s t i c a l 
c o n t r o l " . The c o n c e p t was c o n c e i v e d and d e v e l o p e d by 
Dr. W a l t e r A. Shewhart, a p h y s i c i s t - e n g i n e e r a t t h e 
B e l l T elephone L a b o r a t o r i e s , t o h e l p s o l v e the p r o 
blems o f m a n u f a c t u r i n g p r o d u c t s o f u n i f o r m and accep
t a b l e q u a l i t y . W h i l e h i s p u b l i c a t i o n s (6>Z_>§_) a r e 

not p r i m a r i l y c o n c e r n e d w i t h measurement p r o c e s s e s , 
t h e y do p r e s e n t i d e a  w h i c h  b  a p p l i e d t  them
The 1939 book g i v e
s t a t i s t i c a l c o n t r o l ,  p r e s e n t a t i o
r e s u l t s , and t h e s p e c i f i c a t i o n o f p r e c i s i o n and a c c u 
r a c y . 

E i s e n h a r t p r e s e n t s a s e c t i o n o f t h e r e q u i r e m e n t 
o f s t a t i s t i c a l c o n t r o l (.3, p. 166) w h i c h summarizes 
S h e w h a r t 1 s i d e a s and d e m o n s t r a t e s how t h e y a p p l y t o 
measurement p r o c e s s e s ; I e x t r a c t some o f t h e s e i d e a s : 

"The p o i n t t h a t Shewhart makes f o r c e f u l l y , 
and s t r e s s e s r e p e a t e d l y , i s t h a t t h e f i r s t 
η measurements o f a q u a n t i t y g e n e r a t e d by 
a measurement p r o c e s s p r o v i d e a l o g i c a l 
b a s i s f o r p r e d i c t i n g t h e b e h a v i o r o f f u r 
t h e r measurements o f t h e same q u a n t i t y by 
the same measurement p r o c e s s , i f and o n l y 
i f , t h e s e η measurements may be r e g a r d e d 
a s a rancTom sample from a p o p u l a t i o n o r 
u n i v e r s e 1 o f a l l c o n c e i v a b l e measure
ments ... c h a r a c t e r i z e d by a p r o b a b i l i t y 
d i s t r i b u t i o n . . . n o t h i n g i s s a i d about t h e 
m a t h e m a t i c a l f o rm o f t h e d i s t r i b u t i o n . 
The i m p o r t a n t t h i n g i s t h a t t h e r e be 
one... 

Shewhart was w e l l aware t h a t , f r o m a s e t 
o f η measurements i n hand, i t i s n o t pos
s i b l e t o d e c i d e , w i t h c e r t a i n t y , w h e t h e r 
t h e y do o r do n o t c o n s t i t u t e a random 
sample from some d e f i n i t e s t a t i s t i c a l pop
u l a t i o n c h a r a c t e r i z e d by a p r o b a b i l i t y 
d i s t r i b u t i o n . He t h e r e f o r p r o p o s e d (Z) 
t h a t i n any p a r t i c u l a r i n s t a n c e one s h o u l d 
f d e c i d e t o a c t f o r t h e p r e s e n t as i f T t h e 
measurements i n hand (and t h e i r immediate 

In Validation of the Measurement Process; DeVoe, J.; 
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s u c c e s s o r s ) . . . m e e t t h e r e q u i r e m e n t s o f t h e 
s m a l l sample v e r s i o n o f C r i t e r i o n I o f h i s 
p r e v i o u s book (6J) and... show no e v i d e n c e 
o f l a c k o f s t a t i s t i c a l c o n t r o l when 
a n a l y z e d f o r randomness i n t h e o r d e r i n 
w h i c h t h e y were t a k e n by t h e c o n t r o l c h a r t 
t e c h n i q u e s , f o r a v e r a g e s and s t a n d a r d 
d e v i a t i o n s t h a t he had f o u n d so v a l u a b l e 
i n i n d u s t r i a l p r o c e s s c o n t r o l , and by 
c e r t a i n a d d i t i o n a l t e s t s f o r randomness 
based on 'runs above and below a v e r a g e and 
runs up and down T... 

E x p e r i e n c e shows t h a t i n t he ca s e o f mea
surement p r o c e s s e s
s t a t i s t i c a l c o n t r o
s c r i b e s , i s u s u a l l y v e r y d i f f i c u l t t o 
a t t a i n , j u s t as i n t h e ca s e o f i n d u s t r i a l 
p r o d u c t i o n p r o c e s s e s . . . " 

E i s e n h a r t a l s o q u o t e s from a p a p e r by Dr. R. B. 
Murphy, a n o t h e r B e l l T e l e p h o n e e n g i n e e r , on t h e v a l i 
d i t y o f p r e c i s i o n and a c c u r a c y s t a t e m e n t s ( 9 ) : 

"...a t e s t method ought n o t t o be known as 
a measurement p r o c e s s u n l e s s i t i s c a p a b l e 
of s t a t i s t i c a l c o n t r o l . . . ( w h i c h ) means 
t h a t e i t h e r t h e measurements a r e t h e p r o 
d u c t o f an i d e n t i f i a b l e s t a t i s t i c a l u n i 
v e r s e , o r i f n o t , t h e p h y s i c a l c a u s e s p r e 
v e n t i n g s u c h i d e n t i f i c a t i o n may t h e m s e l v e s 
be i d e n t i f i e d and, i f d e s i r e d , i s o l a t e d 
and s u p p r e s s e d . I n c a p a b i l i t y o f c o n t r o l 
i m p l i e s t h a t t h e r e s u l t s o f t h e measure
ment p r o c e s s a r e n o t t o be t r u s t e d as 
i n d i c a t i o n s o f t h e p r o p e r t y a t hand - i n 
s h o r t , we a r e n o t i n any v e r i f i a b l e sense 
m e a s u r i n g a n y t h i n g . . . w i t h o u t t h i s l i m i 
t a t i o n on t h e n o t i o n o f a measurement p r o 
c e s s , one i s u n a b l e t o go on t o g i v e 
meaning t o t h o s e s t a t i s t i c a l measures 
w h i c h a r e t h e b a s i s f o r any d i s c u s s i o n o f 
p r e c i s i o n and a c c u r a c y . " 

I b e l i e v e we can now f o r m u l a t e t h e i d e a o f s t a 
t i s t i c a l c o n t r o l as f o l l o w s : A measurement p r o c e s s 
may be s a i d t o be i n a s t a t e o f s t a t i s t i c a l c o n t r o l 
i f t h e s i g n i f i c a n t a s s i g n a b l e c a u s e s o f v a r i a t i o n 
have been removed o r c o r r e c t e d f o r , so t h a t a f i n i t e 
s e t o f η measurements from t h e p r o c e s s can be u s e d t o 

In Validation of the Measurement Process; DeVoe, J.; 
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(a) p r e d i c t l i m i t s o f v a r i a t i o n f o r t h e η measure
ments and (b) a s s i g n a l e v e l o f c o n f i d e n c e t h a t 
f u t u r e measurements w i l l l i e w i t h i n t h e s e l i m i t s . 

CONTROL CHART ANALYSIS 

The o p e r a t i o n a l p r o c e d u r e f o r d e m o n s t r a t i n g t h a t 
a p r o c e s s i s i n a s t a t e o f s t a t i s t i c a l c o n t r o l i s 
q u i t e s i m p l e i n c o n c e p t but r a t h e r complex i n p r a c 
t i c e . I t c o n s i s t s o f a r r a n g i n g t o g a t h e r η measure
ments, i n some k i n d o f o r d e r , and i n t h e form o f so-
c a l l e d " r a t i o n a l s u b g r o u p s " , w i t h i n w h i c h t h e v a r i a 
t i o n s may be c o n s i d e r e d  t h  b a s i f  knowledg
o f t h e p r o c e s s , t o b
w h i c h , t h e v a r i a t i o n y  s u s p e c t e  a s s i g n
a b l e c a u s e s . 

To i l l u s t r a t e how we make a c o n t r o l - c h a r t - a n a l y 
s i s o f measurements, l e t us examine t h e r e s u l t s o f a 
s i m p l e e x p e r i m e n t w h i c h Shewhart c a r r i e d o u t t o simu
l a t e a " c o n t r o l l e d " p r o d u c t i o n p r o c e s s . He p l a c e d 
998 c i r c u l a r c h i p s i n a l a r g e b o w l ; numbers between 
n e g a t i v e 3.0 and p o s i t i v e 3.0, a t 0.1 i n t e r v a l s , were 
r e c o r d e d on t h e c h i p s w h i c h were one c o l o r f o r t h e 
n e g a t i v e numbers and a n o t h e r f o r t h e p o s i t i v e . The 
m a g nitudes o f t h e numbers were d i s t r i b u t e d a c c o r d i n g 
t o a " n o r m a l " d i s t r i b u t i o n w i t h a v e r a g e = 0.0 and 
s t a n d a r d d e v i a t i o n = 1.007. The c h i p s were drawn 
from t h e bowl one a t a t i m e , w i t h r e p l a c e m e n t , u n t i l 
4000 v a l u e s were o b t a i n e d and r e c o r d e d i n o r d e r . F o r 
f u r t h e r d e t a i l s , see ( 6 , pp. 164-165 and A p p e n d i x 
I I ) . 

Shewhart o b s e r v e d t h a t i n t h i s e x p e r i m e n t we 
have as n e a r an a p p r o a c h as i s l i k e l y f e a s i b l e t o t h e 
c o n d i t i o n s i n w h i c h t h e law o f l a r g e numbers a p p l i e s 
s i n c e , t o t h e b e s t o f our k n o w ledge, t h e same e s s e n 
t i a l c o n d i t i o n s were m a i n t a i n e d . However, he once 
t o l d me t h a t t h i s s i m p l e d r a w i n g o p e r a t i o n i s p r o n e 
t o show l a c k o f s t a t i s t i c a l c o n t r o l u n l e s s g r e a t c a r e 
i s t a k e n t o mix up t h e bowl o f c h i p s between t h e 
d r a w i n g s and keep t h e b o o k k e e p i n g m i s t a k e - f r e e . 

I have p l o t t e d t h e r e s u l t s o f t h e f i r s t 200 
d r a w i n g s as a c o n t r o l c h a r t i n F i g u r e 1, u s i n g a r a 
t i o n a l subgroup o f f o u r c o n s e c u t i v e v a l u e s . The 
a v e r a g e s and s t a n d a r d d e v i a t i o n s o f t h e 50 subgroups 
were c a l c u l a t e d a s , 

In Validation of the Measurement Process; DeVoe, J.; 
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A SIMULATED MEASUREMENT PROCESS 
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Figure 1. Consecutive drawings from Shewharfs bowl of chips 
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X = E X i / 4 , and S = A ( X j - X ) V ( 4 - 1 ) . 
The g r a n d a v e r a g e , o£ a l l 200 v a l u e s i s -0.08 and t h e 
a v e r a g e o f t h e group s t a n d a r d d e v i a t i o n s i s 0.912. 
T h r e e - s i g m a c o n t r o l l i m i t s f o r t h e 50 subgroups a r e , 
Limits Standard Deviation Average 
Upper (2.266 χ 0.912) = 2.07 -0.08 + (1.628 χ 0.912) = 1.40 
Lower (0. x 0.912) - 0. -0.08 - (1.628 χ 0.912) = -1.40 

The f a c t o r s , B 3 = 0 o , B 4 = 2.266, and A 3 = 1.628 a r e 
t a b l e d i n v a r i o u s r e f e r e n c e s (1_0, 1_1, 12_, 1_3, 14) . 

To e v a l u a t e t h e s  r e s u l t  f o  s t a t i s t i c a l
t r o l , we f i r s t examin
s t a n d a r d d e v i a t i o n , ,
g r e a t e r t h a n t h e 3-sigma l i m i t . T h i s i n d i c a t e s t h a t 
no a s s i g n a b l e c a u s e s were a f f e c t i n g t h e o p e r a t i o n o f 
c o n s e c u t i v e l y d r a w i n g and r e p l a c i n g f o u r c h i p s . L a c k 
o f c o n t r o l f o r s t a n d a r d d e v i a t i o n w o u l d l e a d us t o 
l o o k f o r l o c a l a s s i g n a b l e c a u s e s i n t h e way each 
group o f f o u r c h i p s was removed from t h e b o w l . P e r 
haps someone i s s u r r e p t i t i o u s l y e x c h a n g i n g t h e bowl 
w i t h one w h i c h has a s t a n d a r d d e v i a t i o n g r e a t e r t h a n 
1.007. 

N e x t , we examine t h e upper g r a p h f o r subgroup 
a v e r a g e s , w h i c h a l s o shows none o u t s i d e 3-sigma l i 
m i t s . T h i s i n d i c a t e s t h a t no a s s i g n a b l e c a u s e s were 
a f f e c t i n g t h e d r a w i n g o p e r a t i o n t h r o u g h out t h e en
t i r e sequency o f t h e f i r s t 200 v a l u e s . Lack o f con
t r o l w o u l d s u g g e s t t h a t some n o n l o c a l a s s i g n a b l e 
cause a f f e c t e d some subgroups d i f f e r e n t l y t h a n o t h 
e r s . P e r h a p s t h e s u r r e p t i t i o u s exchange i n v o l v e d a 
bowl w i t h a d i s t r i b u t i o n w h i c h a v e r a g e s two r a t h e r 
t h a n z e r o . 

Shewhart s u g g e s t e d t h a t c r i t e r i a f o r randomness 
s h o u l d a l s o i n c l u d e t h e b e h a v i o r o f u r n s f o r c o n s e c 
u t i v e groups w i t h i n t h e 3-sigma l i m i t s . Duncan ex
p l a i n s ( j ^ , p. 386) a r u n as "a s u c c e s s i o n o f i t e m s 
o f t h e same c l a s s " s u c h as a s e r i e s o f i n c r e a s i n g o r 
d e c r e a s i n g v a l u e , o r a s e r i e s o f c o n s e c u t i v e v a l u e s 
above o r b e l o w t h e a v e r a g e . We f i n d no r u n s , up o r 
down, g r e a t e r t h a n f i v e ; b u t two r u n s , o f s e v e n below 
th e a v e r a g e , o c c u r r e d ( b e g i n n i n g w i t h subgroups 6 and 
1 5 ) . S t a t i s t i c a l t h e o r y and p r a c t i c a l e x p e r i e n c e i n 
d i c a t e t h a t a s s i g n a b l e c a u s e s can u s u a l l y be f o u n d t o 
e x p l a i n r u n s o f s e v e n o r more; o f c o u r s e i t i s now 
i m p o s s i b l e t o l o o k f o r them. 

In Validation of the Measurement Process; DeVoe, J.; 
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No o t h e r t y p e s o f s y s t e m a t i c v a r i a t i o n s u c h as 
c y c l e s o r t r e n d s , appear t o be p r e s e n t f o r e i t h e r t h e 
s t a n d a r d d e v i a t i o n s o r t h e a v e r a g e s . Can we c o n c l u d e 
t h a t t h i s p r o c e s s was i n a s t a t e o f s t a t i s t i c a l con
t r o l ? W e l l , we have two c h o i c e s : (a) t h e p r o c e s s 
was n o t i n c o n t r o l , o r (b) t h e p r o c e s s was i n c o n t r o l 
b u t two i m p r o b a b l e r u n s o c c u r r e d . T h i s i s e x a c t l y 
t h e s i t u a t i o n we meet a l m o s t e v e r y t i m e we examine 
r e s u l t s from a measurement p r o c e s s . No m a t t e r w h i c h 
c h o i c e we make, t h e r e i s some chance t h a t i t i s 
wrong. I wo u l d c o n c l u d e t h a t t h e e v i d e n c e f o r l a c k 
o f c o n t r o l i s n o t c o n v i n c i n g b a s e d on knowledge o f 
th e p r o c e s s , and p r e d i c t t h a t t h e 3-sigma l i m i t s , e s 
t i m a t e d from t h e f i r s t 200 d r a w i n g s  s h o u l d a l s  i n
c l u d e p r a c t i c a l l y a l
see t h a t t h e l a s t 4  d r a w i n g
a r e w e l l w i t h i n t h e s e l i m i t s . 

Duncan has g i v e n (13, p. 392) t h e f o l l o w i n g sum
mary o f c r i t e r i a f o r lacTf o f s t a t i s t i c a l c o n t r o l : 

1. One o r more p o i n t s o u t s i d e 3-sigma l i m i t s , 
2. One o r more p o i n t s i n t h e v i c i n i t y o f a " w a r n i n g 

l i m i t " s u g g e s t i n g t h a t a d d i t i o n a l o b s e r v a t i o n s 
be t a k e n , 

3. A r u n o f seven o r more p o i n t s , 
4. C y c l e s , t r e n d s , o r o t h e r nonrandom p a t t e r n s 

w i t h i n 3-sigma l i m i t s , 
5. A r u n o f two o r more p o i n t s o u t s i d e o f 2-sigma 

l i m i t s , 
6. A r u n o f f o u r o r more p o i n t s o u t s i d e 1-sigma l i 

m i t s . 

Of c o u r s e we a r e al w a y s f a c e d w i t h t h e r i s k o f 
b e i n g wrong when we d e c i d e w h e t h e r , o r n o t , a p r o c e s s 
i s i n a s t a t e o f s t a t i s t i c a l c o n t r o l . We f i x t h i s 
r i s k by a r b i t r a r i l y c h o o s i n g c r i t i c a l 3-sigma l i m i t s . 
U s i n g w i d e r l i m i t s , we i n c r e a s e t h e r i s k o f 
e r r o n e o u s l y c o n c l u d i n g t h a t t h e p r o c e s s i s i n s t a t i s 
t i c a l c o n t r o l and d e c r e a s e t h e chances o f d e t e c t i n g 
s i g n i f i c a n t a s s i g n a b l e c a u s e s . The use o f n a r r o w e r 
l i m i t s w i l l have t h e o p p o s i t e e f f e c t s . E x p e r i e n c e 
has shown t h a t t h e r i s k s a r e q u i t e t o l e r a b l e , i n most 
c a s e s , when a c t i o n l i m i t s a r e s e t between 2- and 3-
sigma f o r subgroup s t a n d a r d d e v i a t i o n s and a v e r a g e s . 
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RATIONAL SUBGROUPS 

The key t o s u c c e s s 
a n a l y s i s t o examine r e s u l t s 
c e s s , l i e s i n t h e s t r a t e g y 
a l n s u b g r o u p s . The i d e a o f 
measurements i n subgroups 
i t i s my o b s e r v a t i o n t h a t a 
a measurement p r o c e s s f a 
c l a s s e s . 

when we use c o n t r o l c h a r t 
from a measurement p r o -
we use t o s e t up " r a t i o n -
a r r a n g i n g t o g a t h e r t h e 
makes r e a l s e n s e , b e c a u s e 

s s i g n a b l e c a u s e s a f f e c t i n g 
11 r a t h e r c l e a r l y i n t o two 

The f i r s t c l a s s i s under t h e l o c a l c o n t r o l o f 
t h e p e r s o n who o p e r a t e s t h e p r o c e s s ; i t i n c l u d e s s u c h 
o p e r a t i o n s as m a n i p u l a t i n  equipment  d i s p e n s i n
g e n t s , c a l i b r a t i n g i n s t r u m e n t s
p o i n t s , and o t h e r w i s e f o l l o w i n g p r o c e d u r a l i n s t r u c
t i o n s i n l o c a l t i m e and s p a c e . O p e r a t o r s can be h e l d 
r e s p o n s i b l e f o r m a i n t a i n i n g r i g i d c o n t r o l o f t h e s e 
l o c a l o p e r a t i o n s , and good o p e r a t o r s soon l e a r n how 
t o do i t . Lack o f s t a t i s t i c a l c o n t r o l o f t h e s e l o c a l 
o p e r a t i o n s i s o b s e r v e d , o c c a s i o n a l l y , b u t o n l y be
cause o f b a s i c s h o r t c o m i n g s i n t h e method o r e q u i p 
ment w h i c h t h e o p e r a t o r i s u n a b l e t o p e r c e i v e o r cope 
w i t h . 

The sec o n d c l a s s o f a s s i g n a b l e c a u s e s i s n o t un
der t h e l o c a l c o n t r o l o f t h e o p e r a t o r ; i t i n c l u d e s 
s u c h t h i n g s as l o n g - r a n g e m a i n t a i n a n c e o f l a b o r a t o r y 
c o n d i t i o n s and equipment, t y p e s and/or methods o f 
c a l i b r a t i o n , d e t e r i o r a t i o n o f r e a g e n t s and i n s t r u 
m ents, t h e n a t u r e o f i n t e r f e r e n c e s i n t h e m a t e r i a l 
b e i n g t e s t e d , and numerous o t h e r t y p e s o f n o n l o c a l o r 
r e g i o n a l a s s i g n a b l e c a u s e s . The l a b o r a t o r y s u p e r v i 
s o r must assume r e s p o n s i b i l i t y f o r f i n d i n g and remov
i n g a s s i g n a b l e c a u s e s a f f e c t i n g t h e s e o p e r a t i o n s . 

I t h i n k i t i s o b v i o u s 
s i s f o r v a r i a t i o n w i t h i n r a 
d e v i a t i o n o r range) g i v e 
about t h e l o c a l a s s i g n a b l e 
f o r a v e r a g e s r e v e a l s i n f o 
a s s i g n a b l e c a u s e s . 

t h a t c o n t r o l c h a r t a n a l y -
t i o n a l subgroups ( s t a n d a r d 
s us i m p o r t a n t i n f o r m a t i o n 
c a u s e s , w h i l e t h e c h a r t 
r m a t i o n about t h e r e g i o n a l 

Two p o s s i b l e m i s t a k e s a r e easy t o make when we 
s e t up a s y s t e m o f r a t i o n a l s u b g r o u p s : (a) t h e r e 
p l i c a t i o n s a r e so c l o s e t o g e t h e r i n t i m e and/or space 
t h a t t h e y do n o t i n c l u d e a l l t h e l o c a l a s s i g n a b l e 
c a u s e s . F o r i n s t a n c e , we wou l d n e v e r want t o r e c o r d 
d u p l i c a t e r e a d i n g s o f an i n s t r u m e n t s c a l e b e c a u s e , as 
W. J . Youden o f t e n p o i n t e d o u t , t h i s i s m e r e l y "du-
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p l i c i t y " . The subgroup s h o u l d i n c l u d e a l l t h e l o c a l 
random c a u s e s b e c a u s e a measurement p r o c e s s can n e v e r 
be b r o u g h t i n t o a s t a t e o f s t a t i s t i c a l c o n t r o l i f t h e 
r a t i o n a l subgroups a r e t o o r e s t r i c t e d , (b) t h e r e p l i 
c a t i o n s a r e so f a r a p a r t i n t i m e and/or space t h a t 
t h e y i n c l u d e some o f t h e r e g i o n a l a s s i g n a b l e c a u s e s . 
T h i s l e a d s t o wide c o n t r o l l i m i t s w h i c h l a c k t h e po
wer t o d e t e c t a s s i g n a b l e c a u s e s , l o c a l o r r e g i o n a l . 

I have a d e t a i l e d d i s c u s s i o n o f t h e c o n c e p t o f 
r a t i o n a l subgroups i n my p a p e r , "The Use o f C o n t r o l 
C h a r t s i n t h e A n a l y t i c a l L a b o r a t o r y " ( 1 5 ) . S p e c i f i c 
i n s t r u c t i o n s c a n n o t be f o r m u l a t e d t o d e v i s e r a t i o n a l 
s ubgroups w h i c h w i l l a p p l y t o a l l k i n d s o f measure
ment p r o c e s s e s . I
l i m i t e d so t h a t v a r i a t i o n
e s s e n t i a l l y random and t h e y s h o u l d be s u f f i c i e n t l y 
e x t e n d e d t o r e v e a l a s s i g n a b l e c a u s e s w h i c h t h e o p e r a 
t o r i s u n a b l e t o c o n t r o l . 

L e t us now l o o k a t some r e a l w o r l d examples o f 
how we can use c o n t r o l c h a r t a n a l y s i s . 

A PROCESS WITH NO ASSIGNABLE CAUSES 

F i g u r e 2 shows a c o n t r o l c h a r t f o r a p r o c e s s t o 
d e t e r m i n e t h e w a t e r - e q u i v a l e n t o f a P a r r - t y p e bomb 
c o m b u s t i o n c a l o r i m e t e r . Once each month, t h e o p e r a 
t o r made f o u r i n d e p e n d e n t c a l i b r a t i o n r u n s on t h e 
same a f t e r n o o n by w e i g h i n g a p p r o p r i a t e amounts o f NBS 
S t a n d a r d B e n z o i c A c i d and b u r n i n g i t i n t h e oxygen-
c h a r g e d bomb under e s s e n t i a l l y t h e same c o n d i t i o n s as 
were u s e d t o d e t e r m i n e h e a t s o f c o m b u s t i o n o f f u e l . 
The m a t e r i a l was i g n i t e d by h e a t i n g e l e c t r i c a l l y a 
s m a l l p i e c e o f p u r e i r o n w i r e . The c a l o r i m e t e r con
s t a n t was computed from t h e o b s e r v e d t e m p e r a t u r e r i s e 
o f t h e w a t e r s u r r o u n d i n g t h e bomb, t h e w e i g h t o f ben
z o i c a c i d , and t h e NBS c e r t i f i e d v a l u e f o r t h e h e a t 
o f c o m b u s t i o n o f t h e a c i d . A s m a l l c o r r e c t i o n f o r 
t h e h e a t g e n e r a t e d by t h e w i r e was a p p l i e d . 

The d a t a f o r t h i s c h a r t was t a k e n from h i s t o r i 
c a l r e c o r d s and you can see t h a t d u r i n g t h e p r e v i o u s 
11-month p e r i o d , no s i g n i f i c a n t a s s i g n a b l e c a u s e s 
were a f f e c t i n g t h e s t a n d a r d d e v i a t i o n s so we can con
c l u d e t h a t t h e o p e r a t o r was c o n t r o l l i n g a l l t h e l o c a l 
o p e r a t i o n s . The c h a r t f o r a v e r a g e s a l s o shows s a t i s 
f a c t o r y c o n t r o l w h i c h means t h a t no r e g i o n a l a s s i g n a -
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b l e c a u s e s were a f f e c t i n g 
o v e r an e x t e n d e d p e r i o d o f 

I t i s i n t e r e s t i n g t o 
a l y s i s o f c a l i b r a t i o n mea 
s u p e r v i s o r had been r e v 
each month. He now d e c i d e 
a v e r a g e o f 29030 b u t c o n t i 
as b e f o r e . T h i s was sound 
months l a t e r t h e c a l i b r a t 
be j u s t out o f c o n t r o l on 
t i o n r e v e a l e d t h a t a new s 
a c q u i r e d b u t t h e s u p e r v i s o 
v i s e d c o r r e c t i o n f a c t o r t o 

t h e c a l i b r a t i o n o p e r a t i o n s 
t i m e . 

n o t e t h a t p r i o r t o t h i s an-
s u r e m e n t s , t h e l a b o r a t o r y 
i s i n g t h e w a t e r - e q u i v a l e n t 
d t o adopt t h e l o n g range 
nue c h e c k i n g i t e v e r y month 

s t r a t e g y b ecause a few 
i o n a v e r a g e was o b s e r v e d t o 
t h e low s i d e . I n v e s t i g a -
u p p l y o f i r o n w i r e had been 
r n e g l e c t e d t o g i v e a r e -
th  o p e r a t o r

A PROCESS WITH LOCAL ASSIGNABLE CAUSES 

I have a l r e a d y i n d i c a t e d t h a t l a c k o f c o n t r o l o f 
l o c a l a s s i g n a b l e c a u s e s i s n o t commonly o b s e r v e d ; and 
I am aware o f no s i m p l e t e c h n i q u e s , o t h e r t h a n con
t r o l c h a r t a n a l y s i s , t o d e t e c t i t . T h i s example i n 
v o l v e d t h e use o f an i n s t r u m e n t t o measure t h e t e a r 
i n g s t r e n g t h o f p l a s t i c s h e e t i n g u s e d t o s u p p o r t pho
t o g r a p h i c e m u l s i o n s . The i n s t r u m e n t ( T h w i n g - A l b e r t ) , 
d e s i g n e d t o measure t h e t e a r i n g s t r e n g t h o f p a p e r , 
c o n s i s t e d o f a f a i r l y m a s s i v e pendulum a r r a n g e d so 
t h a t i t c o u l d a b s o r b t h e e n e r g y u s e d t o t e a r a s m a l l 
s p e cimen o f m a t e r i a l , t h u s d e c r e a s i n g t h e a m p l i t u d e 
o f t h e pendulum. 

The i n s t r u m e n t had been m o d i f i e d t o make i t more 
s e n s i t i v e t o t h e s m a l l e r s t r e n g t h s o f f i l m s u p p o r t by 
a t t a c h i n g a c o u n t e r b a l a n c e t o t h e pendulum, t h u s 
r a i s i n g i t s c e n t e r o f g r a v i t y . The m o d i f i e d i n s t r u 
ment was m o n i t o r e d by means o f a r e s e r v o i r o f " r e f e r 
e n c e " f i l m s u p p o r t p i c k e d from a u n i f o r m p r o d u c t i o n 
l o t , c u t i n t o t e s t s p e c i m e n s , and t h o r o u g h l y random
i z e d . The specimens were c o n d i t i o n e d and t e a r i n g 
s t r e n g t h s were measured once each day u s i n g r a t i o n a l 
s u b g roups o f f i v e s t r i p s f r o m t h e r e s e r v o i r . 

C o n t r o l c h a r t a n a l y s 
l a c k o f s t a t i s t i c a l c o n t r o l 
t i o n and a v e r a g e d u r i n g t h e 
see i n F i g u r e 3. D u r i n g we 
i n d i c a t e d f o r one subgroup 
a v e r a g e ; and by week 24, i t 
s t a n d a r d d e v i a t i o n and ave 
c a l c o n t r o l . The o p e r a t o r 

i s showed no e v i d e n c e f o r 
f o r b o t h s t a n d a r d d e v i a -
f i r s t 14 weeks as you can 

ek 20, l a c k o f c o n t r o l was 
s t a n d a r d d e v i a t i o n and one 
became e v i d e n t t h a t b o t h 

r a g e were out o f s t a t i s t i -
c o u l d f i n d no r e a s o n s t o 
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A PROCESS WITH NO ASSIGNABLE CAUSES 
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e x p l a i n t h i s and t h e m a t e r i a l behaved a l r i g h t when 
t e s t e d on o t h e r i n s t r u m e n t s c u r r e n t l y i n u s e . 

The i n s t r u m e n t was r e t u r n e d t o t h e machine shop 
where t h e c o u n t e r b a l a n c e had been i n s t a l l e d , and i t 
was f o u n d t h a t t h e b e a r i n g s , on w h i c h t h e pendulum 
was s u p p o r t e d , were b e g i n n i n g t o d i s i n t i g r a t e b e c ause 
o f t h e i n c r e a s e d l o a d o f t h e c o u n t e r b a l a n c e . L a r g e r 
b e a r i n g s were i n s t a l l e d and, as you can s e e , t h e con
t r o l c h a r t f o r b o t h s t a n d a r d d e v i a t i o n and a v e r a g e 
r e t u r n e d t o n o r m a l . New b e a r i n g s had t o be i n s t a l l e d 
on a l l t h e o t h e r i n s t r u m e n t s . 

A PROCESS WIT

When c o n t r o l c h a r t a n a l y s i s shows s a t i s f a c t o r y 
c o n t r o l f o r t h e v a r i a t i o n w i t h i n r a t i o n a l subgroups 
b u t l a c k o f c o n t r o l among subgroup a v e r a g e s , we must 
l o o k f o r r e g i o n a l a s s i g n a b l e c a u s e s . Most i n t e r l a b o -
r a t o r y s t u d i e s o f measurement p r o c e s s e s show l i t t l e 
o r no e v i d e n c e f o r l a c k o f c o n t r o l w i t h i n the l a b o 
r a t o r i e s o v e r a s h o r t p e r i o d o f t i m e ; b u t i t i s v e r y 
d i f f i c u l t t o a c h i e v e s t a t i s t i c a l c o n t r o l among a 
group o f l a b o r a t o r i e s a l l u s i n g t h e same t e s t method. 
F i g u r e 4 shows r e s u l t s o f a s t u d y o f t h e E b e r s t a d t 
method f o r d e t e r m i n i n g t h e a c e t y l - c o n t e n t o f c e l l u 
l o s e a c e t a t e . Samples o f a r e f e r e n c e m a t e r i a l were 
a n a l y z e d i n e i g h t d i f f e r e n t l a b o r a t o r i e s w i t h two i n 
dependent o p e r a t o r s i n each l a b o r a t o r y making d u p l i 
c a t e t e s t s on each o f two d i f f e r e n t d a y s . The l o w e r 
c h a r t f o r o p e r a t o r r a n g e s shows t h a t a s t a t e o f s t a 
t i s t i c a l c o n t r o l e x i s t e d f o r t h e v a r i a t i o n w i t h i n t h e 
l a b o r a t o r i e s , b u t i t i s o b v i o u s t h a t l a b o r a t o r y a v e r 
ages v a r y more t h a n can be e x p l a i n e d by t h e v a r i a t i o n 
w i t h i n l a b o r a t o r i e s . I t i s d i f f i c u l t t o f i n d t h e 
r e a s o n s f o r t h i s b e c a u s e t h e y a r e o f t e n d i f f e r e n t 
f r o m one l a b o r a t o r y t o a n o t h e r . I n t h i s c a s e i t was 
f o u n d t h a t some o f t h e l a b o r a t o r i e s were n o t r i g o r 
o u s l y f o l l o w i n g t h e t e s t method p r o c e d u r e s . 

THE PROBLEM OF DUPLICITY 

L e t us r e t u r n t o t h e c r i t i c a l p r o b l e m o f d e v i s 
i n g r a t i o n a l s u b g r o u p s . I n F i g u r e 5, we see r e s u l t s 
f o r t h e d e t e r m i n a t i o n o f c o p p e r , made d u r i n g t h e p r o 
d u c t i o n o f b r o n z e c a s t i n g s . Two i n d e p e n d e n t samples 
were d r i l l e d f r o m each c a s t i n g and a n a l y z e d , i n du
p l i c a t e , u s i n g a p r e c i s e method o f e l e c t r o l y t i c a l l y 
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Figure 4. Determination of acetyl in cellulose acetate 

A PROCESS WITH LIMITS BASED ON TEST VARIATION 
η = 2 

85.8 

X" 85.4 

85.0 

0.2 -
R 0.1 -

o.oh -*r. - s ~ \ 

2 3 4 5 6 7 8 9 10 II 
CASTING NUMBER 
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In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



18 VALIDATION OF T H E MEASUREMENT PROCESS 

d e p o s i t i n g t h e co p p e r and w e i g h i n g i t . The l o w e r 
c h a r t f o r r a n g e s i s i n c o n t r o l , b u t t h e c h a r t f o r 
subgroup a v e r a g e s shows t h a t t h e d u p l i c a t e samples 
a r e e x c e e d i n g l y v a r i a b l e compared t o t h e d u p l i c a t e 
d e t e r m i n a t i o n s . When c o n t r o l l i m i t s a r e b a s e d on t h e 
v a r i a t i o n o f sample a v e r a g e s , w i t h i n c a s t i n g s , t h e r e 
i s some r e a s o n t o b e l i e v e t h a t t h e m a n u f a c t u r i n g and 
t e s t i n g o p e r a t i o n s a r e b o t h i n a s t a t e o f s t a t i s t i c a l 
c o n t r o l , a l t h o u g h a c y c l i c e f f e c t c a n n o t be r u l e d 
o u t , as you can see i n F i g u r e 6. 

SIMPLE AND COMPLEX CONTROL 

In a l l o f t h e
a m a t h e m a t i c a l model w h i c h E i s e n h a r t c a l l e d SIMPLE 
s t a t i s t i c a l c o n t r o l (̂ 3, p. 1 7 4 ) , t h a t i s , t h e v a r i a 
t i o n o f measurements w i t h i n r a t i o n a l subgroups i s 
random and s e r v e s as a v a l i d e s t i m a t e o f t h e random 
v a r i a t i o n o f t h e subgroup a v e r a g e s . However, we o f 
t e n f i n d p r o c e s s e s f o r w h i c h t h i s model i s i n a d e q u a t e 
b e c a u s e r e g i o n a l a s s i g n a b l e c a u s e s e x i s t w h i c h we 
canno t i d e n t i f y and/or remove; i n such c a s e s , i t i s 
d e s i r a b l e t o d e t e r m i n e whether t h e p r o c e s s i s i n a 
s t a t e o f COMPLEX, o r m u l t i s t a g e , s t a t i s t i c a l c o n t r o l 
( 3 , p. 1 7 8 ) . 

We do t h i s by s e t t i n g up a c o n t r o l c h a r t f o r t h e 
v a r i a t i o n ( s t a n d a r d d e v i a t i o n o r range) o f measure
ments w i t h i n t h e r a t i o n a l s u b g r o u p s , j u s t as b e f o r e . 
However, we e s t i m a t e c o n t r o l l i m i t s f o r t h e subgroup 
a v e r a g e s by t r e a t i n g them as " i n d i v i d u a l " measure
ments and t h e n use t h e "moving r a n g e " method w h i c h 
c a l c u l a t e s a l l t h e c o n s e c u t i v e d i f f e r e n c e s between 
th e subgroup a v e r a g e s , t h u s p a r t i a l l y e l i m i n a t i n g t h e 
e f f e c t s o f t h e r e g i o n a l a s s i g n a b l e c a u s e s (1_3, p. 
451) . 

F i g u r e 7 shows r e s u l t s f o r t h e measurement o f 
th e w a t e r c o n t e n t o f a s e r i e s o f p r o d u c t i o n l o t s o f 
an o r g a n i c s o l v e n t u s i n g t h e K a r l F i s c h e r method. 
The l o w e r c h a r t f o r s t a n d a r d d e v i a t i o n s i n d i c a t e s 
t h a t t h e measurement p r o c e s s i s i n c o n t r o l when t h r e e 
r e p l i c a t e d e t e r m i n a t i o n s a r e made on a s i n g l e sample 
o f m a t e r i a l from each l o t . The upper g r a p h shows t h e 
a v e r a g e s ; t h e n a r r o w l i m i t s a r e bas e d on r e p l i c a t e 
measurement v a r i a t i o n , w h i l e t h e wide l i m i t s c o r r e 
spond t o t h e moving range o f c o n s e c u t i v e l o t a v e r 
ages. Of c o u r s e , we w o u l d n o t e x p e c t t h e d i s t i l l a 
t i o n o f an o r g a n i c m a t e r i a l t o be i n s i m p l e s t a t i s t i -
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A PROCESS WITH LIMITS BASED ON MATERIAL VARIABILITY 
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Figure 6. Determination of copper in bronze castings 
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c a l c o n t r o l i n a c a s e l i k e t h i s ; b u t we see t h a t t h e 
o v e r a l l o p e r a t i o n o f d i s t i l l i n g and m e a s u r i n g i s n o t 
even i n t h e s t a t e o f complex s t a t i s t i c a l c o n t r o l . 
The a s s i g n a b l e c a u s e s f o r t h i s may be i n t h e measure
ment o f t h e w a t e r c o n t e n t , b u t t h e y a r e much more 
l i k e l y t o be f o u n d i n t h e d i s t i l l a t i o n p r o c e s s . 

UNORDERED DATA ANALYSIS 

C o n t r o l c h a r t a n a l y s i s was o r i g i n a l l y a p p l i e d t o 
measurements t a k e n i n s e q u e n t i a l o r d e r f r o m a c o n t i n 
uous p r o c e s s , but i t can a l s o be u s e d t o compare r e 
s u l t s from d i f f e r e n t s o u r c e s where l o g i c a l o r d e r can
n o t be a s s i g n e d . A
l a b o r a t o r y s t u d y o
i s n e c e s s a r y t o g i v e v e r y s e r i o u s t h o u g h t o f how t o 
a r r a n g e f o r subgroups w i t h i n t h e l a b o r a t o r i e s . Some 
p e o p l e have d e f i n e d a subgroup as t h e measurements 
made by a s i n g l e o p e r a t o r , u s i n g a s i n g l e s e t o f 
e q u i pment, as c l o s e l y t o g e t h e r as p o s s i b l e . T h i s can 
be c o n s i d e r e d t o be d u p l i c i t y . A more u s e f u l sub
group i n c l u d e s t h e l o c a l a s s i g n a b l e c a u s e s o v e r a 
more r e a s o n a b l e p e r i o d o f t i m e , f o r example, a week 
o r more. A l o g i c a l r e a s o n f o r t h i s more e x t e n s i v e 
r a t i o n a l subgroup i s t h e f a c t t h a t t h e p e o p l e who use 
measurement r e s u l t s , o f t e n r e q u i r e c o m p a r i s o n s be
tween r e p e a t e d measurements t o h e l p make d e c i s i o n s 
r e l a t i n g t o sample r e c h e c k s , p r o d u c t i o n c h a n g e s , ma
t e r i a l s o u r c e s , e t c . , made o v e r t h e i n t e r v a l o f t h i s 
p e r i o d o f t i m e . 

Many o f t h e s e c o n t r o l c h a r t methods were deve
l o p e d by Shewhart and s u c c e s s f u l l y u s e d by many peo
p l e f o r n e a r l y f i f t y y e a r s . D u r i n g t h e l a s t t h r e e 
d e c a d e s , more s o p h i s t i c a t e d c o n t r o l c h a r t s f o r s u c h 
t h i n g s as c u m u l a t i v e sums, l o t a c c e p t a n c e , m u l t i v a r i -
a b l e r e s p o n s e s , e t c . , have been d e v e l o p e d ( 1 8 ) ; and 
some o f t h e s e t e c h n i q u e s w i l l be f o u n d u s e f u l t o h e l p 
e v a l u a t e measurement p r o c e s s e s . 

RELATED ASSIGNABLE CAUSES 

Many measurement p r o c e s s e s show l a c k o f s t a t i s 
t i c a l c o n t r o l o f a t y p e w h i c h o f t e n a p p e a r s b a f f l i n g 
b e c a u s e t h e a s s i g n a b l e c a u s e s a c t t o g e t h e r so t h a t 
t h e e f f e c t s o f one a r e n o t t h e same a t v a r i o u s l e v e l s 
o f t h e o t h e r . F o r example, i t has l o n g been known 
t h a t t h e o x i d a t i o n o f f e r r o u s i r o n w i t h p o t a s s i u m 
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permanganate g i v e s h i g h r e s u l t s i n h y d r o c h l o r i c a c i d 
s o l u t i o n s ; t h e d e v i a t i o n s i n c r e a s e w i t h a c i d concen
t r a t i o n . A l s o , t h e d e v i a t i o n s a r e r e l a t i v e l y s m a l l e r 
as t h e i r o n c o n c e n t r a t i o n i n c r e a s e s , and t h e r a t e o f 
t i t r a t i o n d e c r e a s e s . I t i s most i m p o r t a n t t h a t we 
f i n d and remove t h e e f f e c t s o f t h i s k i n d o f d i f f e r e n 
t i a l r e s p o n s e w h i l e a measurement p r o c e s s i s b e i n g 
d e v e l o p e d . 

The c l a s s i c a l e x p e r i m e n t a l p r o c e d u r e (sometimes 
c a l l e d t h e s c i e n t i f i c method) f o r o p t i m i z i n g t h e r e 
sponse o f measurement p r o c e s s i s i n a d e q u a t e t o d e t e c t 
t h i s k i n d o f r e l a t e d b e h a v i o r between a s s i g n a b l e 
c a u s e s . I n t h e ca s
s t u d i e s e a c h , a t som
shown i n F i g u r e 8 on t h e l e f t ; b u t i t n e v e r d e t e r
mines whether t h e e f f e c t s o f c h a n g i n g t h e l e v e l s o f 
t h e f a c t o r s a r e i n d e p e n d e n t o f e a c h - o t h e r . D i f f e r e n 
t i a l r e s p o n s e i s e a s i l y d e t e c t e d u s i n g a c o m p l e t e 
f a c t o r i a l d e s i g n as i s shown on t h e r i g h t , where t h e 
e f f e c t s o f a l l c o m b i n a t i o n s o f t h e f a c t o r s a r e meas
u r e d w i t h l i t t l e o r no e x t r a work. I n t h i s c a s e , t h e 
f a c t o r s a r e a c t i n g i n d e p e n d e n t l y i f t h e d i f f e r e n c e 
between t h e d i a g o n a l a v e r a g e s i s n o t s i g n i f i c a n t l y 
g r e a t e r t h a n z e r o . 

D i f f e r e n t i a l r e s p o n s e ( u s u a l l y c a l l e d i n t e r a c 
t i o n , o r n o n a d d i t i v i t y by s t a t i s t i c i a n s ) can be o f 
t h r e e t y p e s : (a) among f a c t o r s w i t h i n t h e measure
ment p r o c e s s , (b) between p r o c e s s f a c t o r s and t h e 
t y p e o f m a t e r i a l b e i n g t e s t e d , and (c) between t e s t 
methods and t h e t y p e o f i n t e r f e r e n c e s i n t h e m a t e r i a l 
b e i n g t e s t e d . 

The example d e s c r i b e d above f a l l s i n t o t h e f i r s t 
t y p e . F i g u r e 9 shows t h e p r o b l e m o f d i f f e r e n t i a l r e 
sponse when s e v e r a l m a t e r i a l s a r e t e s t e d u s i n g a mea
surement p r o c e s s s e t up i n v a r i o u s l a b o r a t o r i e s . The 
l a b o r a t o r i e s do n o t r a n k t h e m a t e r i a l s i n e x a c t l y t h e 
same o r d e r . T h i s b e h a v i o r i s n o t s e r i o u s as l o n g as 
th e v a r i a t i o n among t h e l a b o r a t o r i e s i s no g r e a t e r 
t h a n t h e r e p l i c a t i o n e r r o r o f t h e p r o c e s s . However, 
when unknown i n t e r f e r e n c e s a r e p r e s e n t i n d i f f e r e n t 
t y p e s o f m a t e r i a l , w h i c h a f f e c t some l a b o r a t o r y r e 
s u l t s but n o t o t h e r s , i t soon becomes i m p o s s i b l e t o 
p r e d i c t t h e r e s p o n s e o f t h e t e s t method on t y p e s o f 
m a t e r i a l , o t h e r t h a n t h o s e u s e d i n t h e i n t e r l a b o r a t o -
r y s t u d y . 
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D i f f e r e n t i a l r e s p o n s e i s o f t e n o b s e r v e d when two 
t e s t methods a r e ba s e d on s l i g h t l y d i f f e r e n t p h y s i c a l 
and c h e m i c a l p r i n c i p l e s . T h i s has been o b s e r v e d f o r 
methods t o e v a l u a t e m a t e r i a l f l a m m a b i l i t y , s u r f a c e 
a b r a s i o n , f a b r i c w r i n k l e r e s i s t a n c e , p a p e r smooth
n e s s , e t c . We a r e u s u a l l y u n a b l e t o e x p l a i n t h e s e 
i n t e r a c t i o n s , e s p e c i a l l y i f t h e f u n d a m e n t a l p r i n c i 
p l e s o f t h e methods a r e o n l y v a g u e l y u n d e r s t o o d . 

RUGGEDNESS OF A MEASUREMENT PROCESS 

Measurement p r o c e s s e s a r e o f t e n d e v e l o p e d i n a 
s i n g l e l a b o r a t o r y and t h e d i  o t h e  l a b o r a t o r
i e s . We have a l r e a d
s u l t s from d i f f e r e n y
s t a t e o f s t a t i s t i c a l c o n t r o l w i t h r e s p e c t t o t h e v a r 
i a t i o n w i t h i n l a b o r a t o r i e s . O c c a s i o n a l l y we a r e a b l e 
t o i d e n t i f y some o f t h e a s s i g n a b l e c a u s e s b u t o n l y 
w i t h a g r e a t d e a l o f e f f o r t . 

Dr. W. J . Youden a d d r e s s e d h i m s e l f t o t h i s im
p o r t a n t p r o b l e m and he o b s e r v e d ( 1 9 ) : 

"By no means an u n u s u a l o c c u r r e n c e i s a 
c o l l a b o r a t i v e t e s t whose r e s u l t s o b v i o u s l y 
f a l l s h o r t o f e x p e c t a t i o n s b a s e d on d a t a 
f r o m t h e i n i t i a t i n g l a b o r a t o r y . The 
e x p l a n a t i o n i s u s u a l l y f o u n d i n t h e f a c t 
t h a t t h e i n i t i a t i n g l a b o r a t o r y has a s e t 
o f o p e r a t i o n s and equipment t h a t i s n e v e r 
v a r i e d . I n f a c t , c a r e i s t a k e n n o t t o 
v a r y t h e r o u t i n e i n any p a r t i c u l a r . 
N a t u r a l l y no l i g h t i s shed on what may 
happen when t h e p r o c e d u r e on t r i a l i s u s e d 
by a number o f l a b o r a t o r i e s each o f w h i c h 
e s t a b l i s h e s i t s own p a r t i c u l a r r o u t i n e " . 

He goes on t o s u g g e s t t h a t t h i n g s l i k e t h e 
s o u r c e , age and c o n c e n t r a t i o n o f r e a g e n t s , t h e r a t e 
o f h e a t i n g s o l u t i o n s , t h e t e m p e r a t u r e and t i m e o f 
d r y i n g m a t e r i a l s , t h e e n v i r o n m e n t a l c o n d i t i o n s o f 
t e m p e r a t u r e and r e l a t i v e h u m i d i t y , and many o t h e r 
f a c t o r s may n o t be s p e c i f i e d i n d e t a i l so t h a t t h e y 
v a r y , w i t h i n s m a l l l i m i t s , from one l a b o r a t o r y t o an
o t h e r . 

The o n l y p r o t e c t i o n a g a i n s t t h i s t y p e o f a s s i g n 
a b l e cause i s f o r t h e i n i t i a t i n g l a b o r a t o r y t o d e l i -
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b e r a t e l y i n t r o d u c e m i n o r v a r i a t i o n s i n t o t h e p r o c e 
dure and o b s e r v e what happens. At f i r s t t h i s a p p e a r s 
t o i n v o l v e a g r e a t d e a l o f e x t r a work, most o f w h i c h 
may y i e l d n e g a t i v e r e s u l t s . Youden s u g g e s t e d a 
scheme o f a t t a c k t h a t w i l l c o n s e r v e l a b o r y e t be sen
s i t i v e enough t o p i c k up f a i r l y s m a l l e f f e c t s . 

The p r i n c i p l e o f h i s s u g g e s t e d d e s i g n can be i l 
l u s t r a t e d by a s i m p l e e x p e r i m e n t i n v o l v i n g j u s t t h r e e 
f a c t o r s ( 2 0 ) . L e t t h e l e v e l s o f t h e f a c t o r s , c h osen 
s l i g h t l y above and b e l o w t h e s p e c i f i e d o p e r a t i n g con
d i t i o n s , be d e s i g n a t e d A, B, C and a, b, c r e s p e c 
t i v e l y . O n l y f o u r e x p e r i m e n t s need t o be ruri : 

Run 
Number L e v e l R e s u l t 

1 ABC t 
2 aBc X 
3 abC y 
4 Abe ζ 

N o t i c e t h a t two f a c t o r s a r e a l w a y s changed from one 
r u n t o a n o t h e r . The d i f f e r e n t i a l e f f e c t o f c h a n g i n g 
t h e l e v e l o f each f a c t o r i s o b t a i n e d by c o m p u t i n g t h e 
a v e r a g e s , 

Â = ( t + z ) / 2 ; Β = ( t + x ) / 2 ; C = ( t + y ) / 2 , 

â = ( x + y ) / 2 ; b = ( y + z ) / 2 ; c = ( x + z ) / 2 . 

The two r u n s f o r Â i n v o l v e t h e l e v e l s B, b, C, 
and c _ f o r t h e o t h e r two f a c t o r s and t h i s i s also_ t r u e 
f o r a; t h u s i f A d i f f e r s s i g n i f i c a n t l y f rom a, t h e 
f i r s t f a c t o r must be t h e a s s i g n a b l e c a u s e . The same 
l o g i c a p p l i e s t o t h e o t h e r two f a c t o r s . 

I t i s i m p o r t a n t t o r e c o g n i z e t h a t t h e j u s t i f i c a 
t i o n f o r t h i s l o g i c r e s t s on t h e e x p e c t a t i o n t h a t 
changes i n t h e l e v e l s o f a l l t h e f a c t o r s has been 
q u i t e s m a l l and a r e n o t supposed t o have a p p r e c i a b l e 
e f f e c t on t h e measurement p r o c e s s . 

T h i s e x p e r i m e n t a l d e s i g n has many a d v a n t a g e s 
o v e r t h e t r a d i t i o n a l o n e - f a c t o r - a t - a - t i m e scheme: 

1. The number o f e x p e r i m e n t s i s m i n i m i z e d a t one 
more t h a n t h e number o f f a c t o r s b e i n g s t u d i e d , 
a l t h o u g h o n l y c e r t a i n c o m b i n a t i o n s a r e p o s s i b l e . 
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2. D i f f e r e n c e s a r e e v a l u a t e d i n terms o f a v e r a g e s 
so t h a t t h e d i s c r i m i n a t i n g power i s g r e a t e r f o r 
t h e same number o f r u n s . 

3. I f no s i g n i f i c a n t f a c t o r s a r e f o u n d , we can g e t 
a p r e l i m i n a r y e s t i m a t e o f how t h e method w i l l 
behave i n o t h e r l a b o r a t o r i e s . 

4. I f s i g n i f i c a n t f a c t o r s a r e f o u n d , t h e i r e f f e c t s 
c an be e s t i m a t e d and a p p r o p r i a t e t o l e r a n c e s s e t 
f o r t h e i r c o n t r o l . 

The r e s t r i c t i o n t o c e r t a i n c o m b i n a t i o n s o f f a c t o r s 
and r u n s i s n o t v e r y s e r i o u s ; Youden c o n s i d e r e d t h e 
p l a n f o r seven f a c t o r s i n e i g h t r u n s t o be a good 
compromise and he ha  p u b l i s h e d l example  (20
2 1 ) . O t h e r p e o p l
ments t o t e s t t h e ruggednes , 
w i t h o u t e x c e p t i o n , t h e y were a b l e t o d e t e c t one o r 
more p o t e n t i a l a s s i g n a b l e c a u s e s o f v a r i a t i o n i n t h e 
t e s t method, as w r i t t e n ( 2 2 ) . 

A MEASUREMENT HIERARCHY 

E x p e r i e n c e t e l l s us t h a t some measurement p r o 
c e s s e s can be e a s i l y b r o u g h t i n t o a s t a t e o f s t a t i s 
t i c a l c o n t r o l w h i l e o t h e r s seem s u b j e c t t o a p l e t h o r a 
o f a s s i g n a b l e c a u s e s t h a t a r e h a r d t o l o c a t e and d i f 
f i c u l t t o c o n t r o l . Why i s t h i s so? 

L e t us a r r a n g e measurement o p e r a t i o n s i n t o t h e 
f o l l o w i n g o r d e r : 

1. Measurement p r o c e s s e s t o d e t e r m i n e n a t u r a l con
s t a n t s , 

2. C a l i b r a t i o n o f p h y s i c a l and c h e m i c a l r e f e r e n c e 
p r o c e s s e s , 

3. P r e c i s e and a c c u r a t e " s t a n d a r d " measurement p r o 
c e s s e s , 

4. R o u t i n e c o n t r o l measurement p r o c e s s e s , and 
5. L a b o r a t o r y s i m u l a t i o n p r o c e s s e s t o measure p e r 

formance c h a r a c t e r i s t i c s . 

The d e t e r m i n a t i o n o f n a t u r a l c o n s t a n t s s u c h as 
t h e speed o f l i g h t , t h e a c c e l e r a t i o n o f g r a v i t y , t h e 
a t o m i c w e i g h t s o f e l e m e n t s , e t c . , r e q u i r e s t h a t we 
s p a r e no e f f o r t t o c o r r e c t l y a s s i g n a p r e c i s e and un
b i a s e d v a l u e t o r e p r e s e n t t h e p r o p e r t y i n v o l v e d . 

O p e r a t i o n s t o c a l i b r a t e w e i g h t s , v o l u m e t r i c - w a r e 
e t c . , and t o p r e p a r e p u r e c h e m i c a l compounds and as-
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s i g n v a l u e s t o homogeneous r e f e r e n c e m a t e r i a l s , f a l l 
i n t o t h e s e c o n d c l a s s . 

The t h i r d c l a s s i n c l u d e s " s t a n d a r d ' 1 measurement 
p r o c e s s e s w h i c h a r e u s u a l l y f a i r l y complex so t h a t 
a l l s i g n i f i c a n t i n t e r f e r e n c e s a r e removed o r c o r r e c 
t e d f o r . 

R o u t i n e c o n t r o l measurements a r e i n t h e f o u r t h 
c l a s s ; t h e y r e q u i r e l e s s e l a b o r a t e equipment t h a n t h e 
s t a n d a r d methods and a r e more e c o n o m i c a l t o r u n a l 
t hough t h e y g i v e l e s s p r e c i s e and l e s s a c c u r a t e r e 
s u l t s . 

F i n a l l y , t h e l a s
p e r f o r m a n c e o f a s y s t e  magnitud
a p r o p e r t y . R e s i s t a n c e t o s u r f a c e a b r a s i o n o r weath
e r i n g , f l a m m a b i l i t y o f c h i l d r e n T s s l e e p - w e a r , t h e e f 
f i c i e n c y o f r e m o v i n g d i r t from a c a r p e t , a r e examples 
o f t h i s c l a s s . 

You w i l l s u r e l y r e c o g n i z e s e v e r a l t y p e s o f o r d e r 
as we p r o c e e d f r om t o p t o b o t t o m i n t h i s h i e r a r c h y : 

- t h e s c i e n t i f i c p r i n c i p l e s i n v o l v e d , a r e 
f u n d a m e n t a l and f a i r l y w e l l u n d e r s t o o d a t 
t h e t o p ; t h e y a r e e m p i r i c a l and v e r y com
p l e x a t t h e b o t t o m , 

- o p e r a t i o n s t o c o r r e c t f o r t h e e f f e c t s o f 
known i n t e r f e r e n c e s become i n c r e a s i n g l y 
more d i f f i c u l t , 

- a s s i g n a b l e c a u s e s a r e more d i f f i c u l t t o 
i d e n t i f y , 

- d i f f e r e n t i a l r e s p o n s e becomes more p r e 
v a l e n t and more d i f f i c u l t t o cope w i t h , 
and 

-ruggedness a g a i n s t s t r e s s e s on t h e op
e r a t i o n a l p r o c e d u r e d e c r e a s e s as we go 
down t h e h i e r a r c h y . 

We s h o u l d keep t h i s c l a s s i f i c a t i o n i n mind when 
e v e r we d e v i s e and d e v e l o p a measurement p r o c e s s ; i t s 
p o s i t i o n i n t h e h i e r a r c h y i s an i n d i c a t i o n o f t h e 
p r o b l e m s we must s o l v e i n o r d e r t o m a i n t a i n t h e p r o 
c e s s i n a s t a t e o f s t a t i s t i c a l c o n t r o l . 
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SUMMARY 

Measurements a r e n o t v a l i d u n t i l we e v a l u a t e t h e 
p e r f o r m a n c e c h a r a c t e r i s t i c s o f t h e p r o c e s s w h i c h p r o 
duces them. S t a t i s t i c a l c o n t r o l i s c o n c e r n e d w i t h 
r e m o v i n g a l l s i g n i f i c a n t a s s i g n a b l e c a u s e s w h i c h can 
a f f e c t t h e p r o c e s s so t h a t s t a t e m e n t s about t h e v a r i 
a b i l i t y o f f u t u r e r e s u l t s w i l l be c o r r e c t w i t h an a s 
s o c i a t e d l e v e l o f c o n f i d e n c e . 

C o n t r o l c h a r t a n a l y s i s , f i r s t d e v e l o p e d by W. A. 
Shewhart, i s us e d t o examine a f i n i t e sequence o f 
s t a t i s t i c a l c o n t r o l . The measurements a r e d i v i d e d 
i n t o " r a t i o n a l s u b g r o u p s " d t h  s t a n d a r d d e v i a t i o n
w i t h i n s u b g r o u p s , s e r v e
v a r i a t i o n o f t h e s u b g r o u p - s t a n d a r
a v e r a g e s . Lack o f s t a t i s t i c a l c o n t r o l i s i n d i c a t e d 
when t h e s e l i m i t s a r e exceeded o r when nonrandom p a t 
t e r n s o f v a r i a t i o n o c c u r w i t h i n t h e l i m i t s . 

The c o n c e p t o f r a t i o n a l subgroups makes sense 
b e c a u s e a s s i g n a b l e c a u s e s o f p r o c e s s v a r i a t i o n f a l l 
r a t h e r c l e a r l y i n t o two c l a s s e s : l o c a l m a n i p u l a t i o n s 
w h i c h a r e under t h e c o n t r o l o f t h e o p e r a t o r ; and r e 
g i o n a l o p e r a t i o n s , i n t i m e and s p a c e , t o m a i n t a i n th~e 
s t a b i l i t y o f t h e p r o c e s s , f o r w h i c h someone, o t h e r 
t h a n t h e o p e r a t o r , must be r e s p o n s i b l e . We o b s e r v e a 
l a c k o f s t a t i s t i c a l c o n t r o l f o r subgroup - a v e r a g e s 
more o f t e n t h a n f o r s t a n d a r d d e v i a t i o n s b e c a u s e r e 
g i o n a l a s s i g n a b l e c a u s e s a r e d i f f i c u l t t o f i n d and 
remove. 

Not i n f r e q u e n t l y , we f i n d t h a t two a s s i g n a b l e 
c a u s e s a c t t o g e t h e r so t h a t t h e i r e f f e c t s a r e n o t ad
d i t i v e , t h a t i s , t h e e f f e c t s o f one a r e n o t t h e same 
a t a l l l e v e l s o f t h e o t h e r . P r o c e s s i n t e r f e r e n c e s , 
a l s o may be p r e s e n t i n some t y p e s o f m a t e r i a l b e i n g 
t e s t e d and n o t i n o t h e r s . We f i n d i t d i f f i c u l t t o 
u n d e r s t a n d t h i s k i n d o f p r o c e s s r e s p o n s e u n l e s s we 
use c o m p l e t e f a c t o r i a l e x p e r i m e n t a l d e s i g n s . 

Lack o f s t a t i s t i c a l c o n t r o l among l a b o r a t o r i e s 
i s i n e v i t a b l e u n l e s s t h e measurement method i s rugged 
a g a i n s t s m a l l changes i n p r o c e s s o p e r a t i n g c o n d i 
t i o n s . W. J . Youden has p r o v i d e d us w i t h an e f f i 
c i e n t e x p e r i m e n t a l d e s i g n t o t e s t t h e rug g e d n e s s o f a 
method. 

F i n a l l y , we can a r r a n g e measurement o p e r a t i o n s 
i n t o a h i e r a r c h y w h i c h c l e a r l y shows t h a t t h e b e t t e r 
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we u n d e r s t a n d t h e s c i e n t i f i c 
e a s i e r i t i s t o m a i n t a i n t h e 
s t a t i s t i c a l c o n t r o l . 

p r i n c i p l e s i n v o l v e d , t h e 
p r o c e s s i n a s t a t e o f 
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2 

Testing Basic Assumptions in the Measurement Process 

J A M E S J. F I L L I B E N 

National Bureau of Standards, Washington, DC 20234 

The purpose of this paper is to discuss various statistical 
techniques for the
in a measurement process
refers to the act of collecting quantified information about 
some phenomenon of interest under well-defined conditions. 
Among the various components of the measurement process are the 
experimentalists themselves. The end objective in a measurement 
process is predictability (1,2) that is, the ability to make 
probability statements about measurements already taken and yet 
to be taken. If this predictability is not present, then the 
process will yield conclusions which are only temporal and local 
in nature, and which will lack the generality typical of 
scientific experimentation. To achieve such predictability, the 
measurement process must be "in control (3)." The term "in 
control" is a statistical term—having nothing to do per se with 
whatever physical science area or phenomenon that the experiment 
involves, but rather with the properties of sequences of 
measurements. A broad definition of "in control" is as follows: 

a measurement process is in control if the 
resulting observations from the process, when 
collected under any fixed experimental condition 
within the scope of the a priori well-defined 
conditions of the measurement process, behave 
like random drawings from some fixed probability 
distribution with fixed location and fixed 
variation parameters. 

The essential components implied by the above definition 
are: 

1. randomness 

30 
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2. f i x e d l o c a t i o n 

3. f i x e d v a r i a t i o n 

4. f i x e d d i s t r i b u t i o n 

I t i s to be noted that " f i x e d l o c a t i o n " as used above and 
throughout t h i s paper i s an abbreviated way of st a t i n g that the 
measurement process has a single l i m i t i n g mean ( i . e . , as the 
measurement process continues i n time, i t i s conceived to have a 
unique l i m i t i n g " t y p i c a l value"). S i m i l a r l y , " f i x e d v a r i a t i o n " 
i s an abbreviated way of s t a t i n g that the measurement process has 
a stable degree of v a r i a t i o n . I t i s important of course to note 
that the above components i n the d e f i n i t i o n of " i n c o n t r o l " are 
i d e n t i c a l l y those underlyin
made, ei t h e r knowingl
The consequences for i n v a l i d i t y of these assumptions are the 
a r r i v a l at incorrect conclusions and the loss of the desired-for 
p r e d i c t a b i l i t y that the s c i e n t i s t i n v a r i a b l y seeks. 

In t h i s l i g h t , the t e s t i n g and checking of basic assump
tions L$l i n a measurement process takes on i t s r i g h t f u l 
importance. The t e s t i n g of assumptions i s a "necessary e v i l , " 
tangential in a sense to the main an a l y s i s , but which r a r e l y can 
be s h o r t - c i r c u i t e d . In order to t e s t such assumptions a f t e r the 
f a c t , we have only the raw data r e s u l t i n g from the experiment. 
Fortunately, however, much information about the v a l i d i t y or 
i n v a l i d i t y of the underlying assumptions i s s t i l l l atent i n the 
data and considerable progress (of both a th e o r e t i c a l and 
pr a c t i c a l nature) has been made i n the l a s t decade i n the 
development of s t a t i s t i c a l techniques for the extraction of such 
information. The remainder of t h i s paper w i l l deal with an 
enumeration and discussion of such techniques. 

I t w i l l be noted that almost a l l of the techniques to be 
presented are graphical i n nature. There are many reasons for 
such a heavy dependence on graphics: 

1. Plots take f u l l advantage of the pattern recognition 
c a p a b i l i t i e s of the human (e.g., l i n e a r i t y i s easy to detect). 

2. Plots make use of a minimal number of assumptions. 
Thus, the use of plots increases the l i k e l i h o o d that the 
conclusions w i l l not be approach-dependent. 

3. From a communications point of view, a p l o t i s generally 
a much more understandable and e f f i c i e n t way of conveying 
information to another analyst or experimentalist than i s a set 
of s t a t i s t i c s . 
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4. A p l o t allows the analyst to see and use a l l of the 
data--thus no information i s l o s t i n the t y p i c a l exercise of 
forming s t a t i s t i c s which ( i n essence) summarize and map 
information latent i n the en t i r e data set into a single number—a 
number which w i l l usually only be s e n s i t i v e to one p a r t i c u l a r 
analysis aspect of the data. 

5. A p l o t allows the analyst to check many d i f f e r e n t 
aspects of the data simultaneously--and so information w i l l be 
relayed not only about what i s being investigated, but also about 
unsuspected anomalies (e.g., o u t l i e r s ) i n the data. 

RUN SEQUENCE PLOT 

We assume tha
observations Y 1 $ Y 2, ..

response Ϋ. = constant c + error e. (1) 

Almost a l l data have a "time" run sequence ( i = l , 2, n) 
associated with i t . Although the c o l l e c t i o n of data points may 
or may not have been equispaced i n time, the ordering of the data 
in time ( i . e . , the run sequence) i s usually well-defined (unless 
observations are simultaneously c o l l e c t e d ) . In cases where the 
data a c q u i s i t i o n rate i s such that there i s an equal time-spacing 
between c o l l e c t e d data points, the run sequence has a natural 
analogue to a possibly relevant factor (time) i n the experiment; 
in other cases, when the data a c q u i s i t i o n rate i s variable or 
random, no such analogue e x i s t s - - y e t the run sequence "f a c t o r " 
i s s t i l l frequently of in t e r e s t . The run sequence p l o t (defined 
as a p l o t of Yj versus i ) i s the simplest possible data p l o t and 
yet i s almost i n v a r i a b l y informative. This run sequence p l o t i s 
the recommended f i r s t step i n assessing whether the basic 
assumptions of the measurement process are tenable. In 
p a r t i c u l a r , t h i s p l o t y i e l d s information about the assumption of 
fi x e d l o c a t i o n , f i x e d v a r i a t i o n and the i m p l i c i t c o r o l l a r y 
assumptions that the data set i s o u t l i e r - f r e e . Figures l a 
through Id i l l u s t r a t e t h i s on three p a r t i c u l a r data sets. The 
two upper plots present data (voltage counts) from a Josephson 
Junction cryothermometry experiment. The upper l e f t p l o t (data 
a l l on the lower margin with the exception of an is o l a t e d point 
on the upper margin) i s i n d i c a t i v e of an o u t l i e r ( i n t h i s case 
due to a keypunch error i n the leading d i g i t ) . The upper r i g h t 
p l o t i s the corrected data set; note the absence of s h i f t s or 
va r i a t i o n a l changes as one proceeds l e f t to r i g h t ( i n time) 
across the plot . (Note also how t h i s p l o t gives the analyst a 
clea r and i n i t i a l " f e e l " f o r the discrete character of these 
data.) The lower l e f t f igure i s a run sequence p l o t for wind 
v e l o c i t y data. Note the apparent s h i f t (up) i n location i n the 
second half of the d a t a — a c l e a r i n d i c a t i o n of a process 
apparently not i n s t a t i s t i c a l control. The lower r i g h t figure 
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gives a run sequence p l o t f o r deflections of a steel-concrete 
beam when a periodic force i s applied to i t . No apparent s h i f t 
i n l ocation or v a r i a t i o n and no apparent o u t l i e r s are evident 
from t h i s p l o t , and so t h i s p a r t i c u l a r data set "passes" the 
scrutiny of t h i s f i r s t s t a t i s t i c a l technique. 

I t i s to be noted i n passing that the FORTRAN c a l l i n g 
sequence i n the upper l e f t corner of t h i s f i g u r e (and most other 
figures i n t h i s paper) re f e r to c a l l s to subroutines i n the 
DATAPAC ( 6 , 7 ) data analysis package which produced the 
computerized output that comprises the figures. 

An important generalization of the run sequence p l o t i s the 
control chart. Rather than p l o t t i n g XJ vs i (as above), the 
sample mean control char
fixed) numbers of observation
been grouped together to form each x-j. I f the o r i g i n a l process 
i s normal, or i f the number of observations grouped to form a 
single mean i s large, then normal p r o b a b i l i t y l i m i t s can be 
inserted onto the chart so as to define a t y p i c a l band of 
va r i a t i o n f o r the process. Large (or frequent) excursions 
outside the band i s an i n d i c a t i o n of a process that i s no longer 
" i n c o n t r o l . " In addition to χ control charts, other useful 
control charts are s (standard deviation) charts, r (range) 
charts and CUSUM (cummulative sum) charts. C o l l e c t i v e l y , they 
are excellent diagnostic tools f o r determining whether i n 
p a r t i c u l a r an o u t l i e r has occurred and in general whether a s h i f t 
i n location or v a r i a t i o n has occurred i n the process. For 
further information on control charts, the reader i s referred to 
Himmelblau (8). 

LAG-1 AUTOCORRELATION PLOT 

The lag-1 autocorrelation p l o t i s defined as a p l o t of Y 
versus ΥΊ· -j^over the en t i r e data set; that i s , the following n-1 
points are plotted: (Υ 2,Υ Χ), (Y 3, Y 2 ) , (Y4>Yâ)>. · · (Y n > V l ) - T h e 

lag-1 autocorrelation p l o t i s se n s i t i v e to the randomness 
assumption i n a measurement process. I f the data are random, 
then adjacent observations w i l l be uncorrected and the p l o t of 
Y. versus Y - j ^ w i l l appear as a data cloud with no apparent 
structure. However, i f the data are not random and i f adjacent 
observations do have some autocorrelation t h i s structure w i l l 
frequently manifest i t s e l f i n the autocorrelation p l o t . Figure 
2 gives three examples of the autocorrelation p l o t . The upper 
l e f t p l o t i s an autocorrelation p l o t of the aforementioned 
voltage counts—no apparent structure i s noticeable (aside from 
the l a t t i c e e f f e c t due to the discreteness of the data). The 
upper r i g h t p l o t i s for the wind v e l o c i t y data--note the 
pronounced l i n e a r structure i n t h i s p l o t which implies that the 
randomness assumption i s untenable for these data. The lower 
p l o t i s f o r the beam d e f l e c t i o n data--note the well-defined 
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CALL PL0TXX(X,1200) 
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Figure 2b. Lag-1 (Yi vs. Y< - J autocorrelation plot. Wind velocities. 
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e l l i p t i c a l structure of the autocorrelation p l o t which i s also 
i n d i c a t i v e of the untenableness of the randomness assumption. 
In t h i s l a s t case the lack of randomness was, as i t turned out, 
due to an underlying c y c l i c structure i n the data ( i . e . , the true 
model was Y-j = c + a* s i η (ôi + φ) + ei (where i i s time) rather 
than the assumed Y = c + e . The reader should note the two 
points i n the upper r i g h t portion of the p l o t which are o f f the 
e l l i p s e . This i s due to a single o u t l i e r i n the data and 
demonstrates the secondary s e n s i t i v i t y of the lag-1 
autocorrelation p l o t to o u t l i e r s . 

RUNS TEST 

The runs t e s t i s a technique that i s s p e c i f i c a l l y used for 
t e s t i n g randomness
app l i c a t i o n of t h i s
i l l u s t r a t e the technique, consider the run sequence p l o t of 50 
spectrophotometry transmittance data points i n figure 3. I t i s 
apparent from the p l o t that the data are not random (note how 
observations 35 to 45 are not random but rather near-monotonic i n 
nature). To s c r u t i n i z e the c o r r e l a t i o n structure i n t h i s data 
set, consider the runs analysis given i n figure 4. A run up of 
length i means that there are exactly (i+1) successive 
observations such that each observation i s greater than (or at 
least equal to) the previous observation. The underlying theory 
behind the runs t e s t i s that i f the data are random and i f the 
sample size i s known ( i n t h i s case, n=50), the number of runs up 
of length 1, of length 2, etc. , may be considered as random 
variables whose expected values and standard deviations can be 
calculated from t h e o r e t i c a l considerations (9) and these 
cal c u l a t i o n s w i l l not depend on the (unknown) d i s t r i b u t i o n of 
the data but only on i t s assumed randomness. Having computed 
such t h e o r e t i c a l values, the f i n a l step i n the t e s t i s to compute 
from the data the observed number of runs (up) of length 1, of 
length 2, etc., and then determine how many th e o r e t i c a l standard 
deviations that t h i s observed s t a t i s t i c f a l l s from the 
t h e o r e t i c a l l y expected value. This i s most e a s i l y done by 
formation of the standardized variable: 

N. - E(N.) 
SD(N.) 

where Nj i s the observed number of runs (up) of length i , E(N-j) 
i s the the o r e t i c a l expected number of runs up of length i and 
SD(N-j) i s the th e o r e t i c a l standard deviation of the number of 
runs up of length i . This standardized variate i s given i n the 
right-most column of figure 4. For random data, one would expect 
values of, say, ±1, ±2, ±3 i n t h i s column, i.e. , the observed 
number of runs of length i should be only a few (at most) 
standard deviations away from the t h e o r e t i c a l expected value f o r 
the number of runs of length i . For nonrandom data, the 
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44 VALIDATION OF T H E MEASUREMENT PROCESS 

deviations from the expected values w i l l , of course, be much 
larger and t h i s i s the crux of the runs test. Note that i n the 
spectrophotometry data, the randomness assumption i s e n t i r e l y 
untenable as indicated by the excessively large values of the 
standardized s t a t i s t i c i n the l a s t column (e.g., the number of 
runs up of length 10 i n the data i s 1 and yet f o r n=50 
observations and for random data, we should have e s s e n t i a l l y no 
runs up of length 10--this 1 run up of length 10 i s over 1000 
standard deviations from i t s expected value and so the 
randomness assumption must be rejected). 

The above-described runs analysis i s a valuable additional 
tool for t e s t i n g the s p e c i f i c hypothesis of randomness. 

The net e f f e c t o
the sample mean X of th
t h i s experiment, the uncertainty statement associated^ with X 
( f o r example s- = the estimated standard deviation of X) would 
c e r t a i n l y have το be based on many fewer degrees of freedom than 
n - i = 49. As i s evident from the data, there are not 50 
independent observations of the transmittance; there would be 
considerably fewer--and t h i s would r e s u l t (from a p r a c t i c a l 
point of view) i n a larger (and more r e a l i s t i c ) value for s-. 

Λ 
BAND PLOTS 

The assumed underlying model for a p p l i c a t i o n of t h i s 
technique i s again as i n eq. (1). To g r a p h i c a l l y t e s t t h i s 
model, however, an a l t e r n a t i v e model, v i z . , 

response Ϋ. = f i X ^ - ) + error e.. (2) 

where f(Xi_-j ) i s some unknown function of the variable X l s and 
where X 1 $ i s a possible variable a f f e c t i n g the response. A band 
pl o t (4) i s a specially-constructed p l o t of the response 
variable Y versus another variable X . A band p l o t considers a l l 
the data within various classes of the horizontal axis variable 
and then, rather than p l o t t i n g a l l such points, summarizes each 
subset of data into f i v e s t a t i s t i c s : the median, the lower and 
upper q u a r t i l e s , and the two extremes (minimum and maximum). A 
l i n e connecting the medians across the horizontal axis adds 
continuity to the p l o t and gives a more robust i n d i c a t i o n of 
whether the response variable s h i f t s l ocation with respect to 
the horizontal axis variable. Lines connecting the various lower 
q u a r t i l e s provide a lower p r a c t i c a l l i m i t to the "body" of the 
data whereas l i n e s connecting the upper q u a r t i l e s delineate an 
upper edge to the body of the data. The flatness (lack of trend) 
of the band between upper and lower q u a r t i l e s i s an i n d i c a t i o n of 
whether or not model 1 above (the f i x e d location model) i s 
tenable. The width of the band between upper and lower q u a r t i l e s 
i s an i n d i c a t i o n of whether the f i x e d v a r i a t i o n assumption (with 
respect to the horizontal axis variable) i s tenable. 
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2. F i L L i B E N Testing Basic Assumptions 45 

The example that w i l l be used for the band p l o t w i l l 
demonstrate how i t can ( i n c e r t a i n special circumstances) be 
used to t e s t randomness. The data set consisted of 400 
percentage measurements taken from a near-complete surface 
inspection of a c i r c u l a r austenite standard reference material 
specimen. A given reading i s the percentage austenite value for 
that p a r t i c u l a r small sub-area of the specimen. To te s t the 
hypothesis that the specimen was homogeneous (that i s , that 2-
dimensional randomness exi s t e d ) , a band p l o t of the percentage 
austenite readings versus angle (from some reference r a d i a l 
spoke of the c i r c u l a r specimen) was constructed. Figure 5 
i l l u s t r a t e s the r e s u l t i n g band plots when t h i s angle factor was 
divided into 24 classes with a class width of 15 degrees was 
used. Thus, a l l data i n a given 15 degree wedge were assembled 
and then summarize
q u a r t i l e , upper q u a r t i l e
s t a t i s t i c s were then pl o t t e d to represent that specimen wedge 
rather than p l o t t i n g a l l the data i n the wedge. I f the sample 
were homogeneous (with respect to angle), the band p l o t should be 
near - f l a t over the e n t i r e 360° range. As the p l o t i l l u s t r a t e s , 
t h i s i s not the case for these d a t a — t h e percentage austenite 
measurements tend to be low i n the v i c i n i t y of 135°, tend to be 
high near 280°, and tend again to be low near 330°. The pl o t 
c l e a r l y shows the (homogeneity) randomness assumptions to be 
suspect f o r t h i s specimen. 

2-VARIABLE GRAPHICAL ANALYSIS OF VARIANCE 

This technique i s applicable when a mult i - f a c t o r model of 
the following type i s suspected: 

response Y. . = constant c + B^.X^. + B 2 j + e r r o r e i j 

with an al t e r n a t i v e general model of the following form: 

response Y. . = "Ρ(ΧΐΊ·> X 2 p + e r r o r e
n * j 

where f i s an unknown function r e l a t i n g the nonrandom variables 
X] and X 2 to the response variable Y, and where Xn" and 
X o-iindicate d i f f e r e n t discrete l i m i t s within the variables )( 1 

ana X 2 , respectively. Although the pl o t of Y versus K± w i l l 
c e r t a i n l y give the analyst some i n d i c a t i o n of the nature of the 
function f, the main point i s whether and how the response i s 
ad d i t i o n a l l y affected by the second variable (say variable X 2) 
for some (but not a l l ) values of the variable X x . I f the 
variable X 2 a f f e c t s the response for only some (but not a l l ) of 
the values of the variable X l 5 i n s t a t i s t i c a l terms t h i s i s 
referred to as an " i n t e r a c t i o n " e x i s t i n g between X x and X 2--thus 
the e f f e c t of X 2 on the response i s dependent on the value of X x . 
Rather than apply the usual 2-factor analysis of variance 
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(ANOVA) to data from t h i s model, we apply the graphical procedure 
i l l u s t r a t e d i n figure 6. This graphical analysis of variance 
(GANOVA) (10,11) i s simply a pl o t of the response variable versus 
one f a c t o r , with d i f f e r e n t l e v e l s of the second factor indicated 
by d i f f e r e n t types of p l o t characters within the plo t . The GANOVA 
procedure i s very revealing i n that i t communicates a l l of the 
laten t relevant information i n t h i s 2-factor system. 

This technique i s i l l u s t r a t e d i n figure 6 which pl o t s the 
residuals from a f i t of the response variable (days to f a i l u r e ) 
from a stress fatigue experiment versus lab (9 labs) with the 
value of the p l o t character representing various l e v e l s (3 
le v e l s ) of a second variable (experiment configuration) which 
could (but hypothetically should not) a f f e c t the response. A 
p l o t character value
data point was generate
The two independent variables are: 

laboratory (9 l e v e l s — p l o t t e d h o r i z o n t a l l y ) , 
configuration (3 levels--denoted by d i f f e r e n t p l o t 

characters). 

Making reference to figur e 6, i t i s seen that the assumption that 
a l l l e v e l s of the configuration factor a f f e c t s the response i n a 
uniform fashion i s untenable. I t i s cl e a r from the p l o t that a 
lab-configuration i n t e r a c t i o n e x i s t s . For example, 
configurations 2 and 3 y i e l d c o n s i s t e n t l y low values f o r lab 4 
while configuration 1 y i e l d s low and rather variable values f or 
labs 5 and 7. A suspicious low observation also i s seen to e x i s t 
f o r lab 3, configuration 2. Such an augmented plot--as described 
above--is a useful technique f o r examining the assumption that 
the response i s not dependent on some p a r t i c u l a r variable. 

I t i s to be noted i n passing that although the pl o t 
character i s the recommended procedure for conveying information 
about the second v a r i a b l e , one could also j u s t as well use the 
type of l i n e f o r conveying the second-variable information. The 
former i s recommended when generating computer p r i n t e r p l o t s - -
which are by nature discre t e . The l a t t e r i s recommended when a 
continuous p r i n t i n g device ( i . e . , one capable of drawing 
d i f f e r e n t types of continuous l i n e s ) i s a v a i l a b l e . 

Figure 7 i l l u s t r a t e s the above line-type a l t e r n a t i v e with 
an example based on measured voltages from e l e c t r i c a l 
connectors. The two independent variables here are: 

time i n days (plo t t e d h o r i z o n t a l l y ) 
connector type (3 levels--denoted by d i f f e r e n t l i n e types) 

The multiple l i n e s of the same type are due to experimental 
r e p l i c a t i o n . Although much can be said about the p l o t and about 
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2. F i L L i B E N Testing Basic Assumptions 49 

the r e l a t i v e e f f e c t s of the two factors on the response, we 
concentrate herein on v i o l a t i o n s of basic assumptions and note 
that an apparent v i o l a t i o n i n the form of an o u t l i e r i s evident 
from the p l o t — n o t e how the fourth data point of the bottom l i n e 
of the p l o t i s inconsistent with the other data l i n e s i n t h i s 
bottom group. This fourth point i s c l e a r l y an o u t l i e r , and yet 
i t s detection may very e a s i l y have been l o s t i n the numerical 
mechanics of a standard ANOVA. 

3-VARIABLE GANOVA 

This 3-variable GANOVA technique i s applicable where a 
multi f a c t o r model i s appropriate, i . e . , the underlying 
hypothesized model i s of the form (e.g., for three f a c t o r s ) : 

response Y. j R = constan

+ error e. 

with an a l t e r n a t i v e general model of the following: 

Yijk = f( Xli» X2j- X3k> + ™ e i j k 
with f unknown, where the doubly-subscripted B's refer to factor 
e f f e c t s and the doubly-subscripted X's refer to coded dummy 
level s of each factor. Again, rather than apply the standard 3-
factor analysis of variance (ANOVA) to data from t h i s model, we 
apply the graphical procedure i l l u s t r a t e d i n figure 7. This 
graphical analysis of variance (GANOVA) (10,11) i s a 
generalization of the type of p l o t discussed i n section 6 and i s 
defined simply as a pl o t of the response variable versus one 
fac t o r , with d i f f e r e n t l e v e l s of the second factor indicated by 
d i f f e r e n t types of p l o t characters within the p l o t , and with the 
d i f f e r e n t l e v e l s of the t h i r d factor indicated by d i f f e r e n t 
types of l i n e s within the pl o t . The 3-variable GANOVA 
conveniently communicates at a glance a l l of the relevant 
information i n t h i s 3-factor system. 

Figure 8 i l l u s t r a t e s the app l i c a t i o n of the 3-variable 
GANOVA to d r i l l thrust force. These data are drawn from the 
excellent a r t i c l e by Hamaker (10) whose main point was exactly as 
we are emphasizing h e r e — v i z . , that there e x i s t valuable 
graphical a l t e r n a t i v e s to the usual ANOVA. The three 
independent variables are: 

d r i l l speed (5 l e v e l s — p l o t t e d h o r i z o n t a l l y ) 
material (2 levels--denoted by d i f f e r e n t p l o t characters) 
feed rate (3 levels—denoted by d i f f e r e n t l i n e types) 

Referring to figure 8, one concludes that variables 2 (material) 
and 3 (feed rate) both a f f e c t the response i n a non-negligible 
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CALL GAN0V3(Y,F1,F2,F3,N) ELECTRIC CONNECTORS 

2 0 - ) — , — ι — , — ι — , — ι — , — ι — , — ι — , — ι 
0 20 40 60 80 100 120 
UOLTAGE DROP UERSUS ELAPSED DAYS 6/23/75 JJF6.CLARK1 
HOT/COLD COPPER OPEN PLUG 20 AMP 
BRASS » SOLID, STEEL = SHALL DASH , INNOUATIUE «= LARGE DASH 

ure 7. Three graphic analyses of variance for electrical connectors data 

CALL GAN0V3(Y,F1,F2,F3,K) HAMAKER (1971 PIRT) 
DRILL THRUST FORCE 

1500 ι — 

Review of the International Statistical Institute 

Figure 8. Three graphic analyses of variance for Hamaker (10). 
Drill thrust force data; thrust force (v) vs. drill speed (x); plot 
character = material (2 levels); type of line = feed rate (3 

levels). 
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way. The apparent existence of an o u t l i e r i s also evident from 
the plot. 

I t i s to be noted that due to the necessary use of l i n e 
types, the 3-variable GANOVA can be done only with the continuous 
p r i n t i n g devices. 

YOUDEN PLOT 

The Youden p l o t (12,13) i s a useful graphical technique 
most commonly applicable to interlaboratory experiments when 
there e x i s t s exactly 2 runs (or 2 specimens, or 2 levels of some 
p a r t i c u l a r f a c t o r , etc.) to be tested f or a ce r t a i n property of 
int e r e s t . I d e a l l y ,
laboratories are " a l i k e ,
(1); whereas i f a laboratory e f f e c t existed, an appropriate 
model might be: 

response Y. = constant c + L. + error e. 

(where 1_Ί· represents an e f f e c t due to laboratory i - - i = 1, 
2,...,k) and a d d i t i o n a l l y , i f both a laboratory e f f e c t and a run 
e f f e c t existed, an appropriate model might be: 

response Y. = constant c + L. + R. + error e^. 

(where R̂  represents a run e f f e c t for run j — j = 1,2). 

To te s t which model i s appropriate, a Youden pl o t i s applied 
which i s defined as a p l o t of the k (where k = the number of 
laboratories i n the experiment) coordinate pairs: Y 1 3 L, Y i 2 ) 5 

( Y 2 i > ^ 2 2 ) » · · · ( Ykl> Yk2)> where Y-jj represents the measured 
values obtained from laboratory i ( i = 1, 2, ... , k) on run j ( j = 
1, 2). 

To f a c i l i t a t e the graphical a n a l y s i s , the p l o t character i s 
again used to "pack" i n extra i n f o r m a t i o n — i n t h i s case, about 
the laboratory factor. Thus, e.g., a pl o t character of 4 
indicates that the measurement i n question came from laboratory 
4. 

The Youden p l o t i s i l l u s t r a t e d i n figure 9 as applied to 
data from an ASTM stress corrosion experiment where 7 (k) 
laboratories were being tested. 

If no laboratory or run eff e c t s existed, the r e s u l t i n g 
Youden pl o t w i l l appear as a random 2-dimensional scatter of 
points. A l t e r n a t i v e l y , i f laboratory and/or run ef f e c t s do 
e x i s t , much useful information about the nature of such e f f e c t s 
can be gleaned from the r e s u l t i n g p l o t . The p l o t i n figure 9 
ac t u a l l y i s based on 7 χ 5 = 35 pl o t points (not a l l of which 
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appear due to computer p r i n t e r o v e r s t r i k i n g ) . The m u l t i p l i c i t y 
of 5 i s due to the existence of 5 r e p l i c a t i o n s per lab--such 
r e p l i c a t i o n s pose no problems i n u t i l i z i n g the Youden pl o t . 

With respect to how to inte r p r e t a Youden p l o t , several 
c h a r a c t e r i s t i c s are to be noted. A displacement of points from 
the same laboratory along the 45° diagonal i s i n d i c a t i v e that 
t h i s laboratory i s con s i s t e n t l y generating low (or high) 
readings r e l a t i v e to the other laboratories (the c l u s t e r of 
laboratory 4 points i n figure 9 i s i l l u s t r a t i v e of t h i s negative 
laboratory bias). On the other hand, a c l u s t e r of points from 
the same laboratory displaced o f f the diagonal represents 
inconsistent readings by that laboratory from one run to the 
next. Figure 9 indicate
v a r i a b i l i t y problem
are c o n s i s t e n t l y higher than those for run 2. 

The Youden p l o t i s a si m p l e — y e t extremely e f f e c t i v e - -
method for analyzing interlaboratory data. 

EXAMINING DISTRIBUTIONAL INFORMATION 

The discussion has already touched on three (randomness, 
f i x e d l o c a t i o n , f i x e d v a r i a t i o n ) of the four assumptions 
t y p i c a l l y made about a measurement process. The fourth 
assumption ( f i x e d d i s t r i b u t i o n ) w i l l now be addressed. 

From a s t a t i s t i c a l point of view, there are f i v e reasons why 
d i s t r i b u t i o n a l information should be rout i n e l y checked: 

1. optimal estimators f o r location and v a r i a t i o n 
parameters ; 

2. v a l i d i t y of c r i t i c a l values used i n s t a t i s t i c a l t e s ts of 
si g n i f i c a n c e ; 

3. assessment of goodness of f i t i n regression; 

4. existence of o u t l i e r s ; 

5. assessment of whether the measurement process i s i n 
control. 

The l a s t of these reasons (assessment of whether a measurement 
process i s i n s t a t i s t i c a l control) i s the main one with respect 
to the overa l l purpose of t h i s paper. The f i r s t four reasons 
provide additional motivation f o r checking d i s t r i b u t i o n a l 
assumptions, and w i l l be i n d i v i d u a l l y touched on at t h i s time. 
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The f i r s t (optimal estimators) point refers to the case 
where one i s interested i n estimating from a given data set the 
location parameter c and v a r i a t i o n (dispersion or scale) 
parameter σ i n the model described i n eq. (1). ( I t i s assumed 
that the erro r , e^ i s a random variable with mean 0 and (unknown) 
standard deviation, σ. ) Various estimators of c would, for 
example, include the usual sample mean of η observations c = 
SY|/n, the sample median (c = the middle observation i n the 
ordered set of observations), or the sample midrange (c = the 
average of the smallest and largest observations). I t i s a 
s t a t i s t i c a l " f a c t - o f - l i f e " that i n estimating location and 
v a r i a t i o n parameters, the goodness (accuracy) of a p a r t i c u l a r 
estimator and the choice of an optimal estimator are dependent on 
the underlying d i s t r i b u t i o n
d i s t r i b u t i o n which generate
(normal or Gaussian), the best estimator of c would be the sample 
mean. However, i f the underlying d i s t r i b u t i o n were uniform 
( i . e . , i t had a f l a t - - r a t h e r than bell-shaped p r o b a b i l i t y 
function), it can be t h e o r e t i c a l l y demonstrated that the sample 
midrange, c = (smallest + largest)/2 i s a much more accurate 
estimator of c than the sample mean. A l t e r n a t i v e l y , i f the 
underlying d i s t r i b u t i o n f o r the data were, e.g., very "long-
t a i l e d " l i k e the Cauchy ( i ^ j e . , the p r o b a b i l i t y function i s b e l l -
shaped but higher valued i n the t a i l s than the normal), then 
theory dictates and practice confirms that the sample median i s a 
much more accurate estimator of c than e i t h e r the sample mean or 
the simple midrange. Thus, i t i s seen that for estimating the 
constant c i n the simplest possible response model (Y = c + e) , a 
necessary preliminary step i s to "estimate" the underlying 
d i s t r i b u t i o n . Although the central l i m i t theorem provides a 
theo r e t i c a l basis for suggesting that for many physical science 
experiments, the normal d i s t r i b u t i o n "should" be the underlying 
d i s t r i b u t i o n , such normality should never be automatically 
assumed. As w i l l be seen i n the remaining sections, s t a t i s t i c a l 
techniques do e x i s t which allow the analyst to e a s i l y and 
routinely check such d i s t r i b u t i o n a l models. 

The second reason why d i s t r i b u t i o n a l information should be 
checked deals with the v a l i d i t y of t e s t s t a t i s t i c s . In the 
multif a c t o r s t a t i s t i c a l techniques referred to as regression and 
analysis of variance, there are a va r i e t y of t e s t s t a t i s t i c s 
(mostly t and F s t a t i s t i c s ) which are applied to t e s t the 
sig n i f i c a n c e of various factors i n the mul t i - f a c t o r model. I t i s 
an important s t a t i s t i c a l f a c t that the v a l i d i t y of these t e s t 
s t a t i s t i c s holds only i f the residuals (deviations) a f t e r the 
f i t are normally d i s t r i b u t e d . That i s to say, i t i s the 
d i s t r i b u t i o n a l c h a r a c t e r i s t i c of the residuals a f t e r the f i t 
that d i c t a t e the v a l i d i t y of the t and F s t a t i s t i c s . I f the true 
underlying d i s t r i b u t i o n of the residuals i s non-normal, t h i s 
w i l l a f f e c t the true s i g n i f i c a n c e l e v e l s of the t e s t s t a t i s t i c s . 
The net r e s u l t i s that ultimately the conclusions about the 
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s i g n i f i c a n c e of various factors i n regression and ANOVA may be 
incorrect. Again, as emphasized before, no b l i n d assumptions 
need be made about the d i s t r i b u t i o n of such residuals. 
Techniques w i l l be demonstrated to allow the d i s t r i b u t i o n to be 
routi n e l y checked. 

The t h i r d reason for checking d i s t r i b u t i o n a l information i s 
related to the aforementioned regression and ANOVA. The point to 
be emphasized i s that an additional important reason for 
examining the d i s t r i b u t i o n of residuals a f t e r the f i t i s to 
determine whether or not one has arriv e d at a reasonable 
deterministic or functional model f o r the data. I f the f i t t e d 
regression or ANOVA model i s correct, the residuals a f t e r the f i t 
should i d e a l l y have the same four properties as has been 
previously discusse
v a r i a b l e , v i z . : 

random 
fi x e d location 
f i x e d v a r i a t i o n 
f i x e d d i s t r i b u t i o n 

In a large majority of cases, the residuals a f t e r the correct f i t 
w i l l not only follow some f i x e d d i s t r i b u t i o n , but w i l l also 
rather s p e c i f i c a l l y follow a normal d i s t r i b u t i o n . The 
implicatio n of course i s that i n order to assess whether or not 
one has a correct f i t , one ought to examine the d i s t r i b u t i o n of 
the residuals to check f o r such normality. Though not a 
s u f f i c i e n t condition i n i t s e l f f o r adequate f i t , the normality 
of the residuals serves as a p r a c t i c a l necessary condition which 
may p r o f i t a b l y be used i n determining model adequacy. From a 
pragmatic point of view, t h i s t h i r d reason f o r examining 
d i s t r i b u t i o n a l information i s an extremely important one. 

The fourth reason f o r checking d i s t r i b u t i o n a l information 
deals with the o u t l i e r problem. How does one t e l l i f a 
suspicious-looking observation i s i n fac t an o u t l i e r ? 
("Outlier" as here used refers to an observation that was 
generated from a d i f f e r e n t model or a d i f f e r e n t d i s t r i b u t i o n 
than was the main "body" of the data.) Frequently, an o u t l i e r 
w i l l manifest i t s e l f i n one or another of the plots already 
discussed i n previous sections. However, an additional and at 
times more se n s i t i v e check i s given by a det a i l e d examination of 
the d i s t r i b u t i o n of the data. An observation which appears to be 
a borderline o u t l i e r i n some previous plots frequently turns out 
to be a well-defined o u t l i e r when examined r e l a t i v e to the 
d i s t r i b u t i o n of the rest of the data. The same numerical 
observation may very well be a " t y p i c a l " extreme observation 
r e l a t i v e to one d i s t r i b u t i o n but an o u t l i e r r e l a t i v e to another 
d i s t r i b u t i o n . By examining the d i s t r i b u t i o n of the data (and/or 
the residuals a f t e r a f i t ) , the analyst gives himself a much more 
sen s i t i v e tool for o u t l i e r detection and i d e n t i f i c a t i o n . 
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The f i f t h and f i n a l point with respect to the importance of 
checking f o r d i s t r i b u t i o n a l information deals with the main 
point of t h i s p a p e r — p r e d i c t a b i l i t y and the determination of 
whether a process i s " i n c o n t r o l . " P r e d i c t a b i l i t y means being 
able to make p r o b a b i l i t y statements about future output from the 
process. These p r o b a b i l i t y statements w i l l most commonly refer 
to expected v a r i a t i o n (about some t y p i c a l value) of output from 
the process. The main point i s that such p r o b a b i l i t y statements 
w i l l change depending on the true underlying d i s t r i b u t i o n of the 
process. A statement such as: 

"97-1/2% of the future observations from t h i s 
measurement process should f a l l w ithin (approximately) 
3 standard deviation

w i l l of course be true i f the underlying generating d i s t r i b u t i o n 
i s normal but on the other hand w i l l be f a l s e i f the underlying 
d i s t r i b u t i o n i s ( f o r example) uniform, Cauchy or exponential. 
I t i s important for analysts to keep i n mind that f o r non-normal 
d i s t r i b u t i o n s , a p r o b a b i l i t y statement about expected future 
occurrences (e.g., within two standard deviations of the mean) 
w i l l change from d i s t r i b u t i o n to d i s t r i b u t i o n . The exact proba
b i l i t y value (= 97-1/2% f o r the normal) must be (and can be) 
determined once the underlying d i s t r i b u t i o n i s determined. I t 
i s a recurring requirement to "estimate" the underlying 
d i s t r i b u t i o n . 

With these motivations and j u s t i f i c a t i o n s f o r examining 
d i s t r i b u t i o n a l information, the next two sections w i l l present 
various data analysis techniques to carry out such examinations. 

PROBABILITY PLOTS 

A p r o b a b i l i t y p l o t (14,15,16,17,18,19,20,21) i s a graphical 
tool f o r assessing the goodness of f i t of some hypothesized 
d i s t r i b u t i o n (e.g., normal, uniform, Poisson, etc.) to an 
observed data set. In describing a p r o b a b i l i t y p l o t , i t w i l l be 
assumed that the model i s as indicated i n eq. (1). However, i t 
i s to be kept i n mind that the p r o b a b i l i t y p l o t technique has 
much greater generality inasmuch as i t can be applied to the 
residuals a f t e r any mul t i f a c t o r f i t as well as to the raw 
observations from the simple Y. = c + e.. model. 

A p r o b a b i l i t y p l o t i s ( i n general) simply a p l o t of the 
observed ordered (smallest to largest) observations Yj on the 
v e r t i c a l axis versus the corresponding t y p i c a l ordered 
observations based on whatever d i s t r i b u t i o n i s being 
hypothesized. Thus, f o r example, i f one were forming a normal 
p r o b a b i l i t y p l o t , the following η coordinate p l o t points would 
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be formed: ( Y i $ M J , Y 2, M 2),...(Y n, Mn) where Y1 i s the 
observed smallest data point, and Mx i s the th e o r e t i c a l 
"expected" value of the smallest data point from a sample of si z e 
η normally d i s t r i b u t e d points. S i m i l a r l y , Y 2 would be the second 
smallest observed value and M2 would be the "expected value" of 
the second smallest observation i n a sample of size η normally 
d i s t r i b u t e d points. This proceeds up to Y n which would be the 
largest observed data value and M would be the "expected value" 
of the largest observation i n a sample of siz e η from a normal 
d i s t r i b u t i o n . Thus, i n forming a normal p r o b a b i l i t y p l o t , the 
v e r t i c a l axis values depend only on the observed data, while the 
horizontal axis values are generated independently of the 
observed data and depend only on the th e o r e t i c a l d i s t r i b u t i o n 
being tested or hypothesized (normality i n t h i s case) and also 
the value of the sampl
simplest terms a pl o
"expected." 

The crux of the p r o b a b i l i t y p l o t i s that the i t h ordered 
observation i n a sample of size η from some d i s t r i b u t i o n i s 
i t s e l f a random variable which has a d i s t r i b u t i o n unto i t s e l f . 
This d i s t r i b u t i o n of the i^h ordered observation can be theoret
i c a l l y derived and summarized ( i . e . , mapped into a s i n g l e 
" t y p i c a l value") as can any other random variable. One can then 
pose the relevant question as to what single number best t y p i f i e s 
the d i s t r i b u t i o n associated with a given ordered observation i n 
a sample of s i z e , n. A computational disadvantage to the use of 
the mean i s that d i f f e r e n t integration techniques may be needed 
for d i f f e r e n t types of d i s t r i b u t i o n . For some d i s t r i b u t i o n s the 
mathematical integration does not e x i s t . These considerations 
d i c t a t e that the median i s superior to the mean i n terms of 
forming a th e o r e t i c a l "expected" or " t y p i c a l " value to summarize 
the entire d i s t r i b u t i o n of the l'th ordered observation i n a 
sample of siz e η from the d i s t r i b u t i o n being tested. Thus, to be 
precise, the M-j on the horizontal axis of the p r o b a b i l i t y p l o t i s 
taken to be the median of the d i s t r i b u t i o n of the i™ ordered 
observation i n a sample of size η from whatever underlying 
d i s t r i b u t i o n i s being tested. 

I t i s to be noted that the set of Mj as a whole w i l l change 
from one hypothesized d i s t r i b u t i o n to another--and therein l i e s 
the d i s t r i b u t i o n a l s e n s i t i v i t y of the p r o b a b i l i t y p l o t 
technique. For example, i f the hypothesized d i s t r i b u t i o n i s 
uniform, then a uniform p r o b a b i l i t y p l o t would be formed and the 

w i l l be approximately equi-spaced to r e f l e c t the f l a t nature 
of the uniform p r o b a b i l i t y density function. On the other hand, 
i f the hypothesized d i s t r i b u t i o n i s normal, then the Mj w i l l have 
a rather sparse spacing f o r the f i r s t few (M x, M2, M3,...) and 
l a s t few (..., Mn__2, M n - 1, M ) values but w i l l become more 
densely spaced as one proceeds xoward the middle of the set (... , 
^-1/2» Mn/2> Mn+l/2 S u c h behavior f or the M-j i s of 
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course r e f l e c t i n g the bell-shape of the normal p r o b a b i l i t y 
density function. 

In summary, for a s p e c i f i c hypothesized d i s t r i b u t i o n , D Q 
the l'th value Mj i n the corresponding p r o b a b i l i t y p l o t i s a 
t h e o r e t i c a l (but computable) value close to what one t y p i c a l l y 
would "expect" for the value of the i order observation i f i n 
f a c t one had taken a random sample of s i z e η from the 
d i s t r i b u t i o n D . 

ο 
How does one use and i n t e r p r e t p r o b a b i l i t y plots? In l i g h t 

of the above, i t i s seen that i f i n f a c t the observed data do 
have a d i s t r i b u t i o n that the analyst has hypothesized, then 
(except for an unimportant location and scale factor which can be 
determined a f t e r the
for a l l i , that i s , ove
of Y j versus Μη· w i l l be near-linear. This l i n e a r i t y i s the 
dominant feature to be checked fo r i n any p r o b a b i l i t y p l o t . A 
l i n e a r p r o b a b i l i t y p l o t indicates that the hypothesized 
d i s t r i b u t i o n , D Q gives a good d i s t r i b u t i o n a l f i t to the observed 
data set. This combination of s i m p l i c i t y of use along with 
d i s t r i b u t i o n a l s e n s i t i v i t y makes the p r o b a b i l i t y p l o t an 
extremely powerful tool f o r data analysis. 

The next l o g i c a l question to be examined i s what w i l l the 
p r o b a b i l i t y p l o t look l i k e i f the hypothesized d i s t r i b u t i o n , D 0 

i s not correct--!.e., i f the underlying d i s t r i b u t i o n that 
generated the data i s not the same as the d i s t r i b u t i o n , D 0 

hypothesized by the analyst. In t h i s case, the ΥΊ· and w i l l 
not match over the e n t i r e set and so the r e s u l t i n g p r o b a b i l i t y 
p l o t w i l l be nonlinear. A very useful aspect of the p r o b a b i l i t y 
p l o t i s that the type of nonl i n e a r i t y exhibited by a given 
p r o b a b i l i t y p l o t w i l l give the analyst useful information as to 
how the d i s t r i b u t i o n a l hypothesis, DQ should be adjusted so as to 
a r r i v e at a better d i s t r i b u t i o n a l f i t to the data. This l a s t 
point i s an important asset of the p r o b a b i l i t y p l o t technique for 
t e s t i n g assumptions i n d i s t r i b u t i o n . For example, i f the 
analyst believes that the true underlying d i s t r i b u t i o n i s i n 
general a symmetric d i s t r i b u t i o n ( i . e . , a d i s t r i b u t i o n which has 
a p r o b a b i l i t y function as i l l u s t r a t e d i n f i g . 10) as opposed to a 
skewed d i s t r i b u t i o n (e.g., with a p r o b a b i l i t y function as 
i l l u s t r a t e d i n f i g . 11), then the p r o b a b i l i t y p l o t analysis to be 
presently described i s rather t y p i c a l . The f i r s t step i n such 
analysis i s usually to t e s t the normal d i s t r i b u t i o n hypothesis 
(the normal being the most commonly-employed symmetric 
d i s t r i b u t i o n ) by forming a normal p r o b a b i l i t y p l o t . In forming 
such a p l o t , l e t us consider the following f i v e types of most 
commonly-encountered appearances of the normal p r o b a b i l i t y p l o t : 
l i n e a r , S-shaped, N-shaped, nonsymmetric cross-over, and convex 
(see f i g . 12). 
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I f the normal p r o b a b i l i t y p l o t has the l i n e a r appearance of 
figure 12a, t h i s indicates that the normal d i s t r i b u t i o n y i e l d s 
an acceptably good f i t to the data; so no further p r o b a b i l i t y 
plots need be formed and the d i s t r i b u t i o n analysis i s completed. 

I f the normal p r o b a b i l i t y p l o t has the S-shaped appearance 
of figure 12b, t h i s indicates that the D0 = normal hypothesis i s 
inc o r r e c t , and that the true underlying d i s t r i b u t i o n for the 
data i s symmetric but i s s h o r t e r - t a i l e d than normal. Examples of 
such symmetric d i s t r i b u t i o n s , s h o r t e r - t a i l e d than normal, would 
be a U-shaped d i s t r i b u t i o n , a uniform d i s t r i b u t i o n , or a 
truncated bell-shaped d i s t r i b u t i o n . (These three d i s t r i b u t i o n s 
have p r o b a b i l i t y functions as i l l u s t r a t e d i n f i g . 13.) In such a 
case, the second i t e r a t i o n by the analyst would be to form an 
additional p r o b a b i l i t
(e.g., from a unifor
uniform p r o b a b i l i t y p l o t i s s t i l l S-shaped, the t h i r d i t e r a t i o n 
i s to form a p r o b a b i l i t y p l o t f o r a d i s t r i b u t i o n that i s even 
s h o r t e r - t a i l e d than uniform (e.g., some U-shaped d i s t r i b u t i o n ) . 
On the other hand, i f the uniform p r o b a b i l i t y p l o t has a form as 
in figure 12c (and which w i l l be represented very crudely as an 
"N shape"), the t h i r d i t e r a t i o n would be to form a p r o b a b i l i t y 
p l o t f o r some d i s t r i b u t i o n s h o r t e r - t a i led than normal but 
long e r - t a i l e d than uniform. Such i t e r a t i o n i s continued u n t i l 
there i s convergence to an acceptable l i n e a r p r o b a b i l i t y p l o t . 
In p r a c t i c e , the analysis w i l l usually converge to an acceptable 
d i s t r i b u t i o n i n a r e l a t i v e l y small number of i t e r a t i o n s . 

To consider another p o s s i b i l i t y , i f the o r i g i n a l normal 
p r o b a b i l i t y p l o t has the "N-shaped" appearance of figure 12c, 
t h i s suggests that the D 0 = normal hypothesis i s inc o r r e c t , and 
that the true underlying d i s t r i b u t i o n f o r the data i s s t i l l 
symmetric but i s lo n g e r - t a i l e d than normal. An example would be 
the Cauchy (also known as the Lorentzian) d i s t r i b u t i o n which i s a 
bell-shaped d i s t r i b u t i o n whose " t a i l s " are "longer" or " f a t t e r " 
than the normal. Figure lOd i l l u s t r a t e s the p r o b a b i l i t y density 
function f o r the Cauchy d i s t r i b u t i o n . The t y p i c a l nature of 
long-tai led d i s t r i b u t i o n s l i k e the Cauchy i s that i f the 
measurement process i s generating data from such a d i s t r i b u t i o n , 
i t i s more l i k e l y to generate some observations which are 
considerably removed from the "body" of the data than i n sampling 
from a more moderate-tailed d i s t r i b u t i o n (such as the normal). 
As before, since the o r i g i n a l normal p r o b a b i l i t y p l o t was not 
l i n e a r , the analyst should perform the i t e r a t i v e analysis to 
produce a lo n g e r - t a i l e d p r o b a b i l i t y p l o t ( l i k e a Cauchy 
p r o b a b i l i t y p l o t ) . I f t h i s second p l o t i s l i n e a r , t h i s implies 
that the Cauchy y i e l d s an acceptable d i s t r i b u t i o n . I f t h i s 
second p l o t i s not l i n e a r , other i t e r a t i o n s on D0 must be made 
based on the S-shaped or N-shaped appearance of the Cauchy 
p r o b a b i l i t y p l o t . A routine computerized procedure to carry out 
such i t e r a t i o n s f o r the symmetric family of d i s t r i b u t i o n s w i l l 
be presented i n section 11. 
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Figure 12. Typical shapes of probability plots, (a.) Linear; (b.) s-shaped; (d.) non-
symmetric crossover; (e.) convex. 

Figure 13. Distributions shorter-tailed than normal, a. Tukey λ = 
1.5 distribution (very short-tailed); b. uniform distribution (short-
tailed); c. truncated normal distribution (moderate/short-tailed); 

d. normal distribution (moderate-tailed). 
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I f the o r i g i n a l normal p r o b a b i l i t y p l o t has the appearance 
of figure 12d where the diagonal l i n e divided the data points on 
e i t h e r side unequally or as i n 12e where the diagonal l i n e does 
not divide the data at a l l , t h i s i s i n d i c a t i v e that not only may 
the s p e c i f i c hypothesis that D0 = normal, be i n c o r r e c t , but also 
that the hypothesis of a symmetric d i s t r i b u t i o n may be 
incorrect. In such a case, the true underlying d i s t r i b u t i o n f o r 
the data would then be some type of skewed d i s t r i b u t i o n (e.g. , of 
the types with p r o b a b i l i t y density functions as i l l u s t r a t e d i n 
figure 11). In forming additional p r o b a b i l i t y plots to f i t the 
data, the analyst should consequently consider d i s t r i b u t i o n s 
which are skewed. To enumerate but a few of the skewed 
d i s t r i b u t i o n s that might be considered i n subsequent i t e r a t i o n s , 
one would include the log-normal d i s t r i b u t i o n , the half-normal 
d i s t r i b u t i o n , the exponentia
of d i s t r i b u t i o n s , th
the Pareto family of d i s t r i b u t i o n s . For an excellent general 
description of various d i s t r i b u t i o n s and d i s t r i b u t i o n a l f a m i l i e s 
(both skewed and symmetric) the reader i s referred to the 
comprehensive texts by Johnson and Kotz (22,23). 

One f i n a l point regarding o u t l i e r - d e t e c t i o n i s noteworthy. 
I f i n forming, f o r example, a normal p r o b a b i l i t y p l o t , the p l o t 
turns out to be l i n e a r with the exception of one or two points 
(see f i g . 14), how i s t h i s to be interpreted? This type of p l o t 
i s i n d i c a t i n g that the normal f i t i s acceptable f o r most of the 
data but that one or two points are o u t l i e r s and do not seem to 
agree with the normality assumption. The p r o b a b i l i t y p l o t i s 
thus seen to be usable for detecting o u t l i e r s . The next step i n 
the analysis i s for the analyst to delete the one or two 
offending points and to form a p r o b a b i l i t y p l o t with the 
remaining points. I f t h i s second p l o t i s s t i l l strongly l i n e a r , 
t h i s gives additional support to the hypothesis that the data are 
normally-distributed and that the one or two questionable points 
are i n f a c t o u t l i e r s . The use of the p r o b a b i l i t y p l o t as a tool 
for o u t l i e r detection i s generally more s e n s i t i v e than any of the 
techniques discussed i n previous sections. The experimenter i s 
also reminded that although such o u t l i e r s may be deleted from 
further a n a l y s i s , these o u t l i e r s e x i s t " f o r a reason" and the 
experimenter ought to s a t i s f y himself that he has determined 
what set of experimental circumstances had led to them. The 
examination of o u t l i e r s almost i n v a r i a b l y leads to improved 
design of the experiment and ultimately to an improved 
understanding of the experimental factors which prevent a 
measurement process from being " i n c o n t r o l . " 

Having discussed what a p r o b a b i l i t y p l o t i s and how one i s 
to be interpreted, we now enumerate b r i e f l y some of the 
advantages of using a p r o b a b i l i t y p l o t as opposed to other 
methods of checking for d i s t r i b u t i o n a l information (e.g., 
histogram, χ 2 s t a t i s t i c , f i t to p r o b a b i l i t y density function). 

In Validation of the Measurement Process; DeVoe, J.; 
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Although i t w i l l be shown that the p r o b a b i l i t y p l o t technique i s 
to be highly recommended, the various techniques are 
complementary. An outl i n e of the advantages of the p r o b a b i l i t y 
p l o t approach i s as follows: 

Graphical Technique 

The p r o b a b i l i t y p l o t i s a graphical technique and so 
benefits from a l l of the advantages of graphics as outlined at 
the end of section 1. 

Easy to Use 

The dominant feature to be checked i n a p r o b a b i l i t y p l o t i s 
l i n e a r i t y . This i s th
i s e a s i l y detectable
p r o b a b i l i t y plots i s no longer a problem. 

Applicable to a Wide Range of D i s t r i b u t i o n 

The p r o b a b i l i t y p l o t technique can be applied to a wide 
range of d i s t r i b u t i o n s — c e r t a i n l y f o r a l l d i s t r i b u t i o n s commonly 
encountered i n practice. These d i s t r i b u t i o n s would cover those 
of both the continuous (e.g., normal) and the discrete (e.g., 
Poisson) types. Such d i s t r i b u t i o n s would include the normal 
(Gaussian), uniform, various U-shaped d i s t r i b u t i o n s , Cauchy, 
L o g i s t i c , half-normal, log-normal, exponential, gamma, beta, 
Wei b u l l , extreme value, Pareto, binomial, Poisson, geometric, 
and negative binomial. For each such d i s t r i b u t i o n D, there 
nonetheless remains the same uniform approach i n i n t e r p r e t i n g 
the r e s u l t i n g p r o b a b i l i t y p l o t ; v i z . , to check fo r l i n e a r i t y and 
i f nonlinear to make adjustments to the hypothesized 
d i s t r i b u t i o n s D0 accordingly—based on the type of n o n l i n e a r i t y 
encountered. 

No a p r i o r i Location and V a r i a t i o n Estimates Needed 

One problem associated with the χ 2 goodness of f i t 
techniques and with the empirical technique of superimposing a 
f i t t e d p r o b a b i l i t y density function over a histogram of the data 
i s that a p r i o r i values of the parameter (usually location and 
v a r i a t i o n ) are needed before the technique can a c t u a l l y be 
applied. This i s frequently impractical for two reasons: 

1. Such known values for the parameters are r a r e l y 
a v a i l a b l e . 

2. Accurate estimates f o r the parameters can only be 
obtained a f t e r the d i s t r i b u t i o n has been "estimated" rather than 
before. 
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Since the p r o b a b i l i t y p l o t technique does not need a p r i o r i 
values to be applied, i t i s superior and d e f i n i t e l y f a r more 
p r a c t i c a l than the χ 2 and f i t t e d p r o b a b i l i t y density function 
methods fo r d i s t r i b u t i o n a l t e s t i n g . 

Automatic Estimate of Location and Va r i a t i o n Obtained 

An additional advantage of applying the technique i s that 
estimates of location and scale parameters are automatically 
produced as a secondary output. These location and v a r i a t i o n 
estimates are derivable, respectively , from the v e r t i c a l axis 
intercept and the slope of the r e s u l t i n g p r o b a b i l i t y p l o t . 
Although the analyst i s reminded that such location and 
va r i a t i o n estimates are not to be considered as the optimal 
(minimum variance) estimates
p r a c t i c a l i ndication
should be. 

No Grouping of Data Need be Done 

A problem associated with the histogram technique (whereby 
the analyst simply forms a histogram of the data and notes i t s 
general shape without applying or f i t t i n g a s p e c i f i c 
d i s t r i b u t i o n to i t ) f o r gathering d i s t r i b u t i o n a l information i s 
that of choosing the grouping i n t e r v a l (the class width) f o r the 
histogram. The appearance of the r e s u l t i n g histogram i s rather 
strongly affected by the choice of t h i s class width. A class 
width which i s "too narrow" w i l l r e s u l t i n a histogram i n which 
the true d i s t r i b u t i o n a l shape i s obscured by excessive 
v a r i a b i l i t y i n the height of the bar associated with each c l a s s , 
a class width which i s "top wide" w i l l r e s u l t i n a histogram i n 
which the true d i s t r i b u t i o n a l shape i s obscured by "leakage" 
across neighboring classes so that the d i s t r i b u t i o n a l content 
fo r a given class w i l l be "smeared" out over several classes. 
Although rules of thumb do e x i s t f o r choosing a reasonable class 
width, t h i s nevertheless c a l l s f o r an intermediate judgment to 
be made by the analyst. The use of the p r o b a b i l i t y p l o t 
technique eliminates the need for such a choice. Inasmuch as a 
pr o b a b i l i t y p l o t uses each observation i n d i v i d u a l l y and requires 
no grouping, t h i s frees the analyst from making choices about 
class widths and eliminates ( i f the wrong class width happens to 
have been chosen) a possible undesirable approach-dependency on 
the ultimate conclusions. The net p o s i t i v e e f f e c t of the 
pr o b a b i l i t y p l o t i s that i t allows a d i s t r i b u t i o n a l analysis to 
be performed i n a completely d i r e c t and automatic fashion with no 
intermediate decisions (such as class width) to be made by the 
analyst. Thus, the conclusions from the d i s t r i b u t i o n a l analysis 
w i l l r e f l e c t only the content of the data and w i l l avoid possible 
biases introduced by the analysis. 
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Obtain Feedback Information for Improved D i s t r i b u t i o n a l F i t 

Any s t a t i s t i c by i t s very nature attempts to map 
information (about some c h a r a c t e r i s t i c of i n t e r e s t ) l a t e n t i n 
the e n t i r e data set into a single number. Needless to say, such 
a mapping must be very s e l e c t i v e ( i n order to be se n s i t i v e ) and 
so i n v a r i a b l y a considerable amount of a n c i l l a r y information 
w i l l bè l o s t i n the mapping. The above i s true f o r t e s t 
s t a t i s t i c s i n general and for any d i s t r i b u t i o n a l t e s t s t a t i s t i c 
in p a r t i c u l a r . Thus, f o r example, the standardized t h i r d 
central moment may be s e n s i t i v e to symmetry but i s not se n s i t i v e 
to t a i l length; the standardized 4th central moment may be 
sen s i t i v e to t a i l length but not to symmetry; and the χ 2 

s t a t i s t i c may be se n s i t i v e to the d i s t r i b u t i o n being tested, but 
y i e l d s no informatio
the event of a poor
d i s t r i b u t i o n . Although not a l l d i s t r i b u t i o n a l t e s t s t a t i s t i c s 
are equally bad, they are a l l necessarily " d e f i c i e n t " i n the 
sense that information i s i r r e t r i e v a b l y l o s t i n the reduction of 
η numbers (the η observations) into one number (the t e s t 
s t a t i s t i c value). This negative feature of t e s t s t a t i s t i c s i s 
avoided i n general by graphical procedures which u t i l i z e a l l of 
the i n d i v i d u a l data points. Thus, i n the event that the o r i g i n a l 
d i s t r i b u t i o n , D 0 does not y i e l d a good f i t to the data, the 
analyst i s able to improve the d i s t r i b u t i o n a l f i t . As discussed 
in d e t a i l previously, the shape of a given p r o b a b i l i t y p l o t 
automatically gives the analyst the feedback information 
necessary to make another i t e r a t i o n i n attempting to improve the 
d i s t r i b u t i o n a l f i t . 

Figures 15 through 21 demonstrate the use of the 
p r o b a b i l i t y p l o t on various data sets. The f i r s t example i s a 
data set consisting of 500 normal random numbers drawn from the 
Rand (24) Corporation random number tables. Even though i t i s 
known that the true DQ i s normal, p r o b a b i l i t y plots based on four 
hypothetical choices of d i s t r i b u t i o n are given i n figure 15. 
These four d i s t r i b u t i o n s (drawn from d i f f e r e n t regions of the 
t a i l length domain) are given f or comparative purposes. The 
upper l e f t p l o t i s a uniform ( s h o r t - t a i l e d ) p r o b a b i l i t y p l o t , 
the upper r i g h t i s a normal (moderate-tailed) p r o b a b i l i t y p l o t , 
the lower l e f t i s a p r o b a b i l i t y p l o t for the Tukey λ = -.5 
d i s t r i b u t i o n (25,26) (a moderate-long t a i l e d d i s t r i b u t i o n ) , and 
the lower r i g h t i s a Cauchy (l o n g - t a i l e d ) p r o b a b i l i t y plot. Note 
the l i n e a r character of the normal p r o b a b i l i t y p l o t as i t should 
be since the considered data set i s normal by construction. Note 
also the c h a r a c t e r i s t i c N- and S-shapes of the other three 
p r o b a b i l i t y p l o t s . 

The second data example ( f i g . 16) consists of 500 random 
numbers generated from a uniform d i s t r i b u t i o n . These random 
numbers were also based on the Rand (24) Corporation random 
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number tables. Again, p r o b a b i l i t y plots f o r the same four 
d i s t r i b u t i o n s are presented for comparative purposes. Note how 
the uniform p r o b a b i l i t y p l o t i s most l i n e a r (as i t should be) and 
how the other three p r o b a b i l i t y plots are decidedly nonlinear 
(as they should be). The above two data examples were included 
to i l l u s t r a t e the s e n s i t i v i t y of the p r o b a b i l i t y p l o t technique. 

The t h i r d example ( f i g . 17) i s the 700 voltage readings 
c o l l e c t e d from the Josephson Junction cryothermometry experiment 
described i n sections 2 and 3. Note how (even through the 
inherent discreteness of the data) i t i s seen that the normal 
d i s t r i b u t i o n provides the best f i t of the four d i s t r i b u t i o n s 
considered. 

The fourth exampl
readings. The normal
t h i s data set, although the hump i n the normal l i n e i s suggestive 
of a location and c o r r e l a t i o n problem as has already been 
discussed for t h i s data set i n sections 2 and 3. 

The f i f t h example ( f i g . 19) i s the 200 steel-concrete beam 
de f l e c t i o n readings when subjected to a periodic pressure. Note 
how the four p r o b a b i l i t y plots are a l l S-shaped, and that the 
best f i t (of the four hypothesized d i s t r i b u t i o n s ) i s provided by 
the uniform d i s t r i b u t i o n . Note also how the uniform f i t i s 
obviously not f u l l y l i n e a r ; so another i t e r a t i o n i s appropriate, 
in the s h o r t e r - t a i l e d d i r e c t i o n since the p l o t i s S- rather than 
N-shaped. As i t turned out, a s h o r t - t a i l e d , U-shaped 
d i s t r i b u t i o n resulted i n a p r o b a b i l i t y p l o t that was quite 
l i n e a r and so provided a much better f i t to the data than any of 
the four d i s t r i b u t i o n s considered i n figure 19. 

Example 6 ( f i g . 20) i s residuals from a rather complicated 
100-variable leas t squares f i t of x-ray crystallography data. 
None of the four p r o b a b i l i t y plots i s l i n e a r . From the nature of 
the t r a n s i t i o n between the N-shaped p r o b a b i l i t y plots (uniform 
and normal) the S-shaped p r o b a b i l i t y plots (Tukey λ = -.5 
d i s t r i b u t i o n ) , there i s seen a suggestion that the largest three 
data points are o u t l i e r s . A subsequent examination of these 
three data points revealed that they were c o l l e c t e d quite early 
in the experiment and so may possibly be r e f l e c t i n g an instrument 
warm-up ef f e c t . 

Example 7 ( f i g . 21) i s 53 yearly maximum wind speeds (27,28) 
for Valentine, Nebraska. The four usual symmetric d i s t r i b u t i o n s 
were a l l nonlinear i n the fashion of 12d and 12e, and so 
suggested that some skewed d i s t r i b u t i o n s might better f i t the 
data. The p r o b a b i l i t y p l o t given i s f o r one such skewed 
d i s t r i b u t i o n - - t h e log-normal d i s t r i b u t i o n . I t i s seen that the 
p r o b a b i l i t y p l o t i s roughly l i n e a r but not optimally so and some 
other skewed d i s t r i b u t i o n might provide an improved d i s t r i b u t i o n 
f i t . 
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PROBABILITY PLOT CORRELATION COEFFICIENT 

A natural extension of the p r o b a b i l i t y p l o t concept i s that 
of the p r o b a b i l i t y p l o t c o r r e l a t i o n c o e f f i c i e n t (14,15). The 
pr o b a b i l i t y p l o t c o r r e l a t i o n c o e f f i c i e n t i s an attempt to 
summarize the l i n e a r i t y information latent i n a p r o b a b i l i t y p l o t 
into a single s t a t i s t i c . A natural choice f o r such a l i n e a r i t y 
s t a t i s t i c i s the product moment c o r r e l a t i o n c o e f f i c i e n t , r which 
in general terms ( f o r any two variables X and Y) i s defined as: 

Σ(Χ. - X) (Y. - Y) 
r = Corr(X,Y) = 

/ΣΤΧ  x ) z Σ(Y
where 

X = and Y = _ i 
η n 

I f the variables X and Y are l i n e a r l y related i n a p o s i t i v e 
fashion ( i . e . , i f Y = aX + b where a > 0), then r = 1. I f the 
variables X and Y are l i n e a r l y related i n a negative fashion 
( i . e . , i f Y = aX + b where a < 0), then r = - L I f the variables 
X and Y are unrelated, then r = 0. The stronger the l i n e a r 
dependency between X and Y, the closer r w i l l be to +1 (or -1 ). 

In a p r o b a b i l i t y p l o t , the 2 "variables" of i n t e r e s t are the 
ordered observations Y and the "expected" ( f o r a given 
d i s t r i b u t i o n D Q) ordered observations M. The p r o b a b i l i t y p l o t 
c o r r e l a t i o n c o e f f i c i e n t i s thus defined as r = Corr(Y, M). I f 
the p r o b a b i l i t y p l o t i s near-linear, then r w i l l be near-unity. 
I f the p r o b a b i l i t y p l o t i s nonlinear, then r w i l l be 
appropriately smaller than unity. The value of the p r o b a b i l i t y 
p l o t c o r r e l a t i o n c o e f f i c i e n t r, i s thus a simple summary measure 
of the l i n e a r i t y of a given p r o b a b i l i t y p l o t and hence a measure 
of the appropriateness of the d i s t r i b u t i o n a l f i t f o r the 
hypothesized d i s t r i b u t i o n , DQ. 

In practice the value of r f o r a single i s o l a t e d 
d i s t r i b u t i o n a l f i t i s not important i n i t s e l f i n an absolute 
sense. Of more importance i s the r e l a t i v e values of r for 
various members of an admissible t e s t set of d i s t r i b u t i o n s . I f 
the four d i s t r i b u t i o n s (uniform, normal, Tukey λ = -.5, and 
Cauchy) from example 1 (RAND normal numbers--fig. 15) of the 
previous section were considered, and i f the p r o b a b i l i t y p l o t 
c o r r e l a t i o n c o e f f i c i e n t for each of the four d i s t r i b u t i o n s would 
be much closer to unity than would the p r o b a b i l i t y p l o t 
c o r r e l a t i o n c o e f f i c i e n t f o r any of the other three 
d i s t r i b u t i o n s . Used i n t h i s fashion, one i s led to consider the 
Maximum P r o b a b i l i t y Plot Correlation C o e f f i c i e n t (MPPCC) 
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c r i t e r i o n as a reasonable one for choosing the "best" 
d i s t r i b u t i o n out of a set of admissible d i s t r i b u t i o n s . The 
"best" as defined above w i l l , of course, mean that d i s t r i b u t i o n 
which y i e l d s the "most l i n e a r " p r o b a b i l i t y p l o t . 

Several examples are now presented which i l l u s t r a t e the use 
of the Maximum P r o b a b i l i t y Plot Correlation C o e f f i c i e n t 
c r i t e r i o n . Reverting to example 1 (Rand (24) normal random 
numbers) as described previously, the reader i s directed to 
figure 22 which presents calculated values of the p r o b a b i l i t y 
p l o t c o r r e l a t i o n c o e f f i c i e n t f o r 44 selected symmetric 
d i s t r i b u t i o n s . These 44 d i s t r i b u t i o n s have been selected so as 
to present a dense t a i l - l e n g t h coverage i n the important 
symmetric d i s t r i b u t i o n case. The λ values i n the table are 
references to s p e c i f i
f a m i ^ y (25,26). The
wide range of t a i l lengths and are ordered from the very short-
t a i l e d d i s t r i b u t i o n s at top to the very long-tai led 
d i s t r i b u t i o n s at bottom. The values of λ between 2.0 and 1.0 
represent very s h o r t - t a i l e d U-shaped d i s t r i b u t i o n s , λ = 1.0 i s 
i d e n t i c a l to the uniform d i s t r i b u t i o n . Values of λ smaller than 
1 and larger than 0 are truncated bell-shaped d i s t r i b u t i o n s 
which are short to moderate-tailed i n nature, λ = 0 i s exactly 
the l o g i s t i c d i s t r i b u t i o n . Values of λ smaller than 0 represent 
infinite-domain bell-shaped d i s t r i b u t i o n s . The normal, 
l o g i s t i c , double exponential and Cauchy d i s t r i b u t i o n s have been 
appropriately positioned i n the t a i l - l e n g t h ordering. The 
p r o b a b i l i t y p l o t c o r r e l a t i o n c o e f f i c i e n t values for each of the 
44 hypothesized d i s t r i b u t i o n s i s given on the f a r r i g h t of the 
table. Figure 22 i s a single page which summarized the l i n e a r i t y 
information of 44 d i f f e r e n t symmetric d i s t r i b u t i o n a l p r o b a b i l i t y 
p l o t s . Note how the p r o b a b i l i t y p l o t c o r r e l a t i o n c o e f f i c i e n t s 
are smaller at the top and bottom and reach a maximum at the 
normal d i s t r i b u t i o n (as i t should since the data set was normal 
random numbers). The usefulness of such an analysis (which of 
course i s completely computerized) i s that the analyst can 
quickly determine not only the b e s t - f i t t i n g d i s t r i b u t i o n DQ ( i n 
t h i s case, normal), but also a subset of go o d - f i t t i n g 
d i s t r i b u t i o n s ( i n t h i s case, d i s t r i b u t i o n s i n the normal 
neighborhood) f or the data set at hand. After narrowing the 
sele c t i o n to an appropriate small neighborhood of d i s t r i b u t i o n s 
which have large values of the p r o b a b i l i t y p l o t c o r r e l a t i o n 
c o e f f i c i e n t , i t i s recommended that the analyst generate and 
s c r u t i n i z e the actual p r o b a b i l i t y plots f o r a few of the 
d i s t r i b u t i o n s i n t h i s neighborhood f o r o u t l i e r information and 
other possible anomalies. 

As a second example, consider a data set consisting of 500 
uniform random numbers based on the Rand (24) tables. The MPPCC 
c r i t e r i a (see f i g . 23) as applied to the uniform random numbers 
leads to the conclusion that the uniform d i s t r i b u t i o n (as i t 
should) provides the best d i s t r i b u t i o n a l f i t f o r these data. 
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For the Josephson Junction voltage counts data (see f i g . 
24), the MPPCC c r i t e r i o n indicated that the normal d i s t r i b u t i o n 
was the best f i t which i s i n agreement with the already-seen 
l i n e a r i t y of the ( f i g . 17) normal p r o b a b i l i t y p l o t . For the wind 
v e l o c i t y data (see f i g . 25), the MPPCC c r i t e r i o n indicated that 
the normal d i s t r i b u t i o n (though not pr e c i s e l y optimal) was 
nevertheless near-optimal and i s i n agreement with the near-
l i n e a r i t y of the ( f i g . 18) normal p r o b a b i l i t y p l o t . The MPPCC 
c r i t e r i a as applied to the beam d e f l e c t i o n data i s presented i n 
figure 26. As expected, the b e s t - f i t symmetric d i s t r i b u t i o n to 
t h i s data set i s i n the U-shaped d i s t r i b u t i o n region. The 
analysis of the x-ray crystallography residuals (see f i g . 27) 
also confirms what was previously suspected—viz., that the best 
d i s t r i b u t i o n i s i n the moderate to moderate l o n g - t a i l e d region. 

The f i n a l exampl
MPPCC for a skewed d i s t r i b u t i o n a l f a m i l y - - i n t h i s case the 
extreme value family. The data set considered i s annual maximum 
wind speeds at Walla Walla, Washington. In a fashion s i m i l a r to 
the symmetric family a n a l y s i s , a representative set of 46 
members of the extreme value d i s t r i b u t i o n a l family were selected 
and the p r o b a b i l i t y p l o t c o r r e l a t i o n c o e f f i c i e n t was computed 
for each. The re s u l t s of the analysis indicated that an extreme 
value d i s t r i b u t i o n with shape parameter γ = 7 y i e l d s the best 
f i t . 

The use of the MPPCC c r i t e r i a i s recommended not as a 
replacement f o r examination of i n d i v i d u a l p r o b a b i l i t y p l o t s , but 
rather as an important complement to such analyses. The 
automated procedures presented above allow the analyst to 
quickly "converge" to a neighborhood of d i s t r i b u t i o n s which 
provide good f i t s to the data set under examination. 

4-PLOT ANALYSIS 

The general question posed i n t h i s section i s as follows: 
Given that one would l i k e to prepare a completely automated 
(computerized) f i r s t - p a s s analysis that would be applicable to a 
wide va r i e t y of data sets and which would take no more than one 
computer page, what would one include on that single page? 

As has been stressed throughout t h i s paper, the basic 
assumptions which must be tested to assure that a measurement 
process i s i n control include randomness, f i x e d l o c a t i o n , f i x e d 
v a r i a t i o n , and f i x e d d i s t r i b u t i o n . 

The value of the run sequence p l o t and the lag-1 
autocorrelation plots have already been amply discussed with 
respect to the f i r s t three points. The p r o b a b i l i t y p l o t has been 
discussed at length with respect to the l a s t point. And so the 
following 4-plot analysis i s presented as an automated 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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comprehensive f i r s t - p a s s tool for data analysis. The four plots 
are as follows: 

1. run sequence p l o t 

2. lag-1 autocorrelation p l o t 

3. histogram 

4. normal p r o b a b i l i t y p l o t 

normal p r o b a b i l i t y p l o t was chosen because the normality 
assumption i s most commonly employed. The histogram i s included 
as an additional graphical point of reference i n case the 
normality assumption i
of about a dozen usefu
summarizing s t a t i s t i c s i s included on t h i s single page. 

This p a r t i c u l a r 4-plot analysis has proved to be in v a r i a b l y 
informative i n terms of assessing the v a l i d i t y of the underlying 
assumptions i n a measurement process. The analysis can be 
applied to both raw response data and to residuals a f t e r a multi-
factor (e.g., regression, ANOVA) f i t . The technique i s 
recommended only as a f i r s t pass i n a data analysis and should be' 
complemented by more det a i l e d analysis. 

The a p p l i c a t i o n of t h i s technique to several examples i s 
now discussed. The f i r s t example ( f i g . 29) i s the 500 Rand (24) 
normal random numbers of figures 15 and 22. The run sequence 
p l o t indicates f i x e d location and v a r i a t i o n . The lag-1 
autocorrelation p l o t indicates randomness. The histogram 
indicates a bell-shaped symmetric d i s t r i b u t i o n . The normal 
p r o b a b i l i t y p l o t indicates normality. 

The second example ( f i g . 30) i s the 700 Josephson Junction 
cryothermometry voltage counts of figures 17 and 24. The run 
sequence p l o t indicates f i x e d location and v a r i a t i o n and also 
the rather discrete nature of the data. The lag-1 
autocorrelation p l o t indicates randomness and reinforces the 
discrete aspect of the data; the histogram indicates symmetry 
and a bell-shape; the normal p r o b a b i l i t y p l o t indicates 
normality. 

The t h i r d example ( f i g . 31) i s the 200 beam deflections data 
on figures 19 and 26. The run sequence p l o t indicates f i x e d 
location and v a r i a t i o n and perhaps a single o u t l i e r (high). The 
lag-1 autocorrelation p l o t indicates well-defined nonrandomness 
and additional evidence for an o u t l i e r . The histogram indicates 
symmetry and a U-shaped indicates that a d i s t r i b u t i o n shorter-
t a i l e d than normal i s needed) and additional o u t l i e r evidence. A 
remodeling to take into account the dominant autocorrelation 
structure of the data i s c l e a r l y c a l l e d for i n t h i s case. 
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The fourth example ( f i g . 32) i s the residuals from the x-ray 
crystallography f i t . The run sequence p l o t indicates f i x e d 
location but larger v a r i a t i o n (or perhaps a few high o u t l i e r s ) at 
the beginning of the set. The lag-1 autocorrelation p l o t 
indicates randomness but additional evidence for the existence 
of o u t l i e r s . The histogram indicates symmetry and b e l l -
shapedness but also the suggestion of longer-than-normal t a i l s . 
The normal p r o b a b i l i t y p l o t indicates non-normality—the N-shape 
implies that a d i s t r i b u t i o n longer-tai1er than normal i s needed. 
The elongated upper r i g h t t a i l of the normal p r o b a b i l i t y p l o t 
also gives further corroboration to the possible existence of 
o u t l i e r s as seen i n i t i a l l y i n the run sequence p l o t . 

The l a s t example ( f i g  33) i s the 50 spectrophotometry 
measurements of transmittanc
section 4. The run sequenc
i n the second half of the data. The histogram i s rather 
nondescript aside from i t s d e f i n i t e biomodal character. The 
normal p r o b a b i l i t y p l o t indicates non-normality, and a shorter-
t a i l e d d i s t r i b u t i o n i s needed. A remodeling to take into account 
the dominant autocorrelation structure of the data i s c l e a r l y 
needed. 

CONCLUSION 

In any given measurement process, the ultimate concern i s 
p r e d i c t a b i l i t y — b e i n g able to make p r o b a b i l i t y statements about 
future output from the process. To achieve such p r e d i c t a b i l i t y , 
a measurement process must be " i n c o n t r o l . " This w i l l be the 
case when the output from the process behaves l i k e random 
drawings from some f i x e d d i s t r i b u t i o n with f i x e d location and 
fix e d v a r i a t i o n . The core of t h i s paper has been to discuss 
various techniques to t e s t the four components (random, f i x e d 
l o c a t i o n , f i x e d v a r i a t i o n , and fi x e d d i s t r i b u t i o n ) i n the above 
d e f i n i t i o n of " i n co n t r o l . " These four components are 
i m p l i c i t l y assumed in the analysis of a l l measurement processes. 

The randomness assumption helps assure that the 
experimentalist does i n fact have as many independent 
r e a l i z a t i o n s of the phenomenon of i n t e r e s t as i s believed. I f 
the randomness assumption i s untenable, t h i s i s frequently 
i n d i c a t i v e of eit h e r the existence of some extraneous variable 
(which has not yet been accounted f o r ) or a l t e r n a t i v e l y (at 
times) an overl y - f a s t sampling rate. 

The f i x e d location and fi x e d v a r i a t i o n assumptions help 
assure that the process i s stable i n the simplest sense. A 
process which i s d r i f t i n g i n e i t h e r i t s t y p i c a l value (l o c a t i o n ) 
or i t s t y p i c a l spread ( v a r i a t i o n ) cannot be considered as " i n 
c o n t r o l " and c e r t a i n l y negates any p o s s i b i l i t y of generating 
p r o b a b i l i t y ( p r e d i c t a b i l i t y ) statements about future output from 
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the process. Problems associated with d r i f t i n g i n ei t h e r 
location or v a r i a t i o n are generally traceable—from an analysis 
point of v i e w — t o the existence of an unaccounted variable which 
i s influencing the response. From an experimentalist's point of 
view, t h i s variable may be (to name j u s t a few) instrumental, 
procedural, or environmental i n nature and almost always 
necessitates a scrutinous, d e t a i l e d review of the experimental 
process as a whole. References (1), (2) and (13) are relevant i n 
t h i s regard. 

The f i x e d d i s t r i b u t i o n assumption i s p a r t i c u l a r l y 
important. In many (but not a l l ) physical science experiments, 
the normal d i s t r i b u t i o n i s an appropriate d i s t r i b u t i o n a l model. 
If normality i s t h e o r e t i c a l l y appropriate, and i f the 
d i s t r i b u t i o n a l tests a
such normality, t h i
conclusion that the measurement process i s indeed " i n c o n t r o l . " 
On the other hand, i f normality i s appropriate and yet the 
d i s t r i b u t i o n a l tests indicate non-normality, then t h i s i s 
usually another i n d i c a t o r that the response i s being influenced 
by some other nonrandom variable which the analyst has not yet 
taken into account. 

Two d i s t i n c t and opposite s i t u a t i o n s may be i d e n t i f i e d with 
respect to t h i s assumption. F i r s t , the nature of the measurement 
process may be such that there e x i s t s an a p r i o r i t h e o r e t i c a l 
basis which dictates what d i s t r i b u t i o n the output from the 
process should follow; and second, no such a p r i o r i theory e x i s t s 
f o r p r e d i c t i n g what d i s t r i b u t i o n the output from the process 
w i l l follow. 

In the f i r s t case, the normal d i s t r i b u t i o n i s often (but not 
uni v e r s a l l y ) t h e o r e t i c a l l y appropriate; other commonly-
occurring d i s t r i b u t i o n a l models are the Poisson d i s t r i b u t i o n 
(e. g. f o r counting processes) and the Wei bull/extreme value 
d i s t r i b u t i o n s (e.g., f or l i f e t i m e s of fracture processes). I f a 
ce r t a i n type of d i s t r i b u t i o n i s t h e o r e t i c a l l y appropriate, and 
i f the d i s t r i b u t i o n a l tests as described i n sections 10 and 11 
confirm such a d i s t r i b u t i o n , then t h i s gives considerable 
support to the conclusion that the measurement process i s indeed 
" i n c o n t r o l . " On the other hand, i f the tests indicate a best-
f i t d i s t r i b u t i o n that i s d i f f e r e n t from theory, t h i s i s usually 
another i n d i c a t i o n that the response i s being influenced by some 
other variable which the analyst has not yet taken into account. 

In the second case (when the th e o r e t i c a l d i s t r i b u t i o n i s 
unknown), the analyst has less d e f i n i t i v e information upon which 
to act. P r a c t i c a l l y speaking, i n such a case, a b e s t - f i t 
d i s t r i b u t i o n to normal i s frequently an i n d i c a t i o n of s t a b i l i t y 
i n the measurement process. On the other hand, a b e s t - f i t 
d i s t r i b u t i o n which i s very l o n g - t a i l e d (e.g, one i n the v i c i n i t y 
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of the Cauchy d i s t r i b u t i o n ) i s almost i n v a r i a b l y an i n d i c a t i o n 
of a process which s t i l l has unresolved sources of v a r i a t i o n . 

In any event, f o r both of the above cases (known versus 
unknown the o r e t i c a l d i s t r i b u t i o n s ) , i t i s seen that one of the 
obvious pieces of information which must be reported i n the 
summary description of any measurement process i s the nature of 
the b e s t - f i t d i s t r i b u t i o n . The importance of providing such 
d i s t r i b u t i o n a l information i s reaffirmed when i t i s r e c a l l e d 
that the ultimate objective i n a measurement process i s 
p r e d i c a b i l i t y and i n t h i s regard the analyst i s constantly 
brought back to the f a c t that i t i s the underlying d i s t r i b u t i o n 
( e i t h e r known or estimated) which must be employed to form such 
pred i c t i o n ( p r o b a b i l i t y ) statements

With respect t
te s t i n g randomness, l o c a t i o n , v a r i a t i o n , and d i s t r i b u t i o n a l 
aspects of the data, i t i s noted that most were graphical i n 
nature. The techniques have wide a p p l i c a b i l i t y due to the f a c t 
that they can be applied not only to the raw data from univariate 
models, but also to the residuals a f t e r the f i t i n mu l t i - f a c t o r 
models (e.g., regression, ANOVA). With the exception of the 
graphical ANOVA technique, the procedures covered have been 
implemented as stand-alone subroutines i n the portable DATAPAC 
FORTRAN (6,7) data analysis package which i s av a i l a b l e from the 
author. 
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ABSTRACT 

This paper concerns i t s e l f with the important problem of 
te s t i n g the v a l i d i t y of the basic assumptions i n a measurement 
process. The paper covers four p r i n c i p a l areas i n t h i s regard: 
1) the assumptions that are t y p i c a l l y made i n a measurement 
process, 2) the consequences to conclusions drawn from a 
measurement process i f the assumptions do not hold, 3) 
theo r e t i c a l s t a t i s t i c a l tests f o r the checking of basic 
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assumptions, and 4) p r a c t i c a l tools to f a c i l i t a t e the checking 
of basic assumptions. Examples of assumption-checking on data 
drawn from the chemical and physical sciences are included. 
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Systematic Error in Chemical Analysis 

L. A. C U R R I E and J. R. D E V O E 

Analytical Chemistry Division, Institute for Materials Research, 
National Bureau of Standards, Washington, DC 20234 

The fundamental limitation to accuracy in chemical analysis 
is systematic error  Unfortunately  systemati  error--which 
comprises all nonrando
the truth--is the rule in analytical chemistry. Systematic 
error comes about whenever the actual nature of the analytical 
process differs from that assumed. It results from invalid 
sampling, operator or equipment instability and blunders, 
unrecognized sample loss or contamination, poor instrument 
calibration, inadequate physical (mathematical) or random error 
distribution models, and faulty reporting of data. These 
problems, which will be covered in some detail below, are not 
exceptional. It is only through exhaustive, quantitative 
evaluation of the individual and collective effects of such 
violations in assumption that the analyst can hope to provide 
meaningful bounds for systematic error. 

The impact of erroneous analytical measurements can be 
considerable. A recent New York Times article (1) entitled, 
"Medical Labs May Not Be All That Accurate" pointed up the fact 
that in a survey of the clinical laboratories involved in 
Interstate Commerce (and consequently under the monitoring of 
the Federal Center for Disease Control, USPHS) 31 percent were 
unable to identify sickle-cell anemia from blood smears. Addi
tional tests such as hemoglobin and electrolyte content in blood 
were unsatisfactory in a similar fraction of laboratories. 
Naturally, this situation has resulted in some lack of confi
dence on the part of the physician; and confidence-erosion can be 
dangerous. Instances have occurred where a test result deviated 
from the norm to such an extent that the physician who ignored 
the result (assuming laboratory error, when there was none) made 
an improper diagnosis with serious consequences to the patient. 

Another example of somewhat less immediate severity but 
greater long term importance is the measurement of ozone in the 
atmosphere. Figure 1 shows the deviations from the true concen
-*Contribution of the National Bureau of Standards. Not subject 
to copyright. 
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t r a t i o n (2) of experimental r e s u l t s from a number of 
laboratories. C o l l e c t i v e l y , one sees that the laboratories 
produced res u l t s whose (negative) bias exceeds the imprecision 
bound. As a r e s u l t of both systematic and random error 
components reported 0 3 concentrations were too low by 20 percent 
to 60 percent (at the A i r Quality Standard l e v e l ) . In t h i s case 
the "true" concentration was provided to the t e s t i n g 
laboratories i n the form of an accurately-prepared gaseous 
reference sample. This example raises an important point r e l a 
ted to the r o l e of reference materials for t r a n s f e r r i n g accura
cy from one laboratory to another. Though reference materials 
are exceedingly useful f o r d i s c l o s i n g laboratory e r r o r , they do 
not eliminate the need f o r the quantitative assessment of a l l 
potential sources of bias

The overwhelming importance of the systematic component of 
error may be grasped from eq. (1): 

t o t a l error: e = δ + Δ ( l a ) 

random error: δ = z^SE = ζ(σ/\[η) ( l b ) 

Where e represents the t o t a l error i n χ and δ and Δ represent the 
random and systematic components, resp e c t i v e l y . * * I f normality 
i s assumed (Gaussian random error d i s t r i b u t i o n ) , the random 
error i s simply the product of the random normal deviate (z) and 
the standard error (SE). The standard error i n χ depends upon 
the precision parameter σ (standard deviation) and the number of 
r e p l i c a t i o n s n. With increased r e p l i c a t i o n the standard error 
tends toward zero, with the r e s u l t that the t o t a l error 
asymptotically approaches the b i a s - - i . e . , Θ-»Δ. The ultimate 
c a p a b i l i t y of any a n a l y t i c a l procedure thus rests upon the 
magnitude of the bias. The problem i s compounded by the f a c t 
that only the preci s i o n may be d i r e c t l y estimated through 
experiment ( r e p l i c a t i o n ) . The two examples c i t e d above simply 
i l l u s t r a t e the consequences of ignoring or giving inadequate 
attention to t h i s extremely important, but more d i f f i c u l t to 
estimate,systematic component of error. 

When adequate care i s given to estimating bounds for Δ , the 
r e s u l t s may appear su r p r i s i n g . For example, i n the most recent 
tabulation of Eu-152 γ-ray decay p r o b a b i l i t i e s , the estimated 
l i m i t s f or systematic error exceed the standard error by factors 
of 2.5 to 40 03). As stated bounds for systematic error are 
highly dependent upon the s c i e n t i f i c judgment and philosophy of 
the experimenter, under- and over-estimation of such bounds can 
completely cloud the meaning of a n a l y t i c a l r e s u l t s . An i n c i s i v e 
discussion of t h i s p a r t i c u l a r problem, as related to the funda
mental physical constants, has been given by Taylor et a]_. (4). 
**A l i s t of terms and symbols i s given at the end of the Chapter. 
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In the discussion which follows we s h a l l f i r s t examine the 
means and l i m i t a t i o n s of nonrandom error detection. A 
systematic analysis of the in d i v i d u a l steps of the Chemical 
Measurement Process (CMP) w i l l then be undertaken i n order to 
expose the sources and methods f o r c o n t r o l l i n g t h i s component of 
error. F i n a l l y , some simple, yet powerful diagnostic techniques 
w i l l be presented f or the i d e n t i f i c a t i o n of bias and blunders 
a f f e c t i n g experimental r e s u l t s . 

SYSTEMATIC ERROR BOUNDS 

Limits f or systematic error may be arr i v e d at i n two 
d i f f e r e n t ways. (1) They may be estimated^(in the s t a t i s t i c a l 
sense) by comparing an experimental r e s u l t χ with the true value 
τ ( i f known) or with
methods or la b o r a t o r i e s . * *
sense e x i s t only by d e f i n i t i o n , the f i r s t type of comparison 
generally implies the a v a i l a b i l i t y of "accepted" or " c e r t i f i e d " 
values, such as those which accompany reference materials 
d i s t r i b u t e d by national standardizing laboratories. (2) The 
second approach to systematic error evaluation i s through 
de t a i l e d analysis of the structure of the CMP i n order to i n f e r 
bounds for over a l l propagated systematic error. This approach, 
in contrast to the former, r e l i e s wholly upon sound, s c i e n t i f i c 
judgment. The f i r s t , e m p i r i c a l approach thus y i e l d s 

e = χ - τ (2a) 

for the estimated bias, and 

£ ± = e ± δ Μ (2b) 

for i t s upper and lower l i m i t s . In eq. (2b), δ M represents the 
absolute value of the maximum l i k e l y random error—commonly 
taken to be two to three times the standard error. The second, 
" t h e o r e t i c a l " approach y i e l d s i n f e r r e d bounds 

Δ ± = Ρ(Δ ±). (3) 

where (Δ +). represents the contribution of step-i of the CMP, and 
Ρ symbolizes the appropriate propagation operation which i n the 
simplest case i s merely summation--e.g., Δ + = Σ (Δ +).. 

I t i s essential that both types of analysis take place. 
V e r i f i c a t i o n of measurement accuracy can only come through 
intercomparison. ( $ + 9 method-! must cover zero f or an unbiased 
***Intercomparisons lacking e i t h e r independence or r e l i a b i l i t y 

are f r u i t l e s s . A dramatic i l l u s t r a t i o n has been given by 
Yolken (5), who contrasts r e s u l t s obtained by expert 
laboratories with those obtained using " c e r t i f i c a t i o n by 
concensus" of nonexperts. 
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measurement process.) However, meaningful uncertainty bounds 
for any giveji experiment ultimately depend upon careful 
evaluation of Δ + (method-2). Furthermore, having both types of 
estimate makes" possible an extremely valuable check f o r 
consistency: the overlap of ̂  and Xj.. (Further discussion of 
bounds f o r systematic and t o t a l error w i l l be given i n the 
section on reporting of data.) 
^ Although s c i e n t i f i c evaluation of systematic error bounds 
(Δ +) i s quite d i f f i c u l t , adequate estimation v i a intercomparison 
C^v) i s perhaps even more d i f f i c u l t . This i s because of random 
error. I t i s evident from eq. (1) that any observed difference 
or error (e) w i l l have a random component (δ) which l i m i t s our 
a b i l i t y to estimate Δ. Just to ( r e l i a b l y ) detect systematic 
e r r o r , i t can be shown for normally-distributed random er r o r s
that Δ must exceed S
detect a systematic erro
deviation (σ), one therefore needs at least 15 observations. 

Figure 2 indicates i n a d i f f e r e n t way the d i f f i c u l t y i n 
detecting sources of error. The s o l i d curve shows the detection 
l i m i t for bias (Δ) r e l a t i v e to the standard deviation (σ) as a 
function of the number of observations. The dotted curve gives 
the same type of information for another common problem: 
extraneous random error (σ^) additional to the Poisson component 
in counting experiments C6). In t h i s case, i f the additional 
random error i s twice the Poisson component one must have ten 
observations to demonstrate i t s existence. I f the two are 
comparable, 47 observations s u f f i c e ; and i f the additional error 
i s half the Poisson er r o r , several hundred observations are 
required. I n c i d e n t a l l y , the same (dotted) curve applies to the 
detection of the inter!aboratory error (corresponding to σ ) for 
a group of laboratories having comparable intra!aboratory 
imprecision (corresponding to σ). 

C l e a r l y , i n the absence of a very large number of measure
ments and long term s t a b i l i t y , one cannot e m p i r i c a l l y (through 
intercomparison) e s t a b l i s h error bounds (Δ or σ ) much smaller 
than the standard deviation of a single measurement (σ). There 
i s no subs t i t u t e , however, for intercomparison and r e p l i c a t i o n 
for the detection of unanticipated blunders or bias or lack of 
control which i s r e l a t i v e l y Targe compared to the standard 
deviation. 

SOURCES OF SYSTEMATIC ERROR 

The most e f f e c t i v e way to i d e n t i f y and control sources of 
bias i n chemical analysis i s to tr e a t the CMP as a c a r e f u l l y -
defined system. C r i t i c a l analysis of the indi v i d u a l steps and 
t h e i r linkage w i l l then make i t possible to estimate i n d i v i d u a l 
bias components as well as on overa l l propagated errors f or 
systematic error. For t h i s purpose a generalized flow diagram i s 
given i n figure 3. In the following paragraphs we sh a l l examine 
each of the steps for possible systematic error contributions. A 
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Figure 1. Results of a collaborative test of the EPA reference method for ambient 
ozone (2). Dashed line indicates the true value. 

Figure 2. Detection limits vs number of 
observations for extraneous random error 
(ae, dashed curve) and systematic error (Δ, 

solid curve) 
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measurement process cannot be said to e x i s t i n the absence of 
control (7). When control i s achieved both the central value and 
the v a r i a b i l i t y are stable. Under such circumstances the error 
can be completely defined by a fi x e d systematic component (the 
bias) and a random component having constant standard deviation. 
Such bias may be the r e s u l t of f i x e d mistakes or blunders i n 
experiment or theory, or i t may ar i s e from converted random 
e r r o r s — i . e . , errors which occur i n a random fashion but which 
remain f i x e d because one or more steps of the CMP are not 
repeated. 

I f the systematic error i s not constant, i t becomes 
impossible to generate meaningful uncertainty bounds f or 
experimental data. Lack of control may ar i s e through 
carelessness or e r r a t i
These may be expose
variati o n s may come about from the eff e c t s of systematic trends 
in uncontrolled variables (such as barometric pressure), or from 
unanticipated e f f e c t s of seemingly remote factors. (Such 
e f f e c t s are not necessarily a nuisance. They may provide an 
opportunity for discovery--as i n the case of variati o n s i n the 
c a l i b r a t i o n curve f o r radiocarbon dating induced by the 
a c t i v i t i e s of man and various geophysical and c l i m a t i c phenomena 
(8)·) 

The assessment of whether a measurement process i s i n 
control i s frequently accomplished through the use of control 
charts--a technique which has been thoroughly discussed above. 
The control chart, of course, merely signals i n s t a b i l i t y ; i t 
does not generally compensate f or i t . In order to achieve 
c o n t r o l , the experimenter must i d e n t i f y and ei t h e r s t a b i l i z e or 
correct for sources of e r r a t i c behavior. When variables cannot 
be held constant, i t i s often e f f e c t i v e to correct for changes by 
means of an internal or external standard. Figure 4 gives one 
such example (39). Because of the extremely low concentrations 
present i t was necessary to measure a sample of radioactive 3 7 A r 
over a period of a month, during which time there was about a 10 
percent d r i f t i n gain. Though i t was not possible to prevent the 
d r i f t , which came from slowly changing proportional counter gas 
composition, i t was possible to correct f o r i t . This was 
accomplished with an external monitor—an x-ray source which 
simulated the response of the detector to the sample ra d i a t i o n . 

Sample V a l i d i t y 

Among the more serious problems a f f e c t i n g the sample are 
contamination, heterogeneity and i n s t a b i l i t y . Contamination 
w i l l be discussed below. The most l i k e l y consequence of hetero
geneity i s a nonrepresentative sample. Quite often one can 
observe a major difference i n sample composition with amount 
taken f o r analysis. For example, the appearance of severe 
heterogeneity among trace elements i n Orchard Leaves (SRM #1571) 
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Sampling 

Separation 
(sample prep.) 

CRITICAL ASPECTS 

Existence of CMP 
(definition, control) 

Homogeneity, contamination, 
stability 

Recovery, contamination 

Calibration, resolution 

Model, error structure 

Figure 3. The chemical measurement proc
ess—flow diagram 
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Figure 4. Quenching of37Ar; external standard control (39) 
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was demonstrated when 10 mg rather than the recommended 250 mg 
samples were taken (9). Such heterogeneity depends, of course, 
upon sample type. (The authors of ref. (10) noted the "extreme 
homogeneity" of trace elements i n fresh l i v e r . ) Also, 
homogeneity of some elements cannot assure the same for others. 
For c e r t a i n methods of an a l y s i s , sample homogeneity requirements 
are indeed stringent. Electron probe microanalysis, f o r 
example, requires standards of experimentally demonstrated 
microhomogeneity (10). 

Another major source of systematic error relates to the 
change of sample composition with time. Aerosols, f o r example, 
are known to be susceptible to moisture and gaseous 
contaminants. Spurious s u l f a t e r e s u l t s have been obtained from 
the gradual oxidation of S0  on a i r f i l t e r s (11) and H S0
aerosol r e s u l t s hav
n e u t r a l i z a t i o n by trace
trace species from aqueous samples at container walls 
(adsorption or d i f f u s i o n ) i s another common source of 
i n s t a b i l i t y . This i s p a r t i c u l a r l y marked for heavy, v o l a t i l e 
elements such as mercury (13). 

The Blank 

Figure 5 i l l u s t r a t e s a systematic error that i s troublesome 
i n the f i r s t two steps of the CMP: that i s the occurrence of an 
unmeasured blank. A s i g n i f i c a n t difference i s shown between a 
simple solution of lead and the apparent lead content i n whole 
blood (14). When the deviations at these low leve l s of 
concentration are a l l p o s i t i v e , a good supposition i s a blank 
problem from contamination of reagents used to prepare the 
sample of whole blood but not used for the aqueous solution. 

A common p i t f a l l i n trace analysis i s i n s u f f i c i e n t 
attention to the v a r i a b i l i t y of the blank. I f v a r i a b i l i t y due to 
contamination i s such that i t may play an important part i n the 
se t t i n g of uncertainty bounds or detection l i m i t s , some caution 
i s necessary i n in t e r p r e t i n g the r e s u l t of j u s t one or a few 
blank observations (19). Results such as those quoted above show 
the danger of b l i n d l y assuming that the r e l a t i v e range of the 
blank i s no more than 10 percent, 100 percent, a factor of 2 or 
even a factor of 10 6 (15). Thus, even i f the blank i s ten times 
smaller than the signal of i n t e r e s t , i t s v a r i a b i l i t y must be 
measured. I f t h i s i s accomplished, f o r example, by examining the 
difference of j u s t two experimental blanks, there i s a 
s i g n i f i c a n t chance that the actual range of the blanks w i l l 
exceed that measured difference by a factor of 25, under the best 
of circumstances (normally-distributed blanks; 95 percent 
tolerance interval). 1 Giving up the assumption of normality, but 
requiring the blank to be under ( s t a t i s t i c a l ) c o n t r o l , one can be 
f a i r l y (95 percent) c e r t a i n that half of the blanks w i l l f a l l 
w i thin the range of 8 observations, or 90 percent of them within 
the range of 47 observations! 
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Aqueous Solution 140 ng Pb/g 
75 60 

Porcine Blood 30 ng Pb/g 

+ 40 r 

+ 20h 

456 109 453 
801 62T 
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L A B O R A T O R Y N U M B E R 

National Bureau of Standards Special Publication 

Figure 5. Comparison of interlaboratory Pb results for an aqueous standard vs. whole 
blood (14) 
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Sample Preparation 

Besides problems with the blank, great care must be taken 
when performing physical or chemical separations of components 
in a sample. I f the recovery of the desired component i s not 
quantitative,--e.g. , loss of v o l a t i l e components during sample 
d i s s o l u t i o n — s e r i o u s systematic error may r e s u l t (16). 

The recovery factor presents the same opportunity to e r r as 
does the instrument c a l i b r a t i o n factor—namely, the assumption 
that the (average) y i e l d i s quantitative or constant and that i t s 
v a r i a b i l i t y ( r e l a t i v e standard deviation) i s f i x e d . Such f i x e d 
values may be deduced by assumption, a th e o r e t i c a l model 
( s o l u b i l i t y product, p a r t i t i o n c o e f f i c i e n t , ...) or better 
s t i l l , by a few measurement
l a i d : as soon as varyin
encountered low and f l u c t u a t i n g y i e l d s w i l l occur. 

One of the most r e l i a b l e means for eliminating bias due to 
nonquantitative separation i s isotope d i l u t i o n . Provided that 
the d i l u t i n g isotope i s added at the e a r l i e s t possible stage and 
that complete i s o t o p i c mixing takes place, t h i s technique i s 
capable of very high accuracy. The a r t has perhaps reached i t s 
ultimate level at the hands of s k i l l e d chemical mass spectro-
metrists, who have succeeded i n measuring isotope r a t i o s with 
uncertainties of only 0.03 percent (17,18). 

Measurement 

The measurement step provides many chances for error. 
Operator bias, for example, commonly occurs i n the making or 
recording of observations, as shown i n figures 6 and 7 (19,20). 
Results of 1,000 weighings ( f i g . 6) show that operators favor the 
values of 0 and 5 for the l a s t d i g i t , and that even numbers tend 
to be favored over odd numbers. From 1,510 buret readings ( f i g . 
7), on the other hand, one can observe that small numbers are 
favored over large numbers. The p o s s i b i l i t y of operator bias i s , 
perhaps, s u f f i c i e n t j u s t i f i c a t i o n f or considering computer 
control for such types of processes. (Since even computers are 
programmed and run by the operator of the instruments, however, 
the threat of errors (blunders) of t h i s type i s only reduced, not 
eliminated.) 

Two of the most important c h a r a c t e r i s t i c s of a n a l y t i c a l 
measurements are the c a l i b r a t i o n function and instrumental 
resolution. To assume that the c a l i b r a t i o n factor i s constant, 
independent of the nature (matrix) or concentration of the 
sample, i s to i n v i t e bias. I t i s i n the c a l i b r a t i o n f a c t o r , 
together with recovery f a c t o r s , that " r e a l " samples d i f f e r most 
s t r i k i n g l y from pure solutions. Aside from the use of sound 
th e o r e t i c a l or semi-empirical correction formulas, the most 
r e l i a b l e method to assure a correct c a l i b r a t i o n i s the use of an 
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ANALYTICAL BALANCE 

TERMINAL DIGIT 

Figure 6. Operator bias—analytical 
balance. Histogram depicts observed 
terminal (estimated) digit distribution 
for 1000 student weighings. Dashed 
line indicates expected distribution. 

(Data from Ref. 20). 
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Figure 7. Operator bias—buret reading. 
Histogram depicts terminal digit distribu
tion for 1510 student observations. Dashed 
lines delimit the 95% confidence interval 
for a uniform distribution. (Data from Ref. 

20). 
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internal standard. By adding to the sample a known aliquot of 
the substance being measured, one can tra n s l a t e the d i f f e r e n t i a l 
response into an e f f e c t i v e c a l i b r a t i o n factor f o r the actual 
sample at hand (21 ). 

Instrumental r e s o l u t i o n , j u s t l i k e chemical or physical 
"résolution"--!.e. , s e p a r a t i o n — i s one of the most important 
means of preventing systematic error from unanticipated compo
nents or i l l - d e f i n e d spectral features. Some of the penalties 
from inadequate resolution w i l l be examined below i n our discus
sion of data evaluation. When dealing with complex materials 
containing p o t e n t i a l l y i n t e r f e r i n g species, however, a small 
investment i n increased chemical resolution w i l l be well repaid 
i n decreased bias. 

Data Evaluation 

Although the l a s t two steps of the CMP do not necessarily 
involve any work i n the chemical laboratory, they are never
theless an integra l part of the ove r a l l measurement system and 
thus must be recognized as potential contributors of systematic 
error. In f a c t , p e r f e c t l y v a l i d sampling, chemistry and i n s t r u 
mental measurement can be rendered meaningless by f a u l t y eval
uation or reporting. This potential f o r inaccurate data eval
uation has been recognized recently i n an international 
comparison devoted s t r i c t l y to the evaluation (and reporting) 
phase of gamma-ray spectroscopy (22). 

Errors which are due to the differences between pure 
solutions and complex samples often remain latent u n t i l the 
evaluation stage. Systematic error can be minimized provided 
that such differences—connected with the blank, matrix e f f e c t s , 
component i n t e r f e r e n c e — a r e adequately recognized i n the 
evaluation process. (The p o s s i b i l i t y of making proper 
corrections may, of course, depend upon the p r i o r introduction 
of a recovery tracer or use of a high resolution measuring 
device.) 

For single component measurements a common source of 
evaluation bias i s the assumed c a l i b r a t i o n "constant." Matrix 
corrections represent one area where the analyst must c o r r e c t l y 
adjust t h i s factor (10,23). The other relates to the functional 
r e l a t i o n s h i p assumed between the quantitative response of an 
an a l y t i c a l chemistry measurement system and the composition of 
standards. Many times the re l a t i o n s h i p i s l i n e a r or at least i t 
appears to be so. However, one soon learns that he can define a 
f i t to a mathematical model i n a var i e t y of ways. I t i s i n t h i s 
process of determining whether the model adequately represents 
the experimental data, that systematic errors can ar i s e . A 
common but p o t e n t i a l l y misleading c a l i b r a t i o n procedure i s 
f i t t i n g a s t r a i g h t l i n e to the data and the subsequent 
examination of a t e s t s t a t i s t i c to assess the goodness of f i t . 
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An example i s the c a l i b r a t i o n of l i n e a r i t y of the energy scale of 
a Ge(Li) γ-ray detector. Figure 8 shows a l i n e a r f i t where the 
residual r e l a t i v e standard deviation (a measure of f i t ) was less 
than 0.1 percent, and the c o r r e l a t i o n c o e f f i c i e n t (a measure of 
l i n e a r i t y ) was 0.9999. 

However, through more detailed examination we found that 
the f i t was not r e a l l y adequate when compared with that expected 
on the basis of Poisson counting s t a t i s t i c s . A very informative 
way to evaluate the f i t i s to observe the p l o t of residuals 
(algebraic difference between the experimental data points and 
the f i t t e d mathematical model vs γ-ray energy). One can see i n 
the figure that the X's are not d i s t r i b u t e d randomly about zero. 
In f a c t , errors i n both the c a l i b r a t i o n function and the 
tabulated standard energie
are represented by th
obtained, one can see by inspection that there i s a s l i g h t 
decrease i n the spread of the residuals at higher channel 
numbers. This indicates a possible additional problem that 
might warrant further study. 

Multicomponent methods of analysis often suffer bias from 
inadequate resolution. The problem of accurately resolving 
obviously overlapping peaks, such as those shown i n figure 9, has 
received considerable attention i n the spectroscopic and 
chromatographic l i t e r a t u r e (24). Not so well appreciated, 
however, i s the fa c t that s i g n i f i c a n t systematic error may be 
introduced when an i n t e r f e r i n g peak i s present but not apparent, 
and hence excluded from the data reduction model (25). The 
magnitude of the r e s u l t i n g bias, when an undetected peak l i e s 
buried within the peak of i n t e r e s t i s shown i n figure 10. I t i s 
a s u r p r i s i n g r e s u l t that the level of error can be so large and 
s t i l l go undetected. Plotted i n the figure i s the r a t i o of the 
systematic error to the standard deviation of the estimated area 
of a (Guassian) peak as a function of i t s separation from a 
neighboring (undetected) peak. I t can be seen that i f the 
overlap i s equal to or less than the half width, very large 
systematic error can r e s u l t (26). 

Improved instrumental resolution may eliminate the above 
p i t f a l l . In f a c t , advanced instrumentation may reveal quite a 
sur p r i s i n g degree of complexity; figure 11 shows the structure 
a c t u a l l y contained i n the apparent γ-ray doublet of figure 9. 

Reporting Results and Uncertainties 

Among the re s u l t s reported i n a recent trace analysis 
laboratory intercomparison of an NBS Standard Reference Material 
(SRM 1577, bovine l i v e r ) , one finds the following: 
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Figure 9. Gamma-ray spectrum from Brems-
strahlung-activated gold: NaI(Tl)detector 
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Figure 10. Model error bias. Curve shows 
the (maximum) bias in the estimated area 
of the major peak in a spectral doublet 
when an undetected minor peak is omitted 
from the mathematical model. The minor 
peak is not detectable if it lies below the 

solid curve. 

Figure 11. Gamma-ray spectrum from Bremsstrahlung - activated 
gold: Ge(Li)detector 
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Hg-content (pg/g): 0.09 
<0.2 
0.006 ± 0.0006 

In the absence of additional information, i n t e r p r e t a t i o n of the 
res u l t s i n d i v i d u a l l y or c o l l e c t i v e l y i s obviously impossible. 
One has no idea of the uncertainty associated with the f i r s t 
r e s u l t , and the meaning of the upper l i m i t f or the second i s 
unknown. Besides the mismatch of decimal d i g i t s , the r e s u l t 
reported by the t h i r d laboratory includes an uncertainty which 
allows several interpretations (27). 

C l e a r l y , r e s u l t s of good experiments inadequately commu
nicated are worthless  A f u l l  verbal explanation of a l l 
reported quantities an
recommend, as a minimu

(a) The r e s u l t which was ac t u a l l y computed--even i f i t be 
negative. 

(b) For "nonsignificant" or nondetected r e s u l t s : 

( i ) the detection c r i t e r i o n 

( i i ) an upper l i m i t , together with i t s meaning. 

(c) The estimated standard error. 

( i ) number of observations (n) and the number of 
degrees of freedom ( v ) , i f estimated by r e p l i c a t i o n , 
( v = n-1 for simple, one-parameter estimates or 
averages.) 

( i i ) source of the estimate, i f no re p l i c a t i o n - - e . g . , 
p r i o r experience Poisson s t a t i s t i c s , ... 

(d) The estimated bounds for systematic error (not nec
e s s a r i l y symmetric), and method of estimation--e.g., converted 
random error (nonrepeated step, as c a l i b r a t i o n ) , comparison with 
reference material or a l t e r n a t i v e method, propagation of bias 
bounds of i n t r i n s i c CMP steps, etc. 

F i n a l l y , the overall uncertainty of the experimental r e s u l t 
may be given as a combination of the random and systematic 
components, provided the indiv i d u a l components ((c) and (d), 
above) and the e x p l i c i t combination recipe i s included. Because 
of lack of knowledge concerning error d i s t r i b u t i o n s and because 
of the somewhat subjective nature of infe r r e d systematic error 
bounds (4), the conservative approach i s preferred: simple 
summation of the random and systematic error bounds, where the 
former i s equal to the standard error m u l t i p l i e d by a given 
percentage of Student's-t d i s t r i b u t i o n . References (28-30) 
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contain c r i t i c a l information on the estimation and treatment of 
uncertainty bounds. 

DIAGNOSTIC TECHNIQUES 

The task of the analyst i s incomplete u n t i l systematic 
error or blunders, which have been detected, have been 
thoroughly examined and eliminated. 

Important progress i n the Analysis of Blunders (ANOB) may 
be made through the use of c e r t a i n numerical and graphical 
procedures which are j u s t now being developed (31,32,33). Such 
techniques have been discussed i n d e t a i l above; the following 
examples i l l u s t r a t e t h e i r a p p l i c a t i o n to s p e c i f i c a n a l y t i c a l 
problems involving systemati
u t i l i z e " r e s i s t i v e " an
immune to the e f f e c t s of o u t l i e r s and assumptions concerning 
random error d i s t r i b u t i o n s , respectively. The graphical methods 
include the use of histograms, residual plots and c o r r e l a t i o n 
diagrams. Such one- or two-dimensional displays of the data can 
be an exceptionally e f f i c i e n t way to pinpoint e r r a t i c blunders 
and sources of bias. The purpose of such procedures i s error 
diagnosis leading to improved experiments--not the repair of 
f a u l t y data. 

When assumptions--such as normality, l i n e a r c a l i b r a t i o n 
curves, n e g l i g i b l e o u t l i e r or bias occurrence—are questionable, 
then r e s i s t i v e , robust and d i s t r i b u t i o n - f r e e methods are i n 
order. Among the most convenient for the analyst, who often has 
a r e l a t i v e l y small number of observations, i s the median and i t s 
confidence i n t e r v a l (see Table I and ref. (38)). Both quantities 
can be determined from a set of data simply by ordering, without 
computation. Furthermore, the estimate f o r the confidence 
i n t e r v a l i s r e s i s t a n t to the e f f e c t s of an o u t l i e r once the 
number of observations exceeds 8. (For η = 6,7,8 the 95 percent 
confidence i n t e r v a l f or the median i s j u s t equal to the range.) 
With respect to the assessment of v a r i a b i l i t y , a convenient 
method for estimating the standard deviation from a set of 
residuals i s to take the median (unsigned) re s i d u a l . 
Considerable protection against bad data i s then afforded, 
e s p e c i a l l y as compared to the use of the (conventional) root mean 
squared res i d u a l . 

1-Dimensional Plots - Residuals 

Systematic errors were revealed above by means of h i s t o 
grams ( f i g s . 6,7) and residual plots ( f i g . 8). Such plots are 
always h e l p f u l , but they are c e r t a i n l y c a l l e d f or whenever χ 2 

(computed to t e s t regression model or d i s t r i b u t i o n a l accuracy) 
i s unacceptable or when the estimated variance ( s 2 ) from model 
f i t t i n g i s inconsistent with the expected variance (σ 2), as i n 
f i g . 8. 
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Table I. Confidence i n t e r v a l f o r the median a' 
( d i s t r i bu t i on-free) 

/2 k J1 k 

6-8 1 20-22 6 
9-11 2 23-24 7 

12-14 3 25-27 8 
15-16 4 28-29 9 
17-19 5 30-32 10 

Entries derived from table A-25 of reference (38)

I f observations are ordered

x l 5 x 25 x n , the confidence i n t e r v a l 

(a < .05) equals x k to * n_ k +-| 
c CI = w (range) f o r η = 6,7,8 

CI « I n t e r q u a r t i l e range (mid-50 percent of the observations) 
f o r η = 12 to 24. 

Such inconsistency ( s 2 » σ 2) led to the a p p l i c a t i o n of 
r e s i s t i v e and residual pattern techniques f o r the diagnosis of 
systematic error i n the XRF analysis of CaO (34). A s t r a i g h t 
l i n e f i t to the c a l i b r a t i o n curve gave an estimated RSD of 1.2 
percent, seven times the value expected from Poisson counting 
s t a t i s t i c s (see table I I ) . Figure 12a displays the normalized 
residuals r e s u l t i n g from the unweighted least-squares f i t of a 
li n e a r c a l i b r a t i o n curve to the data. Two p e c u l i a r i t i e s are 
suggested by t h i s p l o t : (a) A s l i g h t l y nonrandom pattern i s 
apparent. (b) The largest residuals are too s m a l l — t h e r e i s 
scarcely an excursion beyond ±ls. 

An a l t e r n a t i v e method of computation, using^he same model 
but incorporating the observed background ($} and Poisson 
s t a t i s t i c s , was then performed. To provide some measure of 
i n s e n s i t i v i t y to o u t l i e r s residuals were then calculated from 
the median value of the estimated c a l i b r a t i o n constant (7^). The 
computation formulas and numerical r e s u l t s are shown i n table 
I I ; the r e s u l t i n g residual p l o t i s given i n figure 12b. The 
pattern remains, but now we see s i g n i f i c a n t excursions beyond 
the (Poisson) control l i m i t s , with the f i r s t measurement f a r 
worse than the remainder. We t e n t a t i v e l y mark the f i r s t r e s u l t , 
therefore, as a blunder. Note that t h i s i n i t i a l error was 
revealed only through the use of the r e s i s t i v e technique; i t was 
completely masked when conventional l e a s t squares was applied. 
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Table I I . a Cal ciurn--x-ray fluorescence c a l i b r a t i o n curve 
model : y = b + Ax + e 

x ( % CaO) y(counts/500s) 

0.202 83.5k 
0.275 123.2k 
0.719 307.7k 
0.812 342.4k 
1.636 682.1k 
2.047 854.3k 
3.969 1661.2k 

Least Square

ID = 3620±2360 ID = 5240±70 

^ = 417.1±l.lk It = 415.1±0.7k 
m 

s = 1.2% a = 0.17% 

A 

387,6k 
428.5k 
420.5k 
415.1k (median) 
413.8k 
414.8k 
417.2k 

s/ô « 7. 

k,^, result^from f i t t i n g the model. ^ = observed 
background;^ =(y i -Τ?)/χΊ.. 

The pattern among the remaining residuals i n figure 12b 
does not e x h i b i t the smoothness expected from a systematic 
e f f e c t . This was c l a r i f i e d by further inquiry, however, when we 
learned that the samples were loaded on a rotary sample wheel i n 
order of increasing calcium concentration. Taking t h i s into 
account, and deleting the presumed o u t l i e r , we replottedthe 
residuals as a function of sample p o s i t i o n i n figure 12c. The 
r e l a t i v e l y symmetric, smooth pattern i s quite consistent with 
sample wheel d i s t o r t i o n which produces varying response through 
sample-detector distance v a r i a t i o n s . Construction of an 
improved sample wheel eliminated t h i s source of systematic 
e r r o r , y i e l d i n g an experimental imprecision of j u s t 0.2 percent 
(35). 

Another important point should be made about t h i s measure
ment method. Had i t not been possible to adequately reduce the 
wobble from the turntable, i t would have been best to randomize 
the positions of the CaO samples. This would transform a 
potential systematic error into a random error and of course 
reduce the pre c i s i o n of the measurement. Additional t e s t i n g of 
the magnitude of the e f f e c t of the wobble would then be possible 
by p l o t t i n g (or co r r e l a t i n g ) the residuals with p o s i t i o n (Θ). 
A l t e r n a t i v e l y , a p l o t of residuals vs CaO concentration might 
reveal concentration-dependent systematic error. 
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2-Dimensional Plots - Correlation 

Inter!aboratory comparisons provide an extremely powerful 
method f or revealing systematic error. Using a technique 
o r i g i n a l l y conceived by Youden (36), one can e f f e c t i v e l y 
d i s t i n g u i s h random erro r , laboratory bias and e r r a t i c blunders 
by a simple two-dimensional c o r r e l a t i o n technique. As 
o r i g i n a l l y devised, the method required the analysis of two 
s i m i l a r samples by each of the p a r t i c i p a t i n g laboratories. As a 
preliminary diagnostic method, however, i t i s useful even with 
the relaxation of the s i m i l a r i t y constraint. 

To i l l u s t r a t e the potential of the method, figure 13 shows 
vanadium re s u l t s from
NBS-EPA trace element intercompariso
provided with samples of two NBS-SRM's (SRM #1632, trace 
elements i n coal and SRM #1633, trace elements i n coal f l y ash). 
The t e s t s t a t i s t i c which led us to explore graphic systematic 
error diagnosis was once again the variance r a t i o : the 
interlaboratory error had been computed to be several times the 
intra!aboratory component. 

The r e s u l t s are s t r i k i n g . Despite the appearance of a 
" f i t t e d l i n e " i n figure 13, the points shown and the l i n e are 
t o t a l l y independent! The l i n e has no free parameters. I t s slope 
(on the log-log p l o t ) was f i x e d at +45° based on the hypothesis 
of a m u l t i p l i c a t i v e bias model — i . e . , biased c a l i b r a t i o n 
factors. The location of the l i n e was f i x e d by the known 
vanadium concentrations (dashed rectangle) f o r the two SRM's. 
(The concentrations were known to NBS, not to the p a r t i c i p a n t s . ) 
Nine of the r e s u l t s shown ( s o l i d c i r c l e s ) involved r e p l i c a t i o n ; 
the tenth (cross) did not. 

The Coherence of the r e p l i c a t e d r e s u l t s to the t h e o r e t i c a l 
l i n e confirm the assumption of m u l t i p l i c a t i v e bias, and t h e i r 
deviations from the l i n e are consistent with the intralaboratory 
imprecision. I t follows that use of the SRM's to expose the 
indiv i d u a l c a l i b r a t i o n biases has the potential f o r bringing a l l 
laboratories within the bounds expected from the intralaboratory 
e r r o r s — a n improvement i n r e p r o d u c i b i l i t y by at least a factor 
of two. The non-repeated measurement (cross) demonstrates also 
the v u l n e r a b i l i t y of is o l a t e d observations to e r r a t i c blunders. 
Displacement from the l i n e i n t h i s case indicates a mistake i n 
the analysis of the f l y ash sample or the coal sample, or both. 

SUMMARY 

This chapter has been directed toward four key aspects of 
systematic error i n chemical analysis: (a) the serious conse-
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C O N C E N T R A T I O N (% C a O ) 
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S A M P L E P O S I T I O N 

Figure 12. Residual diagnosis of systematic 
error in CaO XRF analysis, (a) Residual 
pattern (y-y) following least squares fitting 
of a linear calibration curve, (b) normalized 
Poisson residuals (A—A) using resistant 
method (Am), (c) normalized Poisson re
siduals (A-Am) recalcuhted following dele
tion of the first point using sample position 

as the independent variable. 
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Figure 13. Results of NBS-EPA vanadium intercom
parison. X represents the result which lacks replication. 
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quences of inaccuracy i n the external use of a n a l y t i c a l r e s u l t s , 
(b) the essential requirement of systematic error detection or 
accuracy v e r i f i c a t i o n v i a laboratory or method intercomparison, 
(c) the systems a n a l y t i c approach to the CMP as the only 
r e l i a b l e , organized way to anti c i p a t e the o r i g i n , magnitude and 
flow of systematic e r r o r , (d) the power of numerical and 
graphical diagnostic techniques, which are rapid and r e l a t i v e l y 
immune to assumptions and blunders, for exposing the p a r t i c u l a r 
nature of systematic errors following t h e i r detection. 

I t i s cle a r that the need for accuracy i n a n a l y t i c a l 
chemistry continues to increase along with our understanding of 
the importance of the composition of materials. Errors i n such 
measurements can lead to incorrect decisions i n f i e l d s ranging 
from environmental protectio

Accuracy assurance can benefit from the use of reference 
materials of known composition, so long as careful i t e r a t i v e 
feedback of information among laboratories i s used to eliminate 
methodic errors. In addition i t i s v i t a l to investigate, on an 
indiv i d u a l - a n a l y s t basis, possible sources of errors i n each of 
the steps of the s p e c i f i c CMP, for i t i s evident ( f i g . 2) that 
bias which i s comparable to or smaller than the imprecision can 
e a s i l y escape empirical detection. 

Often we understand where many of the errors a r i s e . Lack of 
co n t r o l , sampling, d i s s o l u t i o n , chemical separation and 
p u r i f i c a t i o n , and instrumental errors come immediately to mind. 

Table I I I . Assumption Limitations 

( n e g l i g i b l e bias + estimate imprecision meaningful r e s u l t s ) 

Random Error: Poisson deviations from normality 
(N < 30) 
Random component of systematic error 

sources 
Random errors i n corrections f o r 

systematic errors 

Systematic Error: Sampling and sample preparation (recovery) 
Blank, interference, and contamination 
Improper c a l i b r a t i o n and/or standards 
Matrix e f f e c t — p a r t i c l e s i z e and 

composition, enhancement, adsorption, 
and s c a t t e r i n g 

Inaccurate data reduction models or 
correction formulas (assumed parameters, 
functional r e l a t i o n s ) 

Blunders and f a u l t y reporting 
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However, r e l i a b l e data evaluation and reporting are no less 
important. Great care must be taken to employ mathematical 
procedures f o r data reduction which r e f l e c t the actual physico-
chemical processes of the en t i r e a n a l y t i c a l system. Inadequate 
reporting, at best, can lead to misinterpretation of r e s u l t s and 
consequent erroneous decisions. In order to give a capsule 
summary of a l l of these f a c t o r s , we show i n table I I I (27) the 
deviations from assumptions which are most l i k e l y to lead to 
unanticipated error. 

Terms and Symbols Used i n Text and Figures 

CMP = Chemical Measurement Process 

η = number of observation

ν - degrees of freedom = number observations minus 
number of estimated parameters (unknowns) 

τ = true value ( i f known) 

χ = experimental r e s u l t (mean) 

e = error = r e s u l t - t r u t h = χ - τ 

e + = uncertainty bounds i n e 

δ = random error i n χ 

= maximum l i k e l y (absolute value) random e r r o i — 
t y p i c a l l y taken as two to three times the standard 
error 

σ = standard deviation ( s i n g l e observation) 

ζ = random normal deviate 

SE = Standard Error, standard deviation of mean = a/y/rT 

a = extraneous random error e 
Δ = systematic error i n x - - i . e . , nonrandom component 

of error equals constant bias when the CMP i s i n 
control 

^ = estimated bounds for Δ ( r e s u l t of experimental 
comparison) 

Δ + = in f e r r e d bounds f o r Δ ( r e s u l t of CMP-structure and 
s c i e n t i f i c judgment) 
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Role of Reference Materials and Reference Methods in 

the Measurement Process 

G E O R G E A. U R I A N O and J. P A U L C A L I 

Office of Standard Reference Materials, Institute for Materials Research, 
National Bureau of Standards, Washington, DC 20234 

This paper is concerned with the role of 
reference material
measurement process
reference methods are considered to be two vital 
components of measurement systems needed to assure 
the accuracy and compatibility of measurements. 

The views expressed in this paper are an 
outgrowth of ideas and concepts expressed recently in 
a number of publications (1,2,3) by J. Paul Cali and 
other members of the NBS staff. In particular, NBS 
Monograph 148 provides extensive background 
information concerning the use of reference methods 
and reference materials. This monograph was written 
in response to a request from the Agency for 
International Development to provide assistance for 
improving the measurement systems of developing 
countries. 

This paper consists of two parts. The first 
part is concerned with the achievement of measurement 
compatibility. Some general considerations 
concerning the use of reference materials and 
reference methods in the measurement process are 
discussed f irst . Reference materials and reference 
methods are seen to be two necessary but not always 
sufficient mechanisms for achieving measurement 
compatibility between laboratories on a national 
scale. The general discussion of measurement 
compatibility is aimed at providing the conceptual 
framework needed to examine two specific examples of 
how reference methods and/or reference materials have 
improved measurement systems for determining calcium 
in serum and nitrogen dioxide in ambient air . 
Evidence is also presented showing that the lack of 
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adequate r e f e r e n c e m a t e r i a l s and/or r e f e r e n c e methods 
i s i m p e d i n g t h e development o f c o m p a t i b l e , n a t i o n a l 
measurement systems f o r t h e d e t e r m i n a t i o n o f t r a c e 
amounts o f m e r c u r y i n w a t e r and f o r t h e measurement 
o f t r a c e chromium i n b i o l o g i c a l m a t r i c e s . 

THE ACHIEVEMENT OF MEASUREMENT COMPATIBILITY 

The I m p o r t a n c e o f Measurement C o m p a t i b i l i t y 

Why do we make measurements? Measurements a r e 
i m p o r t a n t f o r a number o f r e a s o n s . Measurements 
p r o v i d e t h e b a s i  f o  e q u i t  i  t r a d d f o
s e t t l i n g d i s p u t e s betwee
p r o d u c e r and u s e r . Measurement  i m p o r t a n
i n d u s t r i a l q u a l i t y c o n t r o l p r o c e s s , and a r e u s e d 
t o a s s e s s and improve t h e r e l i a b i l i t y o r p e r f o r m a n c e 
o f m a t e r i a l s and s y s t e m s . I n r e c e n t y e a r s a number 
o f s o c i a l and/or p o l i t i c a l c o n s i d e r a t i o n s have 
h i g h l i g h t e d t h e i m p o r t a n c e o f good measurements, 
p a r t i c u l a r l y i n t h e a r e a s o f m e d i c a l d i a g n o s i s (5_) as 
w e l l as t h e e n f o r c e m e n t o f e n v i r o n m e n t a l (6) and, 
o c c u p a t i o n a l s a f e t y r e g u l a t i o n s . F i n a l l y , 
measurements p r o v i d e us w i t h t h e q u a n t i t a t i v e , 
s c i e n t i f i c , and e n g i n e e r i n g d a t a t h a t s e r v e as t h e 
l a n g u a g e o f s c i e n c e , a l l o w i n g i m p r o v e d c o m m u n i c a t i o n 
o f i n f o r m a t i o n among t h e s c i e n t i s t s o f t h e w o r l d , 
even a c r o s s l a n g u a g e b a r r i e r s . 

What do we mean by t h e measurement p r o c e s s ? The 
measurement p r o c e s s c o n s i s t s o f a t l e a s t two 
components. F i r s t , some t y p e o f a s c a l e i s needed 
t h a t a l l o w s one t o q u a n t i t a t i v e l y e s t i m a t e t h e v a l u e 
o f an i n t r i n s i c o r e x t r i n s i c p r o p e r t y o f a m a t e r i a l 
o r s y s t e m . Second, a method f o r a p p l y i n g t h e s c a l e 
t o w h a t e v e r p r o p e r t y i s b e i n g measured i s needed. 
The end r e s u l t o f a p p l y i n g a method p l u s a s c a l e i s 
t o a r r i v e a t a number t h a t a l l o w s a d e f i n i t e v a l u e t o 
be a s s i g n e d t o t h e p r o p e r t y under c o n s i d e r a t i o n by 
means o f a m e a s u r e m e n t - p r o p e r t y r e l a t i o n s h i p . 

I n a l l c o m m u n i c a t i o n s o r t r a n s a c t i o n s i n v o l v i n g 
two o r more p a r t i e s , w hether t h e y be economic, s o c i o 
p o l i t i c a l o r s c i e n t i f i c , one o f t h e c r i t i c a l s t e p s i n 
t h e t r a n s a c t i o n i s t h a t t h e p a r t i e s i n v o l v e d a g r e e on 
t h e r e s u l t s o f t h e measurement and t h e meaning o f t h e 
numbers a s s o c i a t e d w i t h t h e measurement. T h i s 
agreement s h o u l d t a k e i n t o c o n s i d e r a t i o n any 
i m p r e c i s i o n and i n a c c u r a c i e s i n h e r e n t i n t h e 
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measurement 
measurements 
c o m p a t i b l e . 
e a t i n g v i a 
measurement 
measurement was made, 

p r o c e s s under c o n s i d e r a t i o n . I f t h e 
a r e i n agreement, we say t h a t t h e y a r e 
Thus a l l p e o p l e i n v o l v e d i n communi-

t h e measurement can ag r e e t h a t t h e 
i s u s e f u l f o r w h a t e v e r end p u r p o s e s t h e 

By d e f i n i t i o n , a measurement i s a c c u r a t e when 
th e r e s u l t i n g numbers a r e b o t h p r e c i s e and f r e e o f 
any s y s t e m a t i c e r r o r . Under t h e s e c o n d i t i o n s 
c o m p a t i b i l i t y between p a r t i e s i s n o t o n l y p o s s i b l e 
b u t h i g h l y p r o b a b l e . T h i s l e a d s t o t h e somewhat 
o b v i o u s b u t n o t a l w a y s a p p r e c i a t e d c o n c l u s i o n t h a t 
measurement a c c u r a c  l e a d  t t 
c o m p a t i b i l i t y . 

Mechanisms f o r A c h i e v i n g Measurement C o m p a t i b i l i t y 

There a r e a number o f d i f f e r e n t mechanisms by 
w h i c h measurement c o m p a t i b i l i t y may be a c h i e v e d and 
a c c u r a c y t r a n s f e r r e d between two o r more 
l a b o r a t o r i e s . F o r example, a l l p a r t i e s m i g h t a g r e e 
t o use a r e l i a b l e , s t a b l e , g e n e r a t e d r a d i o s i g n a l 
( e . g . , t h e t i m e s i g n a l s t r a n s m i t t e d by NBS r a d i o 
s t a t i o n WWV) as t h e common r e f e r e n c e p o i n t f o r 
a s s u r i n g t h e c o m p a t i b i l i t y o f t i m e measurements. 

The use o f r e f e r e n c e d a t a p r o v i d e s a n o t h e r means 
f o r a s s u r i n g measurement c o m p a t i b i l i t y . T emperature 
measurements can be made c o m p a t i b l e t h r o u g h t h e use 
o f r e f e r e n c e d a t a s u c h as t h e m e l t i n g p o i n t o f p u r e 
s u b s t a n c e s . C o m p a t i b i l i t y o f e l e c t r i c a l c o n d u c t i v i t y 
measurements can a l s o be a c h i e v e d i n a s i m i l a r 
manner. The p u r i t y o f t h e m a t e r i a l i s v e r y c r u c i a l 
i n s u c h an a p p l i c a t i o n . U n l e s s a l l p a r t i e s a r e u s i n g 
( t h e same) " p u r e " m a t e r i a l s , c o m p a t i b i l i t y w i l l n o t 
be a s s u r e d . 

A t h i r d way t o a c h i e v e c o m p a t i b i l i t y i s t h r o u g h 
t h e use o f r e f e r e n c e m a t e r i a l s as a t r a n s f e r medium. 
I n t h e b r o a d e s t s e n s e , a r e f e r e n c e m a t e r i a l i s a 
m a t e r i a l , d e v i c e , o r s y s t e m , w h i c h has been 
c o n s t r u c t e d o r m o d i f i e d i n s u c h a way t h a t d e f i n i t i v e 
n u m e r i c a l v a l u e s can be a s s o c i a t e d w i t h s p e c i f i c 
p r o p e r t i e s . The " m a t e r i a l " m i g h t be an ozone 
g e n e r a t o r t h a t e m i t s known amounts o f ozone o r a 
homogeneous m e t a l a l l o y t h a t c o n t a i n s a known amount 
o f chromium. 
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By u s i n g r e f e r e n c e m a t e r i a l s , measurement 
c o m p a t i b i l i t y can be a c h i e v e d on t h e b a s i s o f 
p r e c i s i o n a l o n e , i f a l l p a r t i e s a g r e e t o use t h e same 
measurement methods and r e f e r e n c e m a t e r i a l . T h i s 
mode o f a c h i e v i n g c o m p a t i b i l i t y i s i l l u s t r a t e d 
s c h e m a t i c a l l y i n f i g u r e 1. Whether t h e l a b o r a t o r i e s 
a r e o b t a i n i n g t h e " t r u e v a l u e " o r n o t i s u n i m p o r t a n t 
as l o n g as t h e measurement i s c o n f i n e d t o t h e group 
o f l a b o r a t o r i e s (A t o D ) , a l l o f w h i c h a r e u s i n g 
e x a c t l y t h e same methods and r e f e r e n c e m a t e r i a l s . 
B u y e r - s e l l e r t r a n s a c t i o n s f o r example can o c c u r i n a 
c o m p a t i b l e manner p r o v i d e d we r e m a i n w i t h i n t h e 
immediate u n i v e r s e o f u s e r s i . e . , among l a b o r a t o r i e s 
(A t o D). However
communicate w i t h a
domain ( e . g . , l a b o r a t o r y E) and t h a t l a b o r a t o r y i s 
u s i n g a d i f f e r e n t measurement method and r e f e r e n c e 
m a t e r i a l , t h e n measurement c o m p a t i b i l i t y may be 
d i f f i c u l t i f n o t i m p o s s i b l e t o a c h i e v e i f p r e c i s i o n 
a l o n e i s t h e b a s i s . T h i s p r o b l e m can u s u a l l y be 
a l l e v i a t e d by a c h i e v i n g c o m p a t i b i l i t y t h r o u g h 
a c c u r a c y r a t h e r t h a n p r e c i s i o n . I n t h a t c a s e t h e 
recommended measurement methods and r e f e r e n c e 
m a t e r i a l s w o u l d have known u n c e r t a i n t i e s a s s o c i a t e d 
w i t h them, i . e . , t h e y w o u l d be c h a r a c t e r i z e d i n terms 
o f r e l i a b l e known v a l u e s d e n o t i n g b o t h i m p r e c i s i o n 
and s y s t e m a t i c e r r o r s . One i m p o r t a n t mechanism f o r 
a c h i e v i n g c o m p a t i b i l i t y on t h e b a s i s o f a c c u r a c y i s 
t h r o u g h t h e use o f r e f e r e n c e m a t e r i a l s and r e f e r e n c e 
methods. T h i s i s t h e mechanism u s e d i n t h e 
d e t e r m i n a t i o n o f c a l c i u m i n serum t o be d e s c r i b e d 
l a t e r . 

A c c u r a t e Measurement and True V a l u e s 

T h i s l e a d s us t o t h e c o n c e p t o f a c c u r a t e 
measurement and t r u e v a l u e s . L e t us p e r f o r m t h e 
f o l l o w i n g t h o u g h t e x p e r i m e n t ( i l l u s t r a t e d i n f i g u r e 
2 ) : We a r e t o measure a s p e c i f i c p r o p e r t y o f a 
l i q u i d s u b s t a n c e , w h i c h i s s t a b l e w i t h r e s p e c t t o 
t i m e and homogeneous w i t h r e s p e c t t o s p a t i a l 
v a r i a t i o n s o f t h e p r o p e r t y b e i n g measured. W i t h o u t 
g e t t i n g i n t o t h e p h i l o s o p h y o f what one means by 
" t r u e v a l u e 1 1 - - l e t us a l l agree t h a t t h e r e can be o n l y 
one u n i q u e t r u e v a l u e o f t h i s p r o p e r t y - - f o r example 
t h e c o p p e r c o n t e n t o f t h e l i q u i d . 

S i n c e measurement c o m p a t i b i l i t y i m p l i e s 
o f u s e r s , suppose we have Ν l a b s each 
measurements i n a way t h a t t h e y a l l g e t 

a s e r i e s 
making 

t h e t r u e 
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• All laboratories (A-D), in universe using same 
methods and reference materials 

• Hence, compatibility within immediate universe 
of users 

• What happen
nicate with " E " who is using different methods 
and reference materials? 

Figure 1. Schematic of how measurement compati
bility may be achieved through precision alone, if all 
interacting laboratories in a network are using exactly 
the same measurement methods and reference 

materials 

Sample 
• liquid 
• stable 
• homogeneous 
• specific property 

Lab A Lab Β Lab Ν 

M A ± ο A M B ± Σ Β M M ± Σ Ν 

If all M's are accurate, then within the σ 's 

M A = M B = •. M N 

and 
Measurement Compatibility Results 

thus 

A C C U R A C Y ENSURES COMPATIBILITY 

Figure 2. Schematic of how measure
ment accuracy assures measurement 

compatibility 
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v a l u e M w i t h i n random u n c e r t a i n t i e s . I f a l l t h e M Ts 
a r e a c c u r a t e , t h e n w i t h i n t h e measurement 
u n c e r t a i n t i e s σ 

and measurement c o m p a t i b i l i t y r e s u l t s . Thus, a g a i n 
we emphasize t h a t a c c u r a c y l e a d s t o c o m p a t i b i l i t y . 

The n e c e s s a r y r e q u i r e m e n t s f o r a c c u r a t e 
measurement systems a r e t h a t t h e y be b o t h p r e c i s e and 
f r e e o f s y s t e m a t i c e r r o r s ( 7 ) . I t m i g h t a l s o be 
d e s i r a b l e t h a t a c c u r a t e measurement t e c h n i q u e s a l s o 
have such c h a r a c t e r i s t i c
r a p i d o p e r a t i o n , an
s u c h r e q u i r e m e n t s a r e n o t n e c e s s a r y t o a c h i e v i n g 
a c c u r a c y b u t r a t h e r a r e p r a c t i c a l c o n s i d e r a t i o n s . 

C o n s i d e r a p r a g m a t i c o p e r a t i o n a l d e f i n i t i o n o f 
what we c a l l M t r u e v a l u e . " The t r u e v a l u e o f a 
p r o p e r t y i s t h a t v a l u e t h a t can u l t i m a t e l y be t r a c e d 
t o t h e base o r d e r i v e d u n i t s o f measurement, e.g., 
l e n g t h , mass, o r t i m e t h r o u g h e x p e r i m e n t s h a v i n g no 
s y s t e m a t i c e r r o r s ( o r w i t h s y s t e m a t i c e r r o r s m a l l 
r e l a t i v e t o p r a c t i c a l end-use r e q u i r e m e n t s ) . One 
c o u l d l o o k a t t h e t r u e v a l u e o f t h e speed o f l i g h t i n 
two ways: 1. P h i l o s o p h i c a l l y - - o n e may n e v e r be a b l e 
t o d e t e r m i n e t h e t r u e v a l u e w i t h a b s o l u t e c e r t a i n t y , 
and 2. P r a g m a t i c a l l y - - m e t r o l o g i s t s have been a b l e t o 
d e t e r m i n e a b e s t v a l u e o f t h e speed o f l i g h t w i t h 
r a t h e r s m a l l u n c e r t a i n t i e s . T h i s b e s t v a l u e i s 
o p e r a t i o n a l l y synonymous w i t h t h e t r u e v a l u e . 
F u r t h e r m o r e , t h e s e u n c e r t a i n t i e s i n t h e measurement 
o f t h e speed o f l i g h t can be d i r e c t l y r e l a t e d t o t h e 
u n c e r t a i n t i e s i n t h e d e t e r m i n a t i o n o f t h e b a s i c 
measurement u n i t s s u c h as l e n g t h o r t i m e . T h i s p a p e r 
assumes t h a t t h e p r a g m a t i c a p p r o a c h t o d e t e r m i n i n g 
t r u e v a l u e s i s v a l i d . Thus, t r u e v a l u e s a r e t h o s e 
t h a t a r e d e t e r m i n e d by p r e c i s e measurement methods, 
t h a t a r e e s s e n t i a l l y f r e e o f s y s t e m a t i c e r r o r and a r e 
t r a c e a b l e t o b a s i c m e t r o l o g i c a l measurements. 

The Measurement Method H i e r a r c h y and t h e T r a n s f e r o f 
A c c u r a c y 

T h i s l e a d s us t o t h e c o n c e p t o f t h e measurement 
method h i e r a r c h y , t h e p r o b l e m o f t r a n s f e r r i n g 
a c c u r a c y t h r o u g h o u t t h e h i e r a r c h y , and t o t h e r o l e o f 
r e f e r e n c e m a t e r i a l s and r e f e r e n c e methods i n t h i s 
p r o c e s s (8^,9 ,10) . There a r e a number o f mechanisms 
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t h a t can be u t i l i z e d t o t r a n s f e r a c c u r a c y t h r o u g h o u t 
measurement n e t w o r k s . T h i s i s i l l u s t r a t e d by 
r e f e r r i n g t o t h e s o - c a l l e d Measurement " P y r a m i d , " 
w h i c h i s shown i n v e r t e d i n f i g u r e 3. 

At t h e b o t t o m p o i n t a r e t h e f u n d a m e n t a l 
m e t r o l o g i s t s o f t h e w o r l d who a r e c o n c e r n e d w i t h 
a c c u r a t e e x p e r i m e n t a l d e t e r m i n a t i o n s o f t h e base 
u n i t s o f measurement. The m e t r o l o g i c a l community 
c o n s i s t s o f a r e l a t i v e l y s m a l l group o f s c i e n t i s t s 
d e d i c a t e d t o t h e a c c u r a t e d e t e r m i n a t i o n o f t h e s e v e n 
b a s i c measurement u n i t s s u c h as l e n g t h and t h e 40 o r 
so d e r i v e d u n i t s s u c h as v o l t a g e . We must emphasize 
t h a t u n l e s s s u c h f u n d a m e n t a  e x p e r i m e n t
a r e c a r r i e d o u t ,
i n f r a s t r u c t u r e i s on shaky grounds as f a r as a c c u r a c y 
i s c o n c e r n e d . M e t r o l o g i c a l measurements a r e n o r m a l l y 
o f t h e h i g h e s t a c c u r a c y , i n some c a s e s a p p r o a c h i n g 1 
p a r t i n 10*° o r b e t t e r . 

The n e x t l e v e l on t h e measurement p y r a m i d i s 
r e p r e s e n t e d by a b s o l u t e measurement methods ( o r 
d e f i n i t i v e methods as t h e y a r e b e i n g c a l l e d i n t h e 
c l i n i c a l c h e m i s t r y f i e l d ) . D e f i n i t i v e methods (11) 
a r e t h o s e t h a t have been s u f f i c i e n t l y w e l l - t e s t e d and 
e v a l u a t e d so t h a t r e p o r t e d r e s u l t s have e s s e n t i a l l y 
z e r o s y s t e m a t i c e r r o r s and have h i g h l e v e l s o f 
p r e c i s i o n . T h e r e f o r e t h e y g i v e t r u e v a l u e s w i t h i n a 
n a r r o w range o f u n c e r t a i n t y . These methods a r e 
u s u a l l y e x p e n s i v e , t i m e - c o n s u m i n g , r e q u i r e h i g h l y 
s o p h i s t i c a t e d a n a l y s t s and u n f o r t u n a t e l y a r e u s u a l l y 
n o t v e r y p r a c t i c a l f o r e v e r y d a y f i e l d u s e . 

The t h i r d l e v e l i s r e p r e s e n t e d by o t h e r methods 
c a l l e d by s u c h names as r e f e r e n c e methods o r 
s t a n d a r d i z e d methods. These, l i k e a b s o l u t e methods, 
a r e a l s o o f known a c c u r a c y a l t h o u g h u s u a l l y t h e 
i n a c c u r a c i e s a r e o f g r e a t e r m agnitude o r l e s s w e l l -
d e f i n e d t h a n f o r d e f i n i t i v e methods. These methods 
a r e g e n e r a l l y f a s t e r and l e s s e x p e n s i v e t h a n t h e 
a b s o l u t e methods. Many o f t h e ASTM recommended 
a n a l y t i c a l methods f a l l i n t o t h i s c a t e g o r y (12) . 

The f i n a l l e v e l o f t h e measurement p y r a m i d 
c o n s i s t s o f t h e r o u t i n e o r f i e l d methods t h a t a r e 
g e n e r a l l y f a s t , cheap, and u s u a l l y r e q u i r e r e l a t i v e l y 
n o n - s o p h i s t i c a t e d p e r s o n n e l f o r a p p l i c a t i o n . F i e l d 
methods a r e g e n e r a l l y u s e d i n a p p l i c a t i o n s i n v o l v i n g 
l a r g e numbers o f s e p a r a t e measurements t h a t must be 
p e r f o r m e d r a p i d l y . A l t h o u g h many o f t h e f i e l d 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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methods may be v e r y p r e c i s e , t h e y may be h i g h l y 
i n a c c u r a t e . 

T h i s b r i n g s us t o a key p o i n t o f t h i s p a p e r . I n 
o r d e r t o a c h i e v e measurement c o m p a t i b i l i t y on a l a r g e 
s c a l e , some mechanism f o r t r a n s f e r r i n g a c c u r a c y f r o m 
t h e b o t t o m two s t e p s t o t h e t o p o f t h e p y r a m i d must 
be f o u n d . One mechanism f o r t r a n s f e r r i n g a c c u r a c y 
t h r o u g h t h i s n e t w o r k i s t h r o u g h w e l l - c h a r a c t e r i z e d 
r e f e r e n c e m a t e r i a l s . 

EXAMPLES OF THE TRANSFER OF ACCURACY 

We now p r e s e n
i l l u s t r a t e t h e t r a n s f e y t h r o u g h o u
measurement h i e r a r c h y . A t t h i s p o i n t , we i g n o r e t h e 
bot t o m s t e p o f t h e p y r a m i d w i t h t h e u n d e r s t a n d i n g 
t h a t t o a c h i e v e measurement a c c u r a c y , one must be 
a b l e t o t r a c e c e r t a i n key measurements t o t h e 
e x p e r i m e n t a l r e a l i z a t i o n o f t h e base measurement 
u n i t s . 

The Measurement o f C a l c i u m i n Serum 

C o n s i d e r t h e example o f t h e measurement o f Ca i n 
serum, w h i c h i s u s e d by p h y s i c i a n s t o d i a g n o s e 
c e r t a i n t h y r o i d d i s e a s e s . F i g u r e 4 d e s c r i b e s t h e 
measurement methods and a s s o c i a t e d i n a c c u r a c i e s a t 
d i f f e r e n t l e v e l s i n t h e c a l c i u m measurement 
h i e r a r c h y . The most a c c u r a t e method f o r d e t e r m i n i n g 
Ca i s t h r o u g h t h e d e f i n i t i v e method o f i s o t o p e 
d i l u t i o n - m a s s s p e c t r o m e t r y (ID-MS) (13) , whereby t h e 
a c c u r a c y can be e v a l u a t e d from f i r s t p r i n c i p l e s and 
t r a c e d d i r e c t l y t o t h e e x p e r i m e n t a l r e a l i z a t i o n o f 
th e base measurement u n i t s . As a r e f e r e n c e m a t e r i a l , 
a p u r e a n a l y t e s u c h as CaC0 3 i s r e q u i r e d . The l e v e l 
o f i n a c c u r a c y i s 0.2V f o r c a l c i u m . The n a t i o n a l l y -
a c c e p t e d r e f e r e n c e method (lji,2J> > 16)_ i s an a t o m i c 
a b s o r p t i o n t e c h n i q u e . The a c c u r a c y o f t h e r e f e r e n c e 
method i s b a s e d on a s t a n d a r d r e f e r e n c e m a t e r i a l 
w h i c h i n t u r n was c e r t i f i e d u s i n g t h e d e f i n i t i v e 
method. The l e v e l o f i n a c c u r a c y f o r t h e r e f e r e n c e 
method i s ±2.0%, a f a c t o r o f t e n h i g h e r t h a n f o r t h e 
d e f i n i t i v e method. F i n a l l y , t h e r e a r e numerous f i e l d 
methods, many o f w h i c h have been a s s e s s e d by t h e 
C o l l e g e o f A m e r i c a n P a t h o l o g i s t s (CAP) i n i t s p r o 
f i c i e n c y t e s t i n g p r ogram (Γ7,18). In t h e s e t e s t s , 
t h e CAP used t h e r e f e r e n c e metKod w i t h r e f e r e n c e 
s e r a , w h i c h a r e " m a t r i x " r e f e r e n c e m a t e r i a l s 
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• Accuracy decreases and use increases in going from 
bottom

Figure 3. The measurement "pyramid" 
representing the hierarchy of measure
ment methods needed to transfer accuracy 
from the experimental realization of the 
base measurement units to methods used 

in the field 

Method Accuracy Level Reference Material 

1. Definitive via first principles; traceable ±0.2% Pure C a C 0 3 

Isotope- to SI; pure analyte required 
dilution Mass (SRM) 
Spectrometry 

II. Reference via samples accurately ±2.0% Pure C a C 0 3 

Atomic Ab assayed using definitive 
sorption method. SRM required. 

III. Field via reference method and ±5-10% Ca in reference 
9 different accurately assessed ref- sera 
methods sera. 
assessed 
byCDC 

Figure 4. The hierarchy of reference methods and reference materials 
used to establish a compatible measurement system for the determination 

of calcium in serum 
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c o n t a i n i n g known amounts ο 
i n t e r e s t . Depending on 
t h e i n a c c u r a c i e s a r e known 
10%. 

£ c a l c i u m i n t h e m a t r i x o f 
th e s p e c i f i c f i e l d method, 
to be i n t h e range o f 5-

The r e c e n t e f f o r t s t o improve t h e a c c u r a c y o f 
c a l c i u m measurements i n t h e U n i t e d S t a t e s i l l u s t r a t e 
a number o f i m p o r t a n t p o i n t s . These i n c l u d e t h e f a c t 
t h a t an i m p o r t a n t component o f a t o t a l n a t i o n a l 
measurement s y s t e m i s some mechanism ( e . g . , 
p r o f i c i e n c y t e s t i n g ) t h a t a s s u r e s l o n g - t e r m q u a l i t y 
c o n t r o l o f t h e s y s t e m . 

I n 1969, NBS c e r t i f i e d d i s s u e d f o  i  t h
c l i n i c a l l a b o r a t o r i e
had v e r y l i t t l e i mmediat  i m p a c
measurement o f c a l c i u m i n serum on a n a t i o n a l s c a l e , 
b e c ause no n a t i o n a l l y - a c c e p t e d r e f e r e n c e method was 
a v a i l a b l e a t t h a t t i m e t o e v a l u a t e t h e a c c u r a c y o f 
t h e f i e l d methods. R e c o g n i z i n g t h i s d e f i c i e n c y , NBS, 
t o g e t h e r w i t h s e v e r a l o t h e r government a g e n c i e s [ t h e 
C e n t e r f o r D i s e a s e C o n t r o l (CDC) and t h e N a t i o n a l 
I n s t i t u t e s o f H e a l t h (NIH)] and s e v e r a l p r o f e s s i o n a l 
s o c i e t i e s ( e . g . , t h e A m e r i c a n A s s o c i a t i o n f o r 
C l i n i c a l C h e m i s t r y ) , e s t a b l i s h e d a measurement 
n e t w o r k t o d e v e l o p a r e f e r e n c e method f o r d e t e r m i n i n g 
c a l c i u m i n serum (14·) . F i v e " r o u n d - r o b i n " t e s t s 
u s i n g a n e t w o r k o f seven q u a l i f i e d c l i n i c a l 
l a b o r a t o r i e s were r e q u i r e d b e f o r e t h e a c c u r a c y o f a 
r e f e r e n c e method was s u f f i c i e n t l y d e m o n s t r a t e d . 
R e f e r e n c e method development i s n o t a t r i v i a l 
u n d e r t a k i n g : two y e a r s o f e f f o r t c o s t i n g o v e r 
$125,000 were r e q u i r e d i n t h i s c a s e . An a c c u r a c y f o r 
t h e r e f e r e n c e method o f w i t h i n ±1% o f t h e t r u e v a l u e 
was t h e i n i t i a l g o a l . However, t h i s l e v e l o f 
a c c u r a c y s i m p l y was n o t a t t a i n a b l e a t t h a t t i m e and 
i s now ±2%. 

H a v i n g d e m o n s t r a t e d t h i s d e gree o f o v e r a l l 
a c c u r a c y f o r t h e r e f e r e n c e method, a sample o f serum 
was p r e p a r e d and a n a l y z e d by s e v e n p a r t i c i p a t i n g 
l a b o r a t o r i e s ( u s i n g t h e r e f e r e n c e method and t h e 
SRM), and by n i n e c o m m e r c i a l and h o s p i t a l 
l a b o r a t o r i e s , w h i c h u s e d f i e l d methods f o r c a l c i u m 
The r e s u l t i n g d a t a a r e summarized i n f i g u r e 5. A l l 
r e s u l t s a r e p l o t t e d as a b s o l u t e p e r c e n t d e v i a t i o n s 
f r o m t h e M t r u e v a l u e " as d e t e r m i n e d by ID-MS. Note 
t h a t t h r e e o f t h e t w e l v e c o m m e r c i a l l a b o r a t o r i e s 
r e p o r t e d r e s u l t s above t h e 81 e r r o r danger l i n e , 
w h i c h i s t h e l e v e l where i n c o r r e c t m e d i c a l d i a g n o s i s 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



150 VALIDATION OF T H E M E A S U R E M E N T PROCESS 

c o u l d l e a d t o e r r o n e o u s t r e a t m e n t o f t h e d i s e a s e 
c a l l e d h y p e r p a r a t h r o i d i s m . O b v i o u s l y , some o f t h e 
f i e l d methods were i n need o f improvement. 

Subsequent t o t h i s s t u d y and b a s e d on t h e 
c o n c e p t o f u s i n g r e f e r e n c e methods p l u s r e f e r e n c e 
m a t e r i a l s t o h e l p a s s u r e measurement a c c u r a c y and 
c o m p a t i b i l i t y , t h e CDC (19) has d i s c o v e r e d t h a t o f 
t h e n i n e d i f f e r e n t r o u t i n e methods u s e d f o r c a l c i u m , 
one i s s u f f i c i e n t l y b i a s e d t h a t i t i s now recommended 
f o r d i s c o n t i n u a n c e , w h i l e f o u r o t h e r s a r e i n need o f 
improvement. F i e l d t e s t s been u s e d i n t h e U n i t e d 
Kingdom (20) p a r a l l e l t h e s e f i n d i n g s . 

D u r i n g t h e developmen
method, t h e f o l l o w i n g f a c t o r s were found t o 
c o n t r i b u t e t o s y s t e m a t i c b i a s e s : q u a l i t y o f r e a g e n t s 
( i n c l u d i n g w a t e r ) ; t h e q u a l i t y o f v o l u m e t r i c 
g l a s s w a r e ; i n s t r u m e n t s t a b i l i t y and l i n e a r i t y ; 
a n a l y t i c a l t e c h n i q u e s ; t h e q u a l i t y and even t h e 
m o t i v a t i o n o f t h e a n a l y s t . When f a c t o r s s u c h as 
t h e s e were p r o p e r l y i d e n t i f i e d and c o n t r o l l e d , 
a c c u r a t e and c o m p a t i b l e measurement soon f o l l o w e d . 

I f measurement c o m p a t i b i l i t y and a c c u r a c y on a 
n a t i o n a l s c a l e a r e t o be m a i n t a i n e d , t h e s e f i n d i n g s 
i n d i c a t e t h e need f o r a mechanism t o a s s u r e l o n g - t e r m 
q u a l i t y c o n t r o l o v e r t h e measurement p r o c e s s even i n 
t h o s e c a s e s where good m e t h o d o l o g y and s t a n d a r d s have 
a l r e a d y been d e v e l o p e d ! 

NBS has i s s u e d o v e r 20 c l i n i c a l r e f e r e n c e 
m a t e r i a l s i n r e c e n t y e a r s and i s c u r r e n t l y i n v o l v e d 
i n a j o i n t program w i t h CDC and t h e Food and Drug 
A d m i n i s t r a t i o n t o d e v e l o p a number o f c l i n i c a l 
r e f e r e n c e methods f o r s u b s t a n c e s s u c h as g l u c o s e , 
v a r i o u s e l e c t r o l y t e s i n serum, u r e a and u r i c a c i d . 

The Measurement o f N0 2 i n 

An example o f t h e 
a c c u r a c y o f an i m p o r t a n t 
s y s t e m , i s t h e use o f 
d i o x i d e SRM 1s t o e v a l u a t e 
P r o t e c t i o n Agency (EPA) 
a n a l y s i s o f N 0 2 i n ambi< 
s t u d y i s d e s c r i b e d i n a p< 

Ambient A i r 

use o f SRM 1s t o improve t h e 
e n v i r o n m e n t a l measurement 
a s e r i e s o f NBS n i t r o g e n 

an o f f i c i a l E n v i r o n m e n t a l 
r e f e r e n c e method f o r t h e 

n t a i r . T h i s p a r t i c u l a r 
p e r by J . R. McNesby ( 2 1 ) . 

In 1971, EPA d e s i g n a t e d t h e " J a c o b s - H o c h h e i s e r 
Method" t o be t h e o f f i c i a l EPA R e f e r e n c e Method f o r 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



4. U R i A N O A N D C A L i Reference Materials and Methods 151 

th e measurement o f N 0 2 i n ambient a i r . T h i s i s a 
c o l o r i m e t r i c method i n v o l v i n g t h e d i a z o t i z a t i o n o f 
s u l f a n i l a m i d e by ambient N 0 2 i n c o m b i n a t i o n w i t h 
o t h e r a p p r o p r i a t e r e a g e n t s . Because o f l e g a l 
n e c e s s i t y a t t h e t i m e t o q u i c k l y d e s i g n a t e an 
o f f i c i a l R e f e r e n c e Method, i t was n o t p o s s i b l e t o 
e v a l u a t e t h e a c c u r a c y o f t h e J a c o b s - H o c h h e i s e r Method 
n o r t o p e r f o r m any c o l l a b o r a t i v e t e s t i n g p r i o r t o i t s 
d e s i g n a t i o n as an o f f i c i a l R e f e r e n c e Method. T h i s 
method was s e l e c t e d (22) i n p a r t b e c a u s e i t had been 
p r e v i o u s l y u s e d i n a h e a l t h e f f e c t s s t u d y and was 
known t o have good p r e c i s i o n . Thus, i n t h e o r y an 
i n t e r n a l l y c o n s i s t e n t and c o m p a t i b l e measurement 
s y s t e m w o u l d r e s u l t whereb  unknow  ambient a i
c o n c e n t r a t i o n s c o u l
e f f e c t s d a t a . 

I n 1972, EPA r e q u e s t e d f o r and s u p p o r t e d t h e 
i s s u a n c e o f a N0 2 P e r m e a t i o n Tube S t a n d a r d R e f e r e n c e 
M a t e r i a l d e s i g n a t e d as SRM 1629 (23)· T h i s SRM 
c o n s i s t s o f a g l a s s t u b e f i l l e d w i t h l i q u i d N 0 2 . The 
N0 2 p e r m e a t i n g t h r o u g h t h e cap i s a c c u r a t e l y measured 
v i a g r a v i m e t r y . The t u b e s a r e c a l i b r a t e d f o r 
p e r m e a t i o n r a t e as a f u n c t i o n o f t e m p e r a t u r e and a r e 
use d t o g e n e r a t e known c o n c e n t r a t i o n s o f N0 2 i n a i r . 

In t h e i r f i r s t a p p l i c a t i o n , t h e SRM !s were u s e d 
by EPA (24) t o e v a l u a t e t h e s y s t e m a t i c e r r o r s 
i n h e r e n t i n t h e J a c o b s - H o c h h e i s e r r e f e r e n c e method. 
P r e v i o u s a p p l i c a t i o n s o f t h e J a c o b s - H o c h h e i s e r method 
were b a s e d i n p a r t on t h e a s s u m p t i o n t h a t t h e 
c o l l e c t i o n e f f i c i e n c y was a c o n s t a n t 35% o v e r t h e 
c o m p l e t e r a n g e o f c o n c e n t r a t i o n . EPA u s e d t h e SRM's 
t o d e t e r m i n e t h e c o l l e c t i o n e f f i c i e n c i e s o f t h e J a 
cobs - H o c h h e i s e r method and t h e r e s u l t s a r e shown i n 
f i g u r e 6. U s i n g f o u r d i f f e r e n t p e r m e a t i o n t u b e s , t h e 
o v e r a l l c o l l e c t i o n e f f i c i e n c i e s were f o u n d t o v a r y 
c o n s i d e r a b l y w i t h N 0 2 c o n c e n t r a t i o n . The 35% e f 
f i c i e n c y l e v e l i s shown by t h e dashed l i n e . The 
c o l l e c t i o n e f f i c i e n c i e s a t low c o n c e n t r a t i o n s were 
c o n s i d e r a b l y h i g h e r t h a n 35%. A t h i g h c o n c e n t r a t i o n s 
t h e c o l l e c t i o n e f f i c i e n c i e s were c o n s i d e r a b l y l o w e r . 
These d a t a showed t h e s y s t e m a t i c e r r o r s i n h e r e n t i n 
th e J a c o b s - H o c h h e i s e r method. EPA w i t h d r e w t h e 
method as t h e o f f i c i a l R e f e r e n c e Method f o r N0 2 

measurements and has r e c e n t l y e v a l u a t e d o t h e r more 
p r o m i s i n g a n a l y t i c a l methods. They have p r o p o s e d 
t h a t NBS S t a n d a r d R e f e r e n c e M a t e r i a l s be used t o 
c a l i b r a t e t h e methods (2 5 ) . 
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Figure 5. A comparison of calcium in serum data ob
tained by laboratories using the SRM, plus reference 
method (RM) with results obtained by laboratories using 

field methods (14) 
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Figure 6. Data illustrating the use of NBS N02 permeation tube SRM's to evaluate the 
collection efficiencies of the Jacobs-Hochheiser method (21) 
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T h i s example p o i n t s out t h e g r e a t need f o r 
measurement methods w i t h w e l l - c h a r a c t e r i z e d 
a c c u r a c i e s as w e l l as f o r good r e f e r e n c e m a t e r i a l s . 
The r e f e r e n c e m a t e r i a l by i t s e l f c a n n o t a s s u r e 
i n t e r l a b o r a t o r y measurement c o m p a t i b i l i t y i f t h e 
a n a l y t i c a l m e t h o d o l o g y i s p o o r . However, i n su c h 
c a s e s , t h e SRM p r o v i d e s an i m p o r t a n t means f o r 
e v a l u a t i n g a n a l y t i c a l methods. 

The D e t e r m i n a t i o n o f M e r c u r y i n Water a t t h e PPB 
L e v e l 

The need f o r good r e f e r e n c e m a t e r i a l s and 
a n a l y t i c a l method
measurement o f t r a c
w a t e r a t l e v e l s o f 1 p a r t p e r b i l l i o n o r l e s s . I n 
e a r l y 1975, NBS was about r e a d y t o i s s u e two new 
S t a n d a r d R e f e r e n c e M a t e r i a l s t o be u s e d i n l o w - l e v e l 
m e r c u r y a n a l y s i s . SRM's 1641 and 1642 were c e r t i f i e d 
f o r m e r c u r y c o m p o s i t i o n a t t h e l e v e l o f 1.49 yg/ml 
and 1.18 ng/ml r e s p e c t i v e l y . S i n c e t h e r e were no 
m e r c u r y r e f e r e n c e m a t e r i a l s a v a i l a b l e a t t h o s e 
l e v e l s , i t was t h o u g h t t h a t t h e NBS-SRM !s m i g h t 
p r o v i d e an o p p o r t u n i t y t o e v a l u a t e a n a l y t i c a l f i e l d 
methods c u r r e n t l y b e i n g u s e d f o r me r c u r y m o n i t o r i n g . 
Here was a s i t u a t i o n where t h e r e were no a c c e p t e d 
n a t i o n a l r e f e r e n c e methods b u t t h e r e were s u p p o s e d l y 
adequate f i e l d methods ( e . g . , c o l d - v a p o r a t o m i c 
a b s o r p t i o n ) i n r a t h e r w i d e s p r e a d u s e . 

D. A. B e c k e r (26) and c o w o r k e r s i n t h e NBS 
A n a l y t i c a l C h e m i s t r y D i v i s i o n c a r r i e d o u t an 
i n t e r l a b o r a t o r y c o m p a r i s o n f o r m e r c u r y measurements. 
The p a r t i c i p a t i n g l a b o r a t o r i e s p e r f o r m e d e x p e r i m e n t s 
w i t h and w i t h o u t SRM's t o see i f t h e SRM wo u l d h e l p 
t o improve measurement c o m p a t i b i l i t y between 
l a b o r a t o r i e s . S e v e n t e e n l a b o r a t o r i e s p a r t i c i p a t e d i n 
one o r b o t h phases o f t h i s s t u d y and e i g h t 
l a b o r a t o r i e s s u b m i t t e d s u f f i c i e n t d a t a t o a l l o w 
s t a t i s t i c a l a n a l y s i s . F o u r d i f f e r e n t m e r c u r y 
c o n c e n t r a t i o n s were used t o e s t a b l i s h t a r g e t v a l u e s 
c o v e r i n g t h e range from 0.2 t o 5.0 p a r t s p e r b i l l i o n . 
The raw d a t a w i t h o u t t h e use o f t h e SRM show a g r e a t 
d e a l o f s c a t t e r w i t h s e v e r a l o f t h e l a b o r a t o r i e s 
o b t a i n i n g r e s u l t s w h i c h d e v i a t e d f r o m t h e t a r g e t 
v a l u e s by a f a c t o r o f 10 o r more. 

T h i s e x p e r i m e n t was r e p e a t e d a t t h e same 
c o n c e n t r a t i o n l e v e l s , b u t t h e NBS-SRM ?s were s e n t o u t 
a l o n g w i t h t h e "unknown" s o l u t i o n s t o be us e d as 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



154 VALIDATION O F T H E M E A S U R E M E N T PROCESS 

c o n t r o l s f o r c h e c k i n g t h e a n a l y t i c a l p r o c e d u r e s o f 
t h e i n d i v i d u a l l a b o r a t o r i e s . The summary o f r e s u l t s 
a r e shown i n t a b l e s 1 and 2. Summarized a r e t h e 
t a r g e t v a l u e , t h e a v e r a g e v a l u e o b t a i n e d by a l l 
l a b o r a t o r i e s ( w i t h and w i t h o u t t h e use o f t h e SRM) 
and t h e c o e f f i c i e n t o f v a r i a t i o n between l a b o r a t o r i e s 
( w i t h and w i t h o u t t h e use o f t h e SRM). The d a t a i n 
t a b l e 1 i n d i c a t e t h a t t h e p r e c i s i o n between 
l a b o r a t o r i e s was i m p r o v e d l i t t l e i f a t a l l t h r o u g h 
t h e use o f t h e SRM. T a b l e 2 shows t h e d e v i a t i o n s o f 
t h e a v e r a g e v a l u e s from t h e t a r g e t v a l u e , e x p r e s s e d 
as a p e r c e n t a g e o f t h e t a r g e t v a l u e w i t h and w i t h o u t 
t h e use o f t h e SRM. These r e s u l t s i n d i c a t e l i t t l e o r 
no improvement i  t h r o u g h t h f t h
SRM. 

Thus, i n t h i s p a r t i c u l a r c a s e t h e use o f t h e SRM 
a p p e a r s t o have l i t t l e o r no e f f e c t on i m p r o v i n g 
e i t h e r t h e i n t e r l a b o r a t o r y p r e c i s i o n o r t h e a c c u r a c y 
o f t h e measurements. Any improvements a r e p r o b a b l y 
t o o s m a l l t o be o f p r a c t i c a l v a l u e . The i n t e r 
l a b o r a t o r y p r e c i s i o n and a c c u r a c y seem t o be much 
b e t t e r above 1 ppb t h a n b e l o w , w i t h o r w i t h o u t t h e 
use o f t h e SRM. 

The f a c t t h a t t h e SRM does n o t h e l p t o 
s i g n i f i c a n t l y improve t h e a c c u r a c y o r c o m p a t i b i l i t y 
o f t h e s e measurements l e a d s us t o examine t h e 
measurement m e t h o d o l o g y b e i n g u s e d . A more d e t a i l e d 
e x a m i n a t i o n o f t h e raw d a t a i n d i c a t e s t h a t o n l y a few 
o f t h e p a r t i c i p a t i n g l a b o r a t o r i e s a c h i e v e d good 
a c c u r a c y and p r e c i s i o n w i t h o r w i t h o u t t h e SRM a t a l l 
c o n c e n t r a t i o n s s t u d i e d . F o r example, one p a r t i c u l a r 
l a b o r a t o r y d e v i a t e d from t h e t a r g e t v a l u e by o n l y 
+11% and +4% w i t h o u t t h e SRM a t t h e l o w e s t and 
h i g h e s t c o n c e n t r a t i o n s s t u d i e d . U s i n g t h e SRM, t h e 
d e v i a t i o n s were +11% and +3% a t t h e l o w e s t and 
h i g h e s t c o n c e n t r a t i o n s . Such d a t a i n d i c a t e t h a t t h e 
measurement p r o c e d u r e s o f s e v e r a l o f t h e l a b o r a t o r i e s 
were i n v e r y good s t a t i s t i c a l c o n t r o l . The d a t a a l s o 
p r o v i d e d some e v i d e n c e t h a t t h e l a b o r a t o r i e s coming 
c l o s e s t t o t h e t a r g e t v a l u e s a l s o had g r e a t e r w i t h i n 
l a b o r a t o r y p r e c i s i o n t h a n t h e o t h e r l a b o r a t o r i e s . 

I t w o u l d be i n t e r e s t i n g t o d e t e r m i n e why c e r t a i n 
l a b o r a t o r i e s were a b l e t o do so w e l l w h i l e t h e 
measurements o f o t h e r s seemed c o m p l e t e l y o u t o f 
c o n t r o l , even though a s u p p o s e d l y s i m i l a r measurement 
t e c h n i q u e was u s e d by a l l . One a p p r o a c h t o i m p r o v i n g 
r e s u l t s i n t h o s e l a b o r a t o r i e s w o u l d be t o have t h e 
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Table 1. Average and Coefficient of Variation for Data Obtained 
by Eight Laboratories in the Evaluation of Methods Used 

to Determine Trace Mercury in Water 

Target Value 
(ppb) 

Without U 
Average^1* 

se of S R M 
% CV<2> 

With Us 
Average ( 1 ) 

e of S R M 
% CV<2) Target Value 

(ppb) 

0.18 0.24 57 .23 60 

0.64 0.7

1.16 1.30 25 1.22 16 

4.98 5.17 7.3 5.12 9.3 

(1) Average of 8 laboratories. 
(2) Relative standard deviation, expressed as percent of 

the average (of 8 labs), of variability among laboratories. 

Table 2. Deviation from the Target Values of the 
Interlaboratory Comparison Test Results 

for Mercury Measurements 

% Deviation From Target Value 

Target Value 
(ppb) Without Use of S R M With Use of S R M 

0.18 + 33 + 28 

0.64 + 17 - 9 

1.16 + 12 + 5 

4.98 + 4 + 3 

In Validation of the Measurement Process; DeVoe, J.; 
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l a b o r a t o r i e s t h a t a r e c a p a b l e o f p r o d u c i n g r e s u l t s 
w i t h good w i t h i n - l a b o r a t o r y p r e c i s i o n and a c c u r a c y , 
d e v e l o p a s t r i c t measurement p r o t o c o l o r r e f e r e n c e 
method. Then one c o u l d r e p e a t t h e e x p e r i m e n t 
r e q u i r i n g t h a t t h e s t r i c t r e f e r e n c e method p r o t o c o l 
be f o l l o w e d by a l l l a b o r a t o r i e s . T h i s s h o u l d 
i n c r e a s e w i t h i n l a b o r a t o r y p r e c i s i o n s t o t h e p o i n t 
where t h e SRM s h o u l d t h e n be o f g r e a t e r v a l u e i n 
r e d u c i n g between l a b o r a t o r y v a r i a t i o n s . 

T h i s example i n d i c a t e s t h a t a r e f e r e n c e m a t e r i a l 
i n a nd/of i t s e l f i s n o t s u f f i c i e n t t o i n s u r e a c c u r a t e 
and c o m p a t i b l e measurements, i f a s t a t e o f i n t e r n a l 
o r w i t h i n - l a b q u a l i t l ha  f i r s  bee
a t t a i n e d by each l a b o r a t o r
a d d i t i o n t o making p r o p e r use o f t h e SRM, adequate 
a n a l y t i c a l p r o c e d u r e s and methods under s t r i c t 
q u a l i t y c o n t r o l a r e a l s o n e c e s s a r y . 

T r a c e Cr i n B i o l o g i c a l M a t r i c e s 

The f i n a l example i s c o n c e r n e d w i t h a l a c k o f 
measurement c o m p a t i b i l i t y between l a b o r a t o r i e s 
s t u d y i n g t h e r o l e o f t r a c e m e t a l s i n b i o l o g i c a l 
p r o c e s s e s and s y s t e m s . A r e c e n t p a p e r by W. M e r t z 
has r e v i e w e d t h e measurement p r o b l e m s a s s o c i a t e d w i t h 
t h e a n a l y s i s o f t h e t r a c e e l e m e n t s i m p o r t a n t t o 
n u t r i t i o n and h e a l t h . F o r example, Cr i s b e l i e v e d t o 
p l a y an i m p o r t a n t r o l e i n p r o c e s s e s g o v e r n i n g t h e 
o n s e t o f d i a b e t e s t h r o u g h a C r - c o n t a i n i n g s u b s t a n c e 
known as t h e " g l u c o s e t o l e r a n c e f a c t o r . " 

Over t h e p a s t few y e a r s , some s e r i o u s p r o b l e m s 
a s s o c i a t e d w i t h i n t e r l a b o r a t o r y c o m p a t i b i l i t y o f Cr 
a n a l y s e s i n c e r t a i n b i o l o g i c a l m a t r i c e s have become 
a p p a r e n t . M e r t z r e p o r t e d on v a l u e s f o r Cr 
c o n c e n t r a t i o n s i n b l o o d as o b t a i n e d by v a r i o u s 
i n v e s t i g a t o r s u s i n g s e v e r a l d i f f e r e n t a n a l y t i c a l 
methods {IT). V a r i a t i o n s by a f a c t o r o f 1000 were 
r e p o r t e d . "Even i f one t a k e s i n t o a c c o u n t t h e f a c t 
t h a t t h e i n v e s t i g a t o r s u s e d d i f f e r e n t specimens and 
t h e d i f f e r e n c e s one m i g h t e x p e c t i n " n o r m a l " v a l u e s 
between i n d i v i d u a l s , t h e t r a c e chromium measurement 
s y s t e m seems t o be out o f c o n t r o l . 

T h i s i s f u r t h e r i l l u s t r a t e d by some r e c e n t 
measurements p e r f o r m e d a t NBS and e l s e w h e r e ( 2 6 ) . 
The Cr c o n t e n t o f two b i o l o g i c a l m a t r i x SRM fs was 
d e t e r m i n e d . The NBS O r c h a r d Leaves SRM (SRM 1571) 
has a known v a l u e f o r t h e Cr c o n c e n t r a t i o n , w h i c h 
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seems t o be e a s i l y r e p r o d u c e d when measured i n d e p e n 
d e n t l y by d i f f e r e n t l a b o r a t o r i e s . On t h e o t h e r hand, 
when Cr i s d e t e r m i n e d i n t h e NBS B o v i n e L i v e r SRM 
(SRM 1577) a t d i f f e r e n t l a b o r a t o r i e s , t h e v a l u e s 
o b t a i n e d show c o n s i d e r a b l e v a r i a b i l i t y . F o r example, 
NBS d e t e r m i n e d t h e t o t a l Cr c o n t e n t i n B o v i n e L i v e r 
t o be 170 ± 20 ppb u s i n g N e u t r o n A c t i v a t i o n A n a l y s i s 
w i t h r a d i o c h e m i c a l s e p a r a t i o n . A n o t h e r l a b o r a t o r y 
o b t a i n e d 50 ppb u s i n g t h e same t e c h n i q u e . 

Not o n l y i s t h e t o t a l Cr c o n t e n t d i f f i c u l t t o 
d e t e r m i n e i n B o v i n e L i v e r , b u t q u a n t i t a t i v e e s t i m a t e s 
o f o r g a n i c s p e c i e s o f Cr a r e even more d i f f i c u l t t o 
o b t a i n . A common t e c h n i q u  f o  m e a s u r i n  chromiu  i
g r a p h i t e f u r n a c e a t o m i
t h e o r g a n i c chromiu  g l u c o s
t o l e r a n c e f a c t o r i s a p p a r e n t l y l o s t d u r i n g t h e 
c h a r r i n g c y c l e - - s i n c e i t i s v o l a t i l e - - t h u s l e a d i n g t o 
l a r g e measurement e r r o r s . 

What we hope t o do a t NBS i s t o h e l p r e s o l v e t h e 
Cr measurement p r o b l e m by p r o d u c i n g a S t a n d a r d 
R e f e r e n c e M a t e r i a l w i t h known c e r t i f i e d 
c o n c e n t r a t i o n s o f t o t a l Cr and a l s o , h o p e f u l l y , 
o r g a n i c C r . Brewers Y e a s t i s t h e c a n d i d a t e 
b i o l o g i c a l m a t r i x m a t e r i a l . I f s u c h an SRM can be 
c e r t i f i e d , i t t h e n can be u s e d t o o p t i m i z e t h e a t o m i c 
a b s o r p t i o n t e c h n i q u e s u s e d t o d e t e r m i n e Cr and t o 
h e l p e x p e d i t e t h e development o f a r e f e r e n c e method. 
The q u e s t i o n o f d e t e r m i n a t i o n o f s p e c i a t i o n i s 
p a r t i c u l a r l y i m p o r t a n t b e cause m e t a l l o r g a n i c Cr can 
be a f a c t o r o f 100 more a c t i v e i n t h e g l u c o s e 
t o l e r a n c e f a c t o r t h a n i n o r g a n i c chromium. 

T h i s example i l l u s t r a t e s t h e f a c t t h a t p r o b l e m s 
i n v o l v i n g t h e q u a n t i t a t i v e measurement o f d i s t i n c t 
c h e m i c a l s p e c i e s as opposed t o e l e m e n t a l c o n t e n t a r e 
becoming i n c r e a s i n g l y i m p o r t a n t , p a r t i c u l a r l y i n t h e 
h e a l t h and e n v i r o n m e n t a l a r e a s . We b e l i e v e t h a t t h e 
a c c u r a t e d e t e r m i n a t i o n o f t h e c o m p o s i t i o n o f d i s t i n c t 
c h e m i c a l s p e c i e s w i l l p r e s e n t d e v e l o p e r s o f r e f e r e n c e 
methods and r e f e r e n c e m a t e r i a l s w i t h a h o s t o f new 
and c h a l l e n g i n g measurement p r o b l e m s i n f u t u r e y e a r s . 

CONCLUSION 

C o n s i d e r t h e p r o b l e m s i n chromium a n a l y s i s ; i n 
t h i s c a s e we a r e i n t h e e a r l y s t a g e s o f e s t a b l i s h i n g 
a c o m p a t i b l e n a t i o n a l measurement system. One m i g h t 
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a s k , what s h o u l d be d e v e l o p e d f i r s t - - r e f e r e n c e 
m a t e r i a l s o r r e f e r e n c e methods? There i s no 
d e f i n i t i v e answer i n g e n e r a l b e c a u s e each d i s t i n c t 
t y p e o f measurement p r e s e n t s a u n i q u e s e t o f pr o b l e m s 
and r e q u i r e m e n t s . Good me t h o d o l o g y ( p r e f e r a b l y 
d e f i n i t i v e methods) i s needed t o c e r t i f y SRM's and 
y e t w e l l c h a r a c t e r i z e d r e f e r e n c e m a t e r i a l s a r e 
o b v i o u s l y u s e f u l f o r e v a l u a t i n g methods ( i n 
p a r t i c u l a r r e f e r e n c e m e t h o d s ) . 

T h i s l e a d s t o t h e c o n c l u s i o n t h a t t h e 
e s t a b l i s h m e n t o f a c o m p a t i b l e measurement s y s t e m i s 
an i t e r a t i v e , s e l f c o n s i s t e n t p r o c e s s sometimes 
r e q u i r i n g s e v e r a l g e n e r a t i o n f v a l i d a t i n  t e s t s
T h i s a l s o l e a d s t
measurement n e t w o r k  a c c u r a c y
number o f i m p o r t a n t mechanisms r e q u i r e d t o d e v e l o p a 
c o m p a t i b l e measurement s y s t e m . They a r e : (1) An 
a g r e e d upon s y s t e m o f base u n i t s o f measurement; (2) 
A c c u r a t e r e f e r e n c e methods and r e f e r e n c e m a t e r i a l s ; 
(3) F i e l d methods made c o m p a t i b l e t h r o u g h t h e use o f 
r e f e r e n c e methods and r e f e r e n c e m a t e r i a l s . I n 
a d d i t i o n , some t y p e o f a b u i l t - i n f e e d b a c k mechanisjn 
i s needed f o r m a i n t a i n i n g q u a l i t y c o n t r o l o f t h e 
whole s y s t e m and f o r a s s u r i n g c o m p a t i b i l i t y between 
v a r i o u s components o f t h e sy s t e m . 

One s u c h i d e a l i z e d measurement s y s t e m i s shown 
s c h e m a t i c a l l y i n f i g u r e 7. Measurement systems 
a n a l o g o u s t o t h i s a r e a l r e a d y w e l l on t h e i r way t o 
b e i n g implemented i n e n v i r o n m e n t a l and c l i n i c a l a r e a s 
s u c h as t h o s e p r e v i o u s l y c i t e d . I t i s t h r o u g h 
n e t w o r k s s u c h as t h e s e t h a t measurement c o m p a t i b i l i t y 
can be a s s u r e d and m a i n t a i n e d and t h a t " m e a n i n g f u l " 
i . e . , c o m p a t i b l e measurements can be a c h i e v e d on a 
n a t i o n a l o r i n t e r n a t i o n a l b a s i s . 
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ABSTRACT 

R e f e r e n c e M a t e r i a l s ( c a l l e d S t a n d a r d R e f e r e n c e 
M a t e r i a l s SRM 1s by t h e N a t i o n a l B u reau o f S t a n d a r d s , 
NBS) a r e two i m p o r t a n t mechanisms b e i n g u t i l i z e d t o 
a s s u r e t h e a c c u r a c y and c o m p a t i b i l i t y o f measurements 
i n l a r g e measurement s y s t e m s . SRM's a r e m a t e r i a l s 
whose p r o p e r t i e s ( c o m p o s i t i o n a l and/or p h y s i c a l ) have 
been w e l l - c h a r a c t e r i z e d and c e r t i f i e d by NBS. 
R e f e r e n c e Methods a r e a n a l y t i c a l methods h a v i n g h i g h 
a c c u r a c y and p r e c i s i o n , w h i c h have been t h o r o u g h l y 
d e m o n s t r a t e d . A systems a p p r o a c h t o e s t a b l i s h i n g 
a c c u r a t e measurement systems i s p r e s e n t e d . R e f e r e n c e 
m a t e r i a l s and r e f e r e n c e methods a s s i s t i n t h e 
t r a n s f e r o f a c c u r a c
r e a l i z a t i o n o f bas
p e r f o r m a n c e o f measurements i n t h e f i e l d . The 
a p p l i c a t i o n o f t h e systems a p p r o a c h t o " r e a l w o r l d " 
s i t u a t i o n s i s i l l u s t r a t e d t h r o u g h t h e p r e s e n t a t i o n o f 
f o u r examples: (1) The measurement o f c a l c i u m i n 
serum; (2) The d e t e r m i n a t i o n o f N0 2 i n ambient a i r ; 
(3) The a n a l y s i s o f t r a c e l e v e l s o f me r c u r y i n w a t e r ; 
and (4) The measurement o f chromium i n b i o l o g i c a l 
m a t r i c e s . 

LITERATURE CITED 

1. Cal i , J. P. , et a l . , "The Role of Standard 
Reference Materials in Measurement Systems," NBS 
Monograph 148, U.S. Government Printing Office, 
Washington, D.C. 20402 (1975). 

2. Cal i , J. P. and Stanley, C. L., Annual Review of 
Materials Science, 5, 329 (1975). 

3. Cal i , J. P. , Med. Instru., 8, 17 (1974). 
4. Wernimont, G. , "Statistical Control of 

Measurement Processes," contained in this 
monograph. 

5. Eilers, R. J., Clinical Chemistry, 21, 10 
(1975). 

6. Rhodes, R. C . , "Importance of Sampling Errors in 
Chemical Analysis," contained in this monograph. 

7. Eisenhart, C . , Science, 160, (1968). 
8* Seward, R. W., editor, "Standard Reference 

Materials and Meaningful Measurements," NBS 
Spec. Publ. 408, U.S. Government Printing 
Office, Washington, D.C. 20402 (1975). 

9. Cal i , J. P. and Reed, W. P., "The Role of NBS 
Standard Reference Materials in Accurate Trace 
Analysis," to be published in Accuracy in Trace 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



4. URIANO A N D CALi Reference Materials and Methods 161 

Analysis, NBS Spec. Publ. 422, U.S. Government 
Printing Office, Washington, D.C. 20402 (1976). 

10. Cal i , J. P. , Bulletin of the World Health 
Organization, 48, 721 (1973). 

11. Young, D. S., Z. Klin. Biochem., 12, 560 (1974). 
12. See for example, 1973 Annual Book of ASTM 

Standards, parts 12, 32 and 42, published 
annually by the American Society for Testing and 
Materials, Philadelphia, Pa., 19103. 

13. Moore, L. J., Anal. Chem., 44, 2291 (1972). 
14. Cal i , J. P. , et al., "A Referee Method for the 

Determination of Calcium in Serum," NBS Spec. 
Publ. 260-36, U.S. Government Printing Office, 
Washington, D.C  20402 (1972)  reprinted (1976)

15. Cal i , J. P.
(1973). 

16. National Committee for Clinical Laboratory 
Standards, NCCLS Proposed Standard: PSC-4 
(1976). 

17. Gilbert, R. Κ., Am. J. Clin. Pathol. 63, 974 
(1975). 

18. Hanson, D. J., Am. J. Clin. Pathol. 61, 916 
(1974). 

19. Private communication from J. Boutwell to J. P. 
Cali . 

20. Pickup, J. F . , et al., Clin. Chem. 21, 1416 
(1975). 

21. McNesby, J. R., Berichte Der Bunsen-Gesellschaft 
Fur Physicaliske Chemie, 78, 158 (1974). 

22. "Air Quality Criteria for Nitrogen Dioxides," 
EPA, AP-84, (1971). 

23. Hughes, Ε. Ε . , "Development of Standard 
Reference Materials for Air Quality 
Measurements," International Instrumentation 
Automation Conference and Exhibit, ISA Reprint 
74-704 (1974). 

24. Federal Register, 38, 15174 (June 8, 1973). 
25. Federal Register, 41, 11261 (March 17, 1976). 
26. Becker, D. Α. , Private communication. 
27. Mertz, W., Clinical Chemistry, 21, 408 (1975). 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



5 

Optimization of Experimental Parameters in Chemical 

Analysis 

S T A N L E Y N. D E M I N G 

Department of Chemistry, University of Houston, Houston, TX 77004 

The t i t le of thi  symposium  "Validatio f th
Measurement Process,

In its usual usage, "validation" means "the de
termination of the degree of validity of a [measure
ment process]"(1). This definition suggests an acti
vity that takes place after the measurement process 
has been developed. If the evaluation is successful, 
the process will receive official sanction, confirma
tion, or approval. 

An alternate meaning of "validation" is "to make 
valid" in the sense of "producing the desired result" 
(2); that is , making the measurement process meet the 
criteria against which it is to be evaluated. This 
definition suggests activity that takes place while 
the measurement process is being developed. 

This latter interpretation has been emphasized 
by Youden (3) and is the interpretation I wish to 
stress here i f the in i t ia l development of a mea
surement process is carried out with the goal of 
meeting the evaluation criteria, then the probability 
that the process will receive rapid approval is 
greatly increased. 

SYSTEMS THEORY 

Figure 1 shows a systems theory view of the mea
surement process. The primary input to the system is 
a s amp1e. The measurement process abstracts the de-
si rë^inTormation from the sample and transforms the 
information into a number. This number, or result, 
is the primary output from the system. 

162 
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I d e a l l y , t h e n u m e r i c a l v a l u e o f t h e o u t p u t 
s h o u l d be r e l a t e d o n l y t o t h e d e s i r e d i n f o r m a t i o n i n 
th e sample. As an example, a " p e r f e c t " measurement 
p r o c e s s f o r t h e a n a l y s i s o f enzyme a c t i v i t y w o u l d be 
s e n s i t i v e t o t h e amount o f enzyme i n t h e sample and 
i n s e n s i t i v e t o a l l o t h e r v a r i a b l e s . 

I n p r a c t i c e , t h e n u m e r i c a l v a l u e o f t h e o u t p u t 
i s i n f l u e n c e d by a h o s t o f o t h e r f a c t o r s . Some a r e 
a s s o c i a t e d w i t h t h e sample m a t r i x , w h i l e o t h e r s ap
p e a r as a d d i t i o n a l i n p u t s t o t h e measurement p r o c e s s . 
These f a c t o r s may be s y s t e m a t i z e d and a r e shown s c h e 
m a t i c a l l y i n F i g u r e 1. 

An o b v i o u s c a t e g o r i z a t i o
i n g a measurement p r o c e s
s e t o f f a c t o r s t h a t a r e known t o have an e f f e c t on 
th e p r o c e s s ( s o l i d a r r o w s ) and a second s e t o f f a c 
t o r s t h a t do a f f e c t t h e r e s u l t s o f t h e measurement 
p r o c e s s b u t have n o t y e t been i d e n t i f i e d - - t h a t i s , 
t h e y a r e unknown (dashed a r r o w s ) . A n o t h e r g r o u p i n g 
d i v i d e s t h e f a c t o r s i n t o t h o s e t h a t a r e c o n t r o l l e d 
( r e p r e s e n t e d by a d o t on t h e t a i l o f t h e arrow) and 
t h o s e t h a t a r e u n c o n t r o l l e d . When f a c t o r s a r e c a t e 
g o r i z e d i n t h e s e two ways, f o u r d i s t i n c t t y p e s r e 
s u l t : 

A f a c t o r t h a t i s known t o e x e r t a s i g n i f i c a n t 
i n f l u e n c e on t h e r e s u l t o f a measurement p r o c e s s i s 
u s u a l l y c o n t r o l l e d . T h i s w i l l u s u a l l y improve t h e 
p r e c i s i o n o f t h e method i f v a r i a t i o n s i n t h e uncon
t r o l l e d f a c t o r l e v e l appear as n o i s e ( t h a t i s , t h e 
v a r i a t i o n s a r e r a p i d w i t h r e s p e c t t o t h e f r e q u e n c y o f 
measurement); i t mi g h t a l s o improve t h e a c c u r a c y o f 
the method i f t h e f r e q u e n c y o f c a l i b r a t i o n i s l o n g 
w i t h r e s p e c t t o v a r i a t i o n s i n t h e u n c o n t r o l l e d f a c t o r 
l e v e l . 

Some f a c t o r s a r e known t o i n f l u e n c e t h e r e s u l t 
o f a measurement p r o c e s s b u t a r e l e f t u n c o n t r o l l e d . 
F o r example, i f a f a c t o r i s d i f f i c u l t o r e x p e n s i v e t o 
c o n t r o l and i f t h e f u n c t i o n a l r e l a t i o n s h i p o f i t s i n 
f l u e n c e i s known, t h e l e v e l o f t h i s f a c t o r m i g h t be 
measured and a c o r r e c t i o n a p p l i e d t o t h e r e s u l t . Or 
i t m i g h t be known t h a t a f a c t o r 1 s i n f l u e n c e on t h e 
r e s u l t , t hough r e a l , i s n o t s i g n i f i c a n t ; i t w o u l d 
p r o b a b l y be u n n e c e s s a r y t o c o n t r o l s u c h a f a c t o r . 

F a c t o r s t h a t a r e unknown and c o n t r o l l e d a r e n o t 
u s u a l l y a p r o b l e m u n l e s s t h e method o f c o n t r o l i s i n -
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a d v e r t e n t l y changed. A f a m i l i a r example o f a f a c t o r 
t h a t i s unknown and c o n t r o l l e d i s an i m p u r i t y i n a 
r e a g e n t : because t h e r e a g e n t i s a l w a y s added i n a 
f i x e d amount, t h e l e v e l o f i m p u r i t y i s a l s o c o n s t a n t 
and i s c o n t r o l l e d . The e f f e c t s o f t h e r e a g e n t and 
t h e i m p u r i t y a r e c o n f o u n d e d and a r e u s u a l l y n o t sepa
r a t e d u n l e s s a change i n r e a g e n t l o t o r s u p p l i e r i s 
made. 

Most unknown f a c t o r s a r e u n c o n t r o l l e d . I t i s 
assumed t h a t f a c t o r s i n t h i s c a t e g o r y do n o t o r w i l l 
n o t e x e r t a s i g n i f i c a n t i n f l u e n c e . Whatever i n f l u 
ence t h e y do e x e r t i s a c c e p t e d as " n o i s e " o r i m p r e c i 
s i o n . 

The sample can c o n t a i n f a c t o r s f r o m a l l o f t h e s e 
c a t e g o r i e s (_4) . 

RUGGEDNESS OF MEASUREMENT PROCESSES 

As Mandel has p o i n t e d o u t , "The development o f a 
method o f measurement i s t o a l a r g e e x t e n t t h e d i s c o 
v e r y o f t h e most i m p o r t a n t e n v i r o n m e n t a l f a c t o r s and 
t h e s e t t i n g o f t o l e r a n c e s f o r t h e v a r i a t i o n o f each 
one o f them" (4Γ) . T o l e r a n c e s make p o s s i b l e t h e o p e r 
a t i o n a l i m p l e m e n t a t i o n o f t h e c o n c e p t o f c o n t r o l : i t 
i s o f t e n i m p o s s i b l e o r i m p r a c t i c a l t o c o n t r o l a f a c 
t o r a t a g i v e n l e v e l , b u t i t i s u s u a l l y p o s s i b l e and 
p r a c t i c a l t o c o n t r o l a f a c t o r w i t h i n a s p e c i f i e d do
main o f f a c t o r l e v e l s - - t h a t i s , t o c o n t r o l a f a c t o r 
a r o u n d a g i v e n l e v e l , w i t h i n s p e c i f i e d t o l e r a n c e s . 
The s p e c i f i c a t i o n o f f a c t o r t o l e r a n c e s i s b a s e d upon 
th e r e q u i r e d p r e c i s i o n o f t h e method and answers t h e 
q u e s t i o n , "To what e x t e n t can a f a c t o r be a l l o w e d t o 
v a r y b e f o r e t h e o u t p u t o f t h e s y stem changes by v_ 
amount?" 

F o r a s p e c i f i e d v a l u e o f y, i t i s d e s i r a b l e t h a t 
t h e s e t o l e r a n c e s be b r o a d so t h a t t h e measurement 
p r o c e s s i s r e l a t i v e l y i n s e n s i t i v e t o s m a l l v a r i a t i o n s 
i n f a c t o r l e v e l s . To i l l u s t r a t e , c o n s i d e r t h e r e l a 
t i o n s h i p between r e a c t i o n r a t e ( t h e r e s u l t o f a mea
surement p r o c e s s ) as a f u n c t i o n o f pH (a known and 
c o n t r o l l e d f a c t o r ) f o r t h e k i n e t i c d e t e r m i n a t i o n o f 
enzyme a c t i v i t y (see F i g u r e 2 ) . I n g e n e r a l , enzymes 
do n o t f u n c t i o n w e l l a t extremes o f pH and e x h i b i t an 
optimum w i t h r e s p e c t t o pH. L e t us assume t h a t a 
method i s t o be d e v e l o p e d f o r m e a s u r i n g t h e a c t i v i t y 
o f an enzyme. A p e r f o r m a n c e c r i t e r i o n has been spe-
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S A M P L E -

i ν γ ν 

M S Y S T E M -> RESULT 

Figure 1. Systems

Figu/e 2. Reaction rate as a function of pH for the kinetic 
determination of enzyme activity 
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c i f i e d t h a t r e q u i r e s an i n t e r l a b o r a t o r y agreement 
w i t h i n y r e a c t i o n r a t e u n i t s . 

I f t h e i n i t i a t i n g l a b o r a t o r y d e v e l o p s a method 
i n w h i c h t h e pH l e v e l i s s e t a t p o i n t A i n F i g u r e 2, 
t h e n t h e i n t e r l a b o r a t o r y c o n t r o l o f pH must be ex
t r e m e l y t i g h t : s m a l l d i f f e r e n c e s i n pH between t h e 
l a b o r a t o r i e s e v a l u a t i n g t h e method w i l l show up as a 
l a r g e b e t w e e n - l a b o r a t o r y v a r i a n c e . Worse s t i l l , i n 
th e absence o f a d d i t i o n a l i n f o r m a t i o n , i t w o u l d be 
d i f f i c u l t t o s e p a r a t e pH as one o f t h e c a u s e s o f t h i s 
v a r i a n c e . 

I f , i n s t e a d , t h
a method i n w h i c h t h
F i g u r e 2, t h e n s m a l l d i f f e r e n c e s i n pH between t h e 
l a b o r a t o r i e s e v a l u a t i n g t h e method w i l l c o n t r i b u t e 
v e r y l i t t l e t o t h e b e t w e e n - l a b o r a t o r y v a r i a n c e . T h i s 
method wou l d have a h i g h e r p r o b a b i l i t y o f b e i n g ac
c e p t e d a f t e r i t s f i r s t i n t e r l a b o r a t o r y t e s t . 

Many o f t h e f a c t o r s a f f e c t i n g measurement p r o 
c e s s e s e x h i b i t t h e b e h a v i o r shown i n F i g u r e 2. Ot h e r 
f a c t o r s i n i t i a l l y i n c r e a s e and t h e n a s y m p t o t i c a l l y 
a p p r o a c h a p l a t e a u ( e . g . , t h e s u b s t r a t e dependence o f 
many enzymes). W i t h f a c t o r s e x h i b i t i n g t h e s e t y p e s 
o f b e h a v i o r , a d j u s t i n g t h e f a c t o r l e v e l s t o improve 
th e s y stem o u t p u t w i l l a l s o improve t h e f a c t o r t o l e r 
ances (5) . 

DEVELOPMENT OF MEASUREMENT PROCESSES 

The development o f a measurement p r o c e s s s h o u l d 
i n v o l v e t h r e e s t a g e s : o b t a i n i n g a r e s p o n s e , improv
i n g t h e r e s p o n s e , and u n d e r s t a n d i n g t h e r e s p o n s e . 

Many l a b o r a t o r i e s c a r r y t h e development t h r o u g h 
t h e f i r s t s t a g e o n l y . Youden (3) has p o i n t e d o u t t h e 
p o t e n t i a l l i m i t a t i o n s o f such methods and has empha
s i z e d t h e i m p o r t a n c e o f a c q u i r i n g an o p e r a t i o n a l un
d e r s t a n d i n g o f t h e measurement p r o c e s s e s ; t h a t i s , 
i d e n t i f y i n g and c o n t r o l l i n g t h o s e f a c t o r s t h a t e x e r t 
a s i g n i f i c a n t e f f e c t on t h e sys t e m . T h i s i s espe
c i a l l y c r i t i c a l i f t h e measurement p r o c e s s e s a r e t o 
become w i d e l y u s e d by a number o f l a b o r a t o r i e s . 

The improvement o f r e s p o n s e has been c a r r i e d o ut 
i n f r e q u e n t l y , a l t h o u g h i t s i m p o r t a n c e has been r e c o g 
n i z e d f o r some t i m e . I n 1952 , Box (6J) p r e s e n t e d a 
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p a p e r i n w h i c h i t was p o i n t e d o ut t h a t s i n g l e - f a c t o r -
a t - a - t i m e s t r a t e g i e s a r e i n a d e q u a t e f o r o p t i m i z i n g 
most c h e m i c a l p r o c e s s e s (.7,8_) and t h a t measurement 
p r o c e s s e s ( c o n c e p t u a l l y v e r y " s i m i l a r t o p r o d u c t i o n 
p r o c e s s e s ) can be e f f e c t i v e l y i m p r o v e d by t h e use o f 
s e q u e n t i a l f a c t o r i a l d e s i g n s , a t e c h n i q u e t h a t l a t e r 
became known as " e v o l u t i o n a r y o p e r a t i o n , " o r EVOP (9_, 
1 0 ) . EVOP s t r a t e g i e s a r e w e l l s u i t e d t o t h e i n d u s 
t r i a l e n v i r o n m e n t - - t h e p r o d u c t i o n p r o c e s s i s b e i n g 
r u n c o n s t a n t l y and p r o v i d e s a c o n t i n u o u s framework 
f o r t h e l a r g e number o f e x p e r i m e n t s r e q u i r e d by t h e 
s e q u e n t i a l f a c t o r i a l d e s i g n s . I n t h e d e v e l o p m e n t a l 
l a b o r a t o r y , however, e f f i c i e n c y o f i n i t i a l e x p e r i m e n 
t a t i o n i s s t r e s s e d  s t r a t e g i e  d e s i
r a b l e . I n 1962, S p e n d l e y
i n t r o d u c e d t h e f i x e d s i z e s i m p l e x as a more e f f i c i e n t 
s e q u e n t i a l e x p e r i m e n t a l d e s i g n f o r t r a d i t i o n a l e v o l u 
t i o n a r y o p e r a t i o n s ; Long (12) a p p e a r s t o have been 
t h e f i r s t t o a p p l y f i x e d s i z e s e q u e n t i a l s i m p l e x de
s i g n s t o t h e development o f measurement p r o c e s s e s . 
N e l d e r and Mead (13) m o d i f i e d t h e s e q u e n t i a l s i m p l e x 
method t o a l l o w a c c e l e r a t i o n i n d i r e c t i o n s t h a t a r e 
f a v o r a b l e and d e c e l e r a t i o n i n d i r e c t i o n s t h a t a r e un
f a v o r a b l e . 

We have f o u n d t h e v a r i a b l e s i z e s i m p l e x ( s l i g h t 
l y m o d i f i e d ) t o be a r a p i d means o f i m p r o v i n g r e s u l t s 
i n t h e development o f a n a l y t i c a l c h e m i c a l measurement 
p r o c e s s e s ( 1 4 - 1 7 ) . F a c t o r i a l d e s i g n s (18) , c e n t r a l 
c o m p o s i t e d e s i g n s (19) , and Box-Behnken d e s i g n s (20) 
a r e u s e f u l f o r u n d e r s t a n d i n g t h e v a r i o u s f a c t o r ëT-
f e c t s upon t h e r e s p o n s e i n t h e r e g i o n o f t h e optimum. 

EXAMPLE 

The d e t e r m i n a t i o n o f f o r m a l d e h y d e i n an aqueous 
sample can be d e t e r m i n e d by t h e a d d i t i o n o f chromoto-
p i c a c i d ( 4 , 5 - d i h y d r o x y - 2 , 7 - n a p h t h a l e n d i s u l f o n i c ac
i d ) and s u l f u r i c a c i d ( 2 1 - 2 5 ) ; a c o l o r d e v e l o p s , and 
th e a b s o r b a n c e i s r e a d a t 570 nm. 

In t h i s s t u d y ( 1 4 ) , a sample s i z e o f 2.00 ml was 
ch o s e n . The amount oT aqueous 20 g l " 1 c h r o m o t r o p i c 
a c i d (CTA, f a c t o r χι) w a s a l l o w e d t o v a r y between 
0.00 and 1.00 m l ; c o n c e n t r a t e d s u l f u r i c a c i d ( H 2 S 0 4 , 
f a c t o r x 2 ) c o u l d v a r y between 1.00 and 10.00 m l . The 
o b j e c t i v e s o f t h e s t u d y were: (a) t o d e t e r m i n e t h e 
amounts o f H 2 S 0 4 and CTA t h a t p r o d u c e d t h e g r e a t e s t 
a b s o r b a n c e f o r a g i v e n amount o f f o r m a l d e h y d e (2 ppm) 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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m l o f C T A 

Analytica Chimica Acta 

Figure 3. Simplex progress in the chromotropic acid-concen
trated sulfuric acid domain. See text and Table 1 for details (14). 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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TABLE 1 

Simplex progress 

Vertex Retained Chronotropic S u l f u r i c Absorbance 

v e r t i c e s acid (ml) acid (ml) 

1 - 0. .200 2. .00 0. .221 

2 - .080 

3 1,2 0. ,355 

- - 0 . , 224 2. .50 - 1 . . o o o b 

4 1,3 0. .529 2. .26 0. ,223 

5' - 0. . 684 2. .94 0. .197 

5 3,4 0. .321 2. .23 0. .325 

6 3,5 0. .147 2, .65 0. .563 

6 ' - - 0 . .044 2. .85 - 1 . . o o o b 

7 3,6 0. .182 3. .09 0. .562 

8' - - 0 . .027 3, .07 - 1 . . o o o b 

8 6,7 0. .260 2, .77 0. .573 

9 ' - 0. .226 2. . 33 0. .502 

9 6,8 0. .193 2. .90 0. .599 

1 0 ' - 0. .305 3, .03 0. .570 

11 8,9 0. .187 2. .74 0. . 584 

aPrimes indicate rejected v e r t i c e s . 

^Boundary v i o l a t i o n . 

Reprinted from reference 14 with permission of E l s e v i e r S c i e n t i f i c 

Publishing Company. 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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TABLE 2 

R e s u l t s o f f a c t o r i a l e x p e r i m e n t s 

C h r o n o t r o p i c S u l f u r i c A b s o r b a n c e 

a c i d (ml) a c i d (ml) 

,53

2. .80 0. . 515 

0. , 516 

3. .10 0 . . 526 

0. , 530 

2. . 50 0. .455 

0. . 509 

2. .80 0. .583 

0. , 575 

3. .10 0. , 534 

0. .545 

2. . 50 0. . 386 

0. .428 

2. .80 0. . 545 

0. .537 

3, .10 0. .554 

0. . 551 

R e i m i n t e d i n p a r t f r o m r e f e r e n c e 14 w i t h p e r m i s s i o n o f 

E l s e v i e r S c i e n t i f i c P u b l i s h i n g Company. 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Analytica Chimica Acta 

Figure 4. Cell mean plot of factorial study (14) 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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TABLE 3 

F a c t o r i a l analysis of variance (ANOVA) 

Source of Degrees of 

v a r i a t i o n freedom 

Sum of Mean F - r a t i o S i g n i f i c a n c e 

squares square (%) 

Chromotropic 2 

acid 

S u l f u r i c 2 

acid 

Interaction 4 

0.00369 0.00179 6.27 98.0 

0.01926 0.00963 33.66 99.9 

Error 0.00258 0.00029 

Reprinted i n part from reference 14 with permission of 

E l s e v i e r S c i e n t i f i c Publishing Company. 

Analytica Chimica Acta 

Figure 5. Absorbance response surface as a function of 
chromotropic acid volume, and concentrated sulfuric acid 

volume (14) 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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and (b) t o u n d e r s t a n d t h e e f f e c t s o f H 2 S 0 4 and CTA 
upon t h e r e s p o n s e i n t h e r e g i o n o f t h e optimum so 
t h a t f a c t o r t o l e r a n c e s c o u l d be s p e c i f i e d . 

F i g u r e 3 shows t h e p r o g r e s s o f t h e s i m p l e x t o 
ward t h e optimum ( d a t a i n T a b l e 1 ) . The numbers i n 
th e f i g u r e i n d i c a t e t h e sequence i n w h i c h t h e r e t a i n 
ed v e r t i c e s were e v a l u a t e d ; r e j e c t e d v e r t i c e s a r e n o t 
shown. T a b l e 2 c o n t a i n s t h e r e s u l t s o f a t h r e e - l e v e l 
t w o - f a c t o r , f u l l f a c t o r i a l s t u d y w i t h r e p l i c a t i o n 
c a r r i e d o ut i n t h e r e g i o n o f t h e s i m p l e x optimum; t h e 
r e s u l t s o f t h e a n a l y s i s o f v a r i a n c e a r e p r e s e n t e d i n 
T a b l e 3. I n F i g u r e 4, c e l l means a r e p l o t t e d vs. CTA 
f o r each o f t h e t h r e  l e v e l f H 2 S O 4

O t h e r s t u d i e  (25)
bance r e s p o n s e i s r e l a t e d t o t h e r a t i o ( s u l f u r i c a c i d 
v o l u m e ) / ( t o t a l v o l u m e ) ; t h i s i s p r o b a b l y an e f f e c t 
c a u s e d by t h e h e a t o f m i x i n g w h i c h d r i v e s t h e r e a c 
t i o n t o w a r d c o m p l e t i o n . Assuming t h i s r e l a t i o n s h i p 
t o be a p p r o x i m a t e l y G a u s s i a n i n t h e r e g i o n o f t h e op
timum, a model o f t h e form 
A b s o r b a n c e = k ^ x p [-( ( ( x 2 / ( x 1 + x 2

 + 2 . 0) ) - k 2 ) 2 ) / ( 2 k 2 ) ] 

* ( 2 . 0 / ( x 1 + x 2
 + 2.0)) ( l - e x p f - k ^ ) ) 

can be f i t and i s v i s u a l i z e d i n t h e p s e u d o - t h r e e - d i 
m e n s i o n a l p l o t shown i n F i g u r e 5. The f a c t o r i a l 
p o i n t s a r e s u p e r i m p o s e d on t h e s u r f a c e . 

A t low H 2 S O 4 v o l u m e s , i n c r e a s i n g t h e volume o f 
CTA moves a c r o s s t h e " f r o n t " o f t h e r e s p o n s e s u r f a c e 
w i t h t h e r e s u l t t h a t r e s p o n s e d e c r e a s e s . A t an i n 
t e r m e d i a t e l e v e l o f H^SO^, i n c r e a s i n g t h e volume o f 
CTA moves from " b e h i n d " t h e d i a g o n a l r i d g e t o t h e t o p 
o f i t and down a g a i n on t h e f r o n t s i d e . A t t h e h i g h 
e s t l e v e l o f H 2 S O 4 s t u d i e d , i n c r e a s i n g t h e volume o f 
CTA moves a l o n g t h e "back" o f t h e r i d g e w i t h t h e r e 
s u l t t h a t r e s p o n s e i n c r e a s e s . 

W i t h t h i s o p e r a t i o n a l u n d e r s t a n d i n g o f a p r o c e s s 
f o r m e a s u r i n g t h e amount o f f o r m a l d e h y d e i n an aque
ous s ample, f a c t o r l e v e l s and f a c t o r t o l e r a n c e s can 
be s p e c i f i e d . Because c o n c e n t r a t e d H 2 S 0 i + i s a w o r r y -
some r e a g e n t , and because aqueous CTA s o l u t i o n s o f 
a c c u r a t e c o n c e n t r a t i o n a r e e a s i l y p r e p a r e d and han
d l e d , i t w o u l d be a p p r o p r i a t e t o s p e c i f y a t i g h t CTA 
l e v e l o f 0.1 ml where t h e volume o f Η 2 5 0 4 has l e s s o f 
an e f f e c t . 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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CONCLUSION 

The s t r a t e g y o f o b t a i n i n g a r e s p o n s e , i m p r o v i n g 
t h e r e s p o n s e , and u n d e r s t a n d i n g t h e r e s p o n s e i s a 
r e a s o n a b l e means o f o b t a i n i n g sound measurement p r o 
c e s s e s . We have f o u n d t h e v a r i a b l e s i z e s e q u e n t i a l 
s i m p l e x d e s i g n t o be an e f f i c i e n t means o f o p t i m i z i n g 
t h e p r i m a r y r e s p o n s e f r o m a measurement p r o c e s s . 
E s t a b l i s h e d s t a t i s t i c a l d e s i g n s a l l o w an u n d e r s t a n d 
i n g o f t h e f a c t o r e f f e c t s and t h e i r i n t e r a c t i o n s i n 
the r e g i o n o f t h e optimum. 
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6 

Components of Variation in Chemical Analysis 

R A Y M O N D C. R H O D E S 

Environmental Protection Agency, Research Triangle Park, N C 

The first task in the evaluation of an
analytical chemistr
sources of variability
minimize the total variability by searching out and 
controlling the major contributors. There are many 
sources of variability in a chemical analysis 
process. This work describes several of these 
sources that have been encountered in work by the 
Environmental Monitoring and Support Laboratory of 
EPA. 

Variability can be expected to occur in any or 
a l l of the following measurement steps within a given 
laboratory: 

1. The material to be analyzed 
2. Materials, including reagents, used in 

the analysis 
3. Calibration materials or devices 
4. Environmental factors 
5. Analysts 
6. Instruments, or apparatus 

While these items are not definitive, they 
describe the general classes of sources of 
variability that must be considered. It is clear 
that when one is measuring the reproducibility of an 
analytical chemistry method, it is important that the 
complete method's variability is being measured. For 
example, in the case where events are measured under 
the Poisson probability distribution it is usually 
improper to describe the error as resulting from this 
effect alone. In another example, the replication of 
only a portion of the measurement method, such as 
replicate analysis of a single extraction, is 
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sometimes e r r o n e o u s l y q u o t e d as t h e p r e c i s i o n o f t h e 
method. 

E v e r y l a b o r a t o r y s h o u l d s y s t e m a t i c a l l y m a i n t a i n 
a c o m p i l a t i o n o r r e c o r d o f t h e e f f e c t s o f each o f t h e 
a b o v e - l i s t e d f a c t o r s , as o b t a i n e d f r o m s p e c i a l 
s t u d i e s c o n d u c t e d i n t h e i r l a b o r a t o r y o r t h e 
l a b o r a t o r i e s o f o t h e r s , so t h a t i f improvement i s 
needed i n t h e q u a l i t y o f t h e r e p o r t e d r e s u l t s , 
e f f o r t s t o e f f e c t s u c h improvements can be made i n 
the most c o s t - e f f e c t i v e way. The p l a n n i n g o f such 
s p e c i a l s t u d i e s and t h e a n a l y s i s o f t h e d a t a 
t h e r e f r o m i s an a r e a where s t a t i s t i c i a n s and 
c h e m i s t s , w o r k i n g t o g e t h e r  g a i h i  t h
knowledge and u n d e r s t a n d i n
t h e t o t a l measurement v a r i a b i l i t y . Eac  l a b o r a t o r y 
s h o u l d c o n d u c t p e r i o d i c q u a l i t y c o n t r o l c h e c k s t o 
measure and c o n t r o l t h e combined e f f e c t s o f t h e 
s o u r c e s o f v a r i a b i l i t y w h i c h a f f e c t t h e i r r e p o r t e d 
r e s u l t s . 

THE LABORATORY MEASUREMENT PROCESS 

A s c h e m a t i c d i a g r a m o f p o r t i o n s o f t h e 
measurement p r o c e s s o f an i n d u s t r i a l l a b o r a t o r y i s 
p r e s e n t e d i n F i g u r e 1. I n p u t s o f p h y s i c a l samples t o 
th e l a b o r a t o r y a r e shown: 

(1) Samples from t h e m a n u f a c t u r i n g p r o c e s s 

(a) Raw m a t e r i a l s 
(b) I n - p r o c e s s m a t e r i a l s 
(c) F i n a l p r o d u c t 

(2) C a l i b r a t i o n s t a n d a r d s 
(3) Reagents and o t h e r m a t e r i a l s 

The v a r i o u s i n t e r n a l f a c t o r s o f t h e l a b o r a t o r y 
measurement p r o c e s s , p r e v i o u s l y m e n t i o n e d , a r e a l s o 
shown. 

The measurement p r o c e s s and s a m p l i n g 
c o n s i d e r a t i o n s f o r p o l l u t a n t measurements a r e 
i d e n t i c a l e x c e p t f o r d i f f e r e n t t y p e s o f sampled 
m a t e r i a l s t o be a n a l y z e d . The s c h e m a t i c o f F i g u r e 1 
g e n e r a l l y a p p l i e s t o any measurement p r o c e s s , w h e t h e r 
o f i n d u s t r i a l , r e s e a r c h , government o r i n d e p e n d e n t 
l a b o r a t o r i e s . 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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S e v e r a l r e c e n t a r t i c l e s and documents d i s c u s s 
t h e v a r i o u s q u a l i t y a s s u r a n c e a s p e c t s o f t h e 
l a b o r a t o r y measurement p r o c e s s . The measurement o r 
a n a l y t i c a l p r o c e s s i n i n d u s t r i a l s i t u a t i o n s i s 
n o r m a l l y a p a r t o f t h e o v e r a l l q u a l i t y a s s u r a n c e 
s y s t e m . M o r e o v e r , i n a d d i t i o n t o b e i n g a p a r t o f t h e 
q u a l i t y a s s u r a n c e s y s t e m , r e c e n t c o n c e p t s , q u i t e 
a p p r o p r i a t e l y v i e w t h e measurement o r a n a l y t i c a l 
p r o c e s s as one w h i c h s h o u l d m a i n t a i n i t s own q u a l i t y 
a s s u r a n c e s u b - s y s t e m o r program (1., 2_, 3.). I n t h e 
E n v i r o n m e n t a l P r o t e c t i o n Agency (EPA) t h e 
e n v i r o n m e n t a l m o n i t o r i n g e f f o r t s may be v i e w e d as a 
p r o d u c t i o n p r o c e s s w h i c h i s e s s e n t i a l l y a measurement 
p r o c e s s , h a v i n g as i t
A c c o r d i n g l y , EPA i
A s s u r a n c e Programs f o r each o f i t s a i r measurement 
methods ( 4 ) , and has i s s u e d a " Q u a l i t y A s s u r a n c e 
Handbook f o r A i r P o l l u t i o n Measurement Systems" ( 5 ) . 
The above c o n c e p t i s r e c o g n i z e d i n EPA as n o t o n l y 
a p p r o p r i a t e f o r m o n i t o r i n g p r o g r a m s , b u t a l s o f o r 
r e s e a r c h p r o j e c t s i n w h i c h i t i s d e s i r e d t o o b t a i n 
d a t a o f h i g h q u a l i t y . M a j o r r e s e a r c h p r o j e c t s 
r e q u i r e r a t h e r e x t e n s i v e q u a l i t y a s s u r a n c e programs 
( 6 ) . 

The a c c u r a c y o f t h e a n a l y t i c a l p o r t i o n o f a 
c h e m i c a l measurement s y s t e m i s a c h i e v e d by t h e use o f 
S t a n d a r d R e f e r e n c e M a t e r i a l s , h i g h q u a l i t y r e a g e n t s , 
and by c o n t r o l o f v a r i a b l e s o f t h e c a l i b r a t i o n 
p r o c e s s . I t s h o u l d be empha s i z e d t h a t t h e b a s i s f o r 
a c c u r a c y o f t h e r e s u l t s from a l a b o r a t o r y s h o u l d 
emanate from o u t s i d e t h e l a b o r a t o r y . U n l e s s a 
l a b o r a t o r y has i t s own i n t e r n a l c a p a b i l i t y f o r 
p r o d u c i n g p r i m a r y s t a n d a r d s , i t must depend upon some 
e x t e r n a l s o u r c e o f s t a n d a r d s . O t h e r w i s e , i t i s 
a t t e m p t i n g " t o l i f t i t s e l f by i t s own b o o t s t r a p s . " 
I f u n q u e s t i o n e d a c c u r a c y i s d e s i r e d , a l l measurements 
s h o u l d be t r a c e a b l e t o t h e s t a n d a r d s o f t h e N a t i o n a l 
B u reau o f S t a n d a r d s o r o t h e r n a t i o n a l and 
i n t e r n a t i o n a l s t a n d a r d s l a b o r a t o r i e s . Even w i t h 
t r a c e a b l e s t a n d a r d s , a c c u r a c y depends upon t h e i r 
p r o p e r c a r e and u s e . The c e r t i f i c a t e s i s s u e d by t h e 
N a t i o n a l B u r e a u o f S t a n d a r d s f o r i t s S t a n d a r d 
R e f e r e n c e M a t e r i a l s (SRM) o f t e n i n c l u d e c a r e f u l l y -
worded c a u t i o n s w h i c h e x p l a i n t h a t t h e SRM fs have 
s p e c i f i c e x p i r a t i o n d a t e s and t h a t t h e y must be g i v e n 
p r o p e r c a r e , and u s e d u n d e r s p e c i f i e d c o n d i t i o n s . I n 
f a c t , t h e a c c u r a c y o f c a l i b r a t i o n s depends n o t o n l y 
upon t h e s t a n d a r d u s e d , b u t upon t h e e n t i r e 
c a l i b r a t i o n p r o c e s s (7_). 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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The r e l a t i v e a c c u r a c y among l a b o r a t o r i e s can be 
measured t h r o u g h t h e use o f i n t e r l a b o r a t o r y 
c o m p a r i s o n s t u d i e s , r e p r e s e n t e d by an i n p u t - o u t p u t 
r e l a t i o n s h i p on F i g u r e 1. The o b j e c t i v e o f 
i n t e r l a b o r a t o r y c o m p a r i s o n s t u d i e s , i n w h i c h t h e same 
samples a r e a n a l y z e d by v a r i o u s l a b o r a t o r i e s , i s t o 
make c o m p a r i s o n s w i t h r e s p e c t t o a c c u r a c y . Two t y p e s 
o f i n t e r l a b o r a t o r y s t u d i e s a r e c o n d u c t e d . 
C o l l a b o r a t i v e s t u d i e s a r e g e n e r a l l y c o n s i d e r e d as 
t h o s e s t u d i e s w h i c h a r e c o n d u c t e d among a group o f 
s e l e c t e d l a b o r a t o r i e s t o e v a l u a t e a newly d e v e l o p e d 
a n a l y t i c a l method (<S, 9_) . O t h e r i n t e r l a b o r a t o r y 
s t u d i e s a r e c o n d u c t e d t o compare t h e r e s u l t s o f 
s t a n d a r d methods i n use a t v a r i o u s s e l e c t e d o r 
v o l u n t e e r i n g l a b o r a t o r i e
i n t e r l a b o r a t o r y s t u d i e
s t a r t l i n g d i f f e r e n c e s i n a c c u r a c y between 
l a b o r a t o r i e s even though s p e c i a l a t t e n t i o n and c a r e 
(not r o u t i n e l y u s e d f o r i n t e r n a l measurements) may 
have been t a k e n . Such r e s u l t s s u p p o r t t h e f a c t t h a t 
a c c u r a c y depends upon many f a c t o r s o t h e r t h a n 
s t a n d a r d s . The o c c u r r e n c e o f e x c e s s i v e l y d e v i a n t 
r e s u l t s from a l a b o r a t o r y p a r t i c i p a t i n g i n an 
i n t e r l a b o r a t o r y s t u d y s h o u l d t r i g g e r t h e i n i t i a t i o n 
o f i n v e s t i g a t i o n a l e f f o r t s t o d e t e r m i n e t h e c a u s e . 

As d e s c r i b e d i n C h a p t e r I , c o n t r o l s f o r 
p r e c i s i o n may be c o n s i d e r e d a t two l e v e l s , i . e . , 
" l o c a l " c o n t r o l and " r e g i o n a l " c o n t r o l . 

CONTROLS FOR PRECISION 

L o c a l C o n t r o l R e g i o n a l C o n t r o l 
D u p l i c a t e s by 

D i f f e r e n t A n a l y s t s 
D i f f e r e n t Equipment 
D i f f e r e n t C a l i b r a t i o n s 
D i f f e r e n t Days 

method, t h e r e a r e u s u a l l y a number o f 
r e p l i c a t e measurements o f t h e same 
can be made t o c o n t r o l and measure t h e 

th e p a r t i a l o r c o m p l e t e measurement 
p r o c e s s . S e q u e n t i a l d u p l i c a t e s f o r a p a r t i c u l a r p a r t 
o f t h e measurement p r o c e s s a r e t h e most " l o c a l " o f 
c o n t r o l s . They a r e u s e f u l i n a s s u r i n g c o n t r o l by t h e 
p a r t i c u l a r c o m b i n a t i o n o f s a m p l e / a n a l y s t / e q u i p m e n t / -
p r o c e d u r e / c o n d i t i o n s / t i m e , and t h u s s h o u l d show t h e 
g r e a t e s t p o s s i b l e p r e c i s i o n . As o t h e r n o r m a l l y 
e x i s t i n g v a r i a b l e s o f t h e measurement p r o c e s s 

D u p l i c a t e s , B a c k - t o - B a c k 
D u p l i c a t e s , Same Run 
D u p l i c a t e s , Same Day 

For a g i v e n 
d u p l i c a t e o r 
sample w h i c h 
p r e c i s i o n o f 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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( d i f f e r e n t a n a l y s t s , d i f f e r e n t e q uipment, d i f f e r e n t 
c a l i b r a t i o n s ) e n t e r i n t o t h e r e p l i c a t i o n s , l o w e r 
p r e c i s i o n r e s u l t s . These can be c o n s i d e r e d t o be o f 
a " r e g i o n a l " c o n t r o l n a t u r e , and alw a y s e x i s t i n t h e 
d a t a f o r b e t w e e n - l a b o r a t o r y c o m p a r i s o n s b u t n o r m a l l y 
a r e n o t r e f l e c t e d i n most w i t h i n - l a b o r a t o r y p r e c i s i o n 
e s t i m a t e s . N e v e r t h e l e s s , t h e y a r e p a r t o f t h e 
w i t h i n - l a b o r a t o r y t o t a l measurement v a r i a b i l i t y , and 
r e q u i r e s p e c i a l s t u d i e s t o a s c e r t a i n t h e i r e f f e c t s . 

There a r e many l e v e l s o f p r e c i s i o n and i t i s 
v e r y i m p o r t a n t t h a t t h e s p e c i f i c v a r i a b l e s w h i c h have 
e n t e r e d i n t o t h e c o m p a r i s o n be i d e n t i f i e d (11.» 12) . 
I f i n t h e n o r m a l c o u r s f e v e n t  g i v e  sampl
have been a n a l y z e d b
w i t h one o f s e v e r a , y y
number o f a n a l y s t s , and a t one o f s e v e r a l t i m e s under 
any o f s e v e r a l c o n d i t i o n s , t h e n t h e measure o f 
p r e c i s i o n r e l a t i n g t o t h e r e s u l t s f o r t h a t p a r t i c u l a r 
sample s h o u l d i n v o l v e a l l o f t h e l i k e l y v a r i a b l e s . 
T h e r e f o r e , a most r e a l i s t i c measure o f p r e c i s i o n f o r 
a g i v e n method a t a g i v e n l a b o r a t o r y w o u l d be one 
o b t a i n e d by h a v i n g had a l l r o u t i n e l y e x i s t i n g 
v a r i a b l e s T a t p l a y 1 d u r i n g t h e d e t e r m i n a t i o n . 
O b v i o u s l y , i t i s i d e a l i s t i c and i m p r a c t i c a l t o 
co n d u c t r o u t i n e a n a l y s e s under a l l l i k e l y 
c o m b i n a t i o n s . However, such p r e c i s i o n e s t i m a t e s 
s h o u l d be d e t e r m i n e d by c o m b i n i n g a l l a v a i l a b l e 
i n f o r m a t i o n on i n d i v i d u a l p r e c i s i o n e s t i m a t e s . I t 
may be n e c e s s a r y t o c o n d u c t some s p e c i a l s t u d i e s t o 
f i l l any gaps. And su c h o v e r a l l p r e c i s i o n e s t i m a t e s 
s h o u l d be p e r i o d i c a l l y r e - e v a l u a t e d , p a r t i c u l a r l y i f 
changes a r e i n t r o d u c e d i n t o t h e measurement sy s t e m . 

Changes a r e f r e q u e n t l y i n t r o d u c e d i n measurement 
systems e i t h e r b ecause o f u n d e s i r e d n e c e s s i t y o r 
i n t e r n a t i o n a l l y d e s i r e d improvement. Any change may 
a f f e c t t h e a c c u r a c y and/or p r e c i s i o n o f t h e 
measurement s y s t e m e i t h e r i n a d e s i r a b l e o r 
u n d e s i r a b l e manner. S t a t i s t i c i a n s and q u a l i t y 
a s s u r a n c e p e o p l e a r e p a r t i c u l a r l y s u s p i c i o u s o f 
change. Many t i m e s s i g n i f i c a n t u n d e s i r a b l e s h i f t s 
i n t h e l e v e l o f a n a l y t i c a l r e s u l t s have been 
d e t e r m i n e d t o have been c a u s e d by t h e c o i n c i d e n t a l 
i n t r o d u c t i o n o f s e e m i n g l y i n s i g n i f i c a n t change i n 
p r o c e d u r e s , e q u i p m e n t , o r m a t e r i a l s . The s l o g a n s o f 
s t a t i s t i c i a n s and q u a l i t y a s s u r a n c e p e o p l e m i g h t w e l l 
be "Cave V i c i s s i t u d i n e s " (beware o f changes) o r 
"Cave V a r i e t a s " (beware o f d i f f e r e n c e s ) . 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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A v e r y i m p o r t a n t b u t y e t v e r y s i m p l e p r i n c i p l e , 
w h i c h s h o u l d be u s e d whenever changes a r e i n t r o d u c e d 
i n t o t h e measurement p r o c e s s i s "The O v e r l a p 
P r i n c i p l e . " F o r example, o v e r l a p p i n g some " o l d " 
v a r i a b l e , A, w i t h a "new" v a r i a b l e , B, s h o u l d be 
employed whenever p r a c t i c a b l e t o o b t a i n o b j e c t i v e 
d a t a by c o m p a r i n g a " b e f o r e " c o n d i t i o n w i t h t h e 
" a f t e r " c o n d i t i o n t o a s s u r e t h a t t h e change has n o t 
i n t r o d u c e d a s i g n i f i c a n t o r d e l e t e r i o u s e f f e c t . F o r 
example, i f a new i n s t r u m e n t , new a n a l y s t , new 
r e a g e n t s o u r c e ( s u p p l i e r ) , o r even a new c a l i b r a t i o n 
s o u r c e i s i n t r o d u c e d i n t o t h e measurement p r o c e s s , i t 
i s a good q u a l i t y c o n t r o l p r o c e d u r e t o a n a l y z e a 
g i v e n sample o r samples o f m a t e r i a l under b o t h t h e 
" o l d " and t h e "new
change has n o t i n t r o d u c e
d e l e t e r i o u s e f f e c t . 

SAMPLING AND ANALYSIS VARIABILITY OF EPA REFERENCE 
SAMPLES 

An example from an e n v i r o n m e n t a l measurement 
l a b o r a t o r y i s u s e d t o i l l u s t r a t e t h e d e t e r m i n a t i o n o f 
t h e e f f e c t s o f s e v e r a l s o u r c e s o f v a r i a b i l i t y i n a 
measurement s y s t e m . 

The E n v i r o n m e n t a l M o n i t o r i n g and S u p p o r t 
L a b o r a t o r y p e r i o d i c a l l y d i s t r i b u t e s t o v a r i o u s 
e n v i r o n m e n t a l l a b o r a t o r i e s i n t h e U n i t e d S t a t e s , 
c a r e f u l l y p r e p a r e d r e f e r e n c e samples as a check on 
t h e a c c u r a c y o f t h e r e s u l t s from t h e l a b o r a t o r i e s . 
A l t h o u g h t h e samples a r e p r e p a r e d as n e a r l y i d e n t i c a l 
as p o s s i b l e , some v a r i a b i l i t y between t h e samples 
c a n n o t be c o m p l e t e l y e l i m i n a t e d . To a s s e s s t h e 
a v e r a g e c o n c e n t r a t i o n l e v e l o f t h e samples and t o 
d e t e r m i n e t h e s a m p l e - t o - s a m p l e v a r i a b i l i t y , EPA 
a n a l y z e s a number o f randomly s e l e c t e d samples p r i o r 
t o d i s t r i b u t i n g t h e r e m a i n d e r t o t h e v a r i o u s 
p a r t i c i p a t i n g l a b o r a t o r i e s . I n t h e example t o 
f o l l o w , EPA a n a l y z e d each sample on two d i f f e r e n t 
days t o o b t a i n some measure o f between-day 
v a r i a b i l i t y . A l t h o u g h t h e r e a r e a number o f s o u r c e s 
o f v a r i a b i l i t y i n t h e e n t i r e measurement s y s t e m , o n l y 
t h e f o l l o w i n g f o u r w i l l be e v a l u a t e d , namely: 

1. Sample-to-Sample v a r i a b i l i t y 
2. W i t h i n - s a m p l e W i t h i n - d a y v a r i a b i l i t y 
3. Day-to-Day v a r i a b i l i t y 
4. L a b o r a t o r y - t o - L a b o r a t o r y v a r i a b i l i t y 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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The measurement method i n v o l v e d i n t h e example 
i s t h e p a r a r o s a n i l i n e method f o r a n a l y s i s o f s u l f u r 
d i o x i d e ( 1 3 ) . As p a r t o f E P A 1 s q u a l i t y a s s u r a n c e 
program, samples o f sodium s u l f i t e i n 
t e t r a c h l o r o m e r c u r a t e s o l u t i o n a r e c a r e f u l l y p r e p a r e d 
t o s i m u l a t e f i e l d s a m p l e s , and t h e s e samples a r e 
d i s t r i b u t e d t o t h e v a r i o u s p a r t i c i p a t i n g l a b o r a t o r i e s 
f o r a n a l y s i s . 

A l a r g e number o f samples a t each o f f i v e 
d i f f e r e n t c o n c e n t r a t i o n s ( o r s e r i e s ) a r e p r e p a r e d by 
a c o n t r a c t o r . Each s a m p l e , c o n s i s t i n g o f o n e - h a l f 
m i l l i l i t e r o f s o l u t i o n , i s f r e e z e - d r i e d and t h e n 
s e a l e d i n a g l a s s v i a l t o m a i n t a i n t h e i n t e g r i t y o f 
the sample u n t i l i
p a r t i c i p a t i n g l a b o r a t o r y
random sample from each o f t h e f i v e c o n c e n t r a t i o n 
l e v e l s t o e s t i m a t e t h e v a r i a t i o n among sa m p l e s . I n 
the a n a l y s i s , t h e m a t e r i a l i n t h e v i a l i s d i s s o l v e d 
and d i l u t e d t o a t o t a l volume o f 50 m i l l i l i t e r s w i t h 
10 m i l l i l i t e r a l i q u o t s t a k e n on each o f two days f o r 
a n a l y s i s . 

F o r b r e v i t y , o n l y t h e r e s u l t s f o r S e r i e s 1000 
( t h e l o w e s t c o n c e n t r a t i o n l e v e l ) and S e r i e s 5000 ( t h e 
h i g h e s t c o n c e n t r a t i o n l e v e l ) w i l l be c o n s i d e r e d i n 
d e t a i l . The r e s u l t s o f t h e i n d i v i d u a l a n a l y s e s a r e 
p r e s e n t e d i n T a b l e I . 

S t a t i s t i c a l a n a l y s i s o f v a r i a n c e t e c h n i q u e was 
use d t o e s t i m a t e f o r each s e r i e s , 

1. The between-sample v a r i a b i l i t y , 
2. The between-day v a r i a b i l i t y , σ_, 
3. The w i t h i n - s a m p l e , w i t h i n - d a y v a r i a b i l i t y oq 

As an example, t h e r e s u l t s o f t h e a n a l y s i s o f 
v a r i a n c e f o r s e r i e s 5000 a r e shown i n T a b l e I I . 

From t h e a n a l y s i s o f v a r i a n c e g i v e n above 

.3516 = a 2 + dô 2 

e s 
5.7608 = a 2 + s a 2 

e d 
.1034 = a 2 

e 

where d = number o f days 
s = number o f samples 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Table I. I n d i v i d u a l R e s u l t s ( i n ug) of SO 

S e r i e s 1000 

Sample No. Day 1 Day 2 D i f f e r e n c e 

1381 11.24 11 .36 - .12 
1427 9.84 11.01 -1.17 
1436 10.54 11.01 - .47 
1376 10.54 11.01 - .47 
1490 11.24 11.01 .23 

Average 10.68 0 11.080 

5589 54.07 56.22 -2.15 
5750 54.07 55.86 -1.79 
5649 55.12 56.22 -1.10 
5557 55.47 56.57 -1.10 
5401 54.77 56.22 -1.45 

Average 54.700 56.220 

Table I I . A n a l y s i s of Variance 

Source Sum of Degrees Mean F-test Estimated 
Squares of Square Mean Square 

Freedom 

Between- 1.40634 4 .3516 3.40 
Sample 

Between- 5.76081 1 5.7608 55.69 
Days 

W i t h i n .41374 4 .1034 
Sample-Day 

2 , 2 a e + d a s 

2 ^ 2 
e a 

T o t a l 7.58089 9 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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S o l v i n g f o r & s and 6>̂  g i v e s 

S a .352 s s 
1.064 

.322 

The above example i s p r e s e n t e d t o i l l u s t r a t e t h e 
b a s i c p r i n c i p l e s i n d e t e r m i n i n g t h e components o f 
v a r i a n c e . Most o f t e n t h e e x p e r i m e n t a l d e s i g n f o r t h e 
a n a l y s i s o f components o f v a r i a n c e i s more c o m p l i 
c a t e d t h a n t h i s ( 1 4 ) ; however t h i s f a c t , w h i c h u s u a l 
l y r e q u i r e s a s t a t i s t i c i a n '
s u c h a s t u d y and i
does n o t d e t r a c t f r o m t h e i m p o r t a n c e o f t h i s t y p e o f 
s t u d y . 

The components o f v a r i a t i o n r e s u l t i n g from t h e 
f i v e s e p a r a t e a n a l y s e s a r e p r e s e n t e d i n T a b l e I I I . 

A g e n e r a l p a t t e r n s h o u l d e x i s t a c r o s s l e v e l s f o r 
the t h r e e components o f v a r i a t i o n . The s t a n d a r d 
d e v i a t i o n s f o r t h e w i t h i n sample-day v a r i a b i l i t y and 
between sample v a r i a b i l i t y a r e p l o t t e d on F i g u r e 2 
f o r t h e v a r i o u s c o n c e n t r a t i o n l e v e l s . S i n c e no gen
e r a l p a t t e r n , e i t h e r i n c r e a s i n g o r d e c r e a s i n g , ex
i s t s , t h e p o o l e d , i . e . , s t a t i s t i c a l l y a v e r a g e d , v a l 
ues f o r t h e s e s t a n d a r d d e v i a t i o n s a r e : 

sq - .276 f o r w i t h i n sample-day 

s s = .394 f o r between-sample 

The p l o t o f t h e between-day s t a n d a r d d e v i a t i o n s 
( F i g u r e 3 ) , however, does show a g e n e r a l i n c r e a s i n g 
p a t t e r n w i t h i n c r e a s i n g c o n c e n t r a t i o n s , w i t h t h e ex
c e p t i o n o f s e r i e s 2000. O m i t t i n g t h e r e s u l t s f o r s e 
r i e s 2000, t h e s t a n d a r d r e g r e s s i o n r e l a t i o n s h i p o f t h e 
between-day s t a n d a r d d e v i a t i o n t o c o n c e n t r a t i o n l e v e l 
i s as shown on F i g u r e 3. The s t a t i s t i c a l l y more 
c o r r e c t w e i g h t e d * r e g r e s s i o n r e l a t i o n s h i p i s a l s o 
shown, and i s a p p r e c i a b l y d i f f e r e n t f r o m t h e s t a n d a r d 

*A w e i g h t e d r e g r e s s i o n i s a p p r o p r i a t e because o f v i o 
l a t i o n o f t h e a s s u m p t i o n o f homogeneous v a r i a n c e s 
t h e v a r i a t i o n o f sample s t a n d a r d d e v i a t i o n s i s g r e a t 
e r f o r l a r g e r e x p e c t e d o r t r u e s t a n d a r d d e v i a t i o n s . 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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T a b l e I I I . Components o f V a r i a n c e O b t a i n e d 
f r o m A n a l y s i s o f V a r i a n c e 

W i t h i n 
S e r i e s Sample-day Between-Sample Between-Day 

c s e ) ( s s ) ( s d ) 

S t a n d a r d D e v i a t i o n s  yg 

1000 .367 
2000 .207 .493 z e r o * 
3000 .285 .401 .714 
4000 .136 .447 .804 
5000 .322 .352 1.064 

P o o l e d .276 .394 

(The z e r o v a l u e - - a c t u a l l y i t was n e g a t i v e - - i s 
p o s s i b l y due t o p e c u l i a r c o m b i n a t i o n s o f i n d i v i d u a l 
v a l u e s . I n t h i s p a r t i c u l a r s t u d y , t h e l a c k o f a 
between-day e f f e c t f o r s e r i e s 2000 i s s u s p e c t e d t o 
be due t o some a s s i g n a b l e but unknown ca u s e . ) 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



1.
3i

 

1.2
 

—
 

1.1
 

—
 

1.
0 

—
 

0.
9^

—
 

3 ο 
0.

8 
—

 
Η- <

 2;
 
ο.
7 

— 
α α <

 
0.

6 
—

 
α 2 <

 S 
0.

5 
—

 

0.
4 

—
 

0.
3 

—
 

0.
2 

—
 

0.
1

 —
 

Q
L 

Ο 
ER

RO
R 

• 
SA

M
PL

E 

QL
 .
 

c 
Ο

 

• Ο 

20
 

30
 

60
 

SA
M

PL
E 

CO
N

CE
N

TR
AT

IO
N 

LE
VE

L,
 ju

g 

Fi
gu

re
 2

. 
W

it
hi

n 
sa

m
pl

e-
da

y 
(e

rr
o

r)
 v

ar
ia

bi
li

ty
; 

be
tw

ee
n

 s
am

pl
e 

(s
a

m
p

le
) 

va
ri

ab
il

it
y 

vs
. s

am
pl

e 
co

nc
en

tr
at

io
n 

le
ve

ls
 X
 Ο α α ο -s
 ο S3 Ο η oo
 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



Fi
gu

re
 3

. 
B

et
w

ee
n 

da
y 

va
ri

ab
il

it
y 

v
s.

 s
am

pl
e 

co
nc

en
tr

at
io

n 
le

ve
ls

 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



6. R H O D E S Components of Variation in Chemical Analysis 189 

r e g r e s s i o n r e l a t i o n s h i p . From t h e w e i g h t e d r e g r e s 
s i o n l i n e t h e e x p e c t e d between-day s t a n d a r d 
d e v i a t i o n s a r e as f o l l o w s : 

S e r i e s S t a n d a r d D e v i a t i o n , pg 

1000 .275 
2000 .511 
3000 .504 
4000 .911 
5000 1.235 

The above r e s u l t d  d e t e r m i n
a p p r o p r i a t e a c c e p t a b i l i t
p a r t i c i p a t i n g i  a  i n t e r l a b o r a t o r y s u r v e y whe
a n a l y z i n g t h e r e m a i n i n g samples o f t h e f i v e s e r i e s . 
I t i s assumed t h a t o t h e r l a b o r a t o r i e s r e c e i v e o n l y 
one sample v i a l f r o m each o f t h e f i v e s e r i e s and t h a t 
t h e y a n a l y z e each sample o n l y once on some g i v e n day. 
( T h i s does n o t mean t h a t t h e y have t o a n a l y z e more 
t h a n one sample on any g i v e n day.) I t i s a l s o 
o b v i o u s l y assumed (1) t h a t t h e samples a n a l y z e d by 
the EPA a r e r e p r e s e n t a t i v e random samples f r o m t h e 
t o t a l o f each s e r i e s o f sample v i a l s , (2) t h a t t h e 
two days d u r i n g w h i c h EPA a n a l y z e d t h e samples a r e 
r e p r e s e n t a t i v e o f any day on w h i c h an a n a l y s i s may be 
p e r f o r m e d , and (3) t h a t t h e p a r t i c i p a t i n g 
l a b o r a t o r i e s have c a p a b i l i t y f o r a c c u r a t e and p r e c i s e 
a n a l y s e s a t l e a s t e q u a l t o t h a t o f EPA. 

T a b l e IV shows t h e d e t e r m i n e d s t a n d a r d 
d e v i a t i o n s f o r : 

1. w i t h i n sample-day v a r i a b i l i t y , 
2. sample v a r i a b i l i t y , 
3. d a y - t o - d a y v a r i a b i l i t y , and 
4. combined v a r i a b i l i t y 

f o r each s e r i e s . 

I n c o m p u t i n g t h e a c c e p t a b i l i t y l i m i t s f o r t h e 
i n t e r l a b o r a t o r y c o m p a r i s o n s , two v a r i a b i l i t i e s must 
be c o n s i d e r e d . 

1. The v a r i a t i o n o f t h e e s t i m a t e o f t h e " t r u e " 
l e v e l f r o m EPA a n a l y s i s . 

2. The combined w i t h i n s ample-day, between-
sample, and between-day v a r i a t i o n f o r t h e 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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s i n g l e r e s u l t o b t a i n e d by a p a r t i c i p a t i n g 
l a b o r a t o r y . 

The s t a n d a r d d e v i a t i o n w h i c h i s us e d as a b a s i s f o r 
com p u t i n g t h e a c c e p t a b i l i t y l i m i t s o f T a b l e IV i s t h e 
s t a t i s t i c a l c o m b i n a t i o n o f 1 and 2, as f o l l o w s : 

' t o t a l s " t r u e " + s 

where s M t r u e ' 

S i = 

s t a n d a r d d e v i a t i o n o f the 
e s t i m a t e d " t r u e " c o n c e n t r a t i o n 
l e v e l d e t e r m i n e d by EPA 

a s i n g l e r e s u l t f r o m a p a r t i c i 
p a t i n g l a b o r a t o r y 

2 2 2 
s d e 

s t a n d a r d d e v i a t i o n o f the sample 
v a r i a b i l i t y 
s t a n d a r d d e v i a t i o n o f the 
da y - t o - d a y v a r i a b i l i t y 

I t has been shown by s t a t i s t i c a l t h e o r y t h a t 
when c o m b i n i n g t h e e r r o r s o f i n d e p e n d e n t v a r i a b l e s , 
t h e s q u a r e s o f t h e s t a n d a r d d e v i a t i o n s , i . e . , t h e 
v a r i a n c e s , a r e a d d i t i v e . ( I n some f i e l d s , t h e above 
a d d i t i o n o f t h e v a r i a n c e s i s r e f e r r e d t o as the Root-
Mean Square o r RMS sum.) 

The v a r i a b i l i t y o f t h e e s t i m a t e d " t r u e " 
c o n c e n t r a t i o n l e v e l f o r each s e r i e s i s g i v e n by t h e 
f o l l o w i n g e x p r e s s i o n : * 

'true' 
2 s 2 

+ e 
10 

* I f necessary, c o n s u l t your l o c a l s t a t i s t i c i a n f o r 
the b a s i s of t h i s e x p r e s s i o n . 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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These c a l c u l a t e d v a l u e s a r e : 

S e r i e s s " t r u e M 

1000 .277 
2000 .411 
3000 .407 
4000 .674 
5000 .895 

F o r each s e r i e s , t h e t o t a l s t a n d a r d d e v i a t i o n 
f o r e x p e c t e d d i f f e r e n c e s between t h e EPA v a l u e and a 
p a r t i c i p a t i n g l a b o r a t o r
f o l l o w i n g t a b l e : 

S e r i e s s t o t a l 

10 00 .620 
2000 .814 
3000 .807 
4000 1. 231 
500 0 1.599 

The c o r r e s p o n d i n g 95% a c c e p t a b i l i t y l i m i t s a r e 
t h e r e f o r e : 

χ ± 2s 

where χ i s t h e a v e r a g e o f t h e 10 v a l u e s o f each 
s e r i e s . 

The computed v a l u e s a r e shown i n T a b l e IV. I t 
s h o u l d be emphasized t h a t t h e s e l i m i t s a r e minimum 
l i m i t s . Based on t h e i n f o r m a t i o n i n t h e d a t a 
r e p o r t e d h e r e i n , agreement o f t h e p a r t i c i p a t i n g 
l a b o r a t o r i e s T r e s u l t s w i t h t h o s e o f EPA a r e n o t 
e x p e c t e d t o be any b e t t e r t h a n t h a t r e f l e c t e d by t h e 
l i m i t s g i v e n , because no a l l o w a n c e i s made i n t h e 
above c o m p u t a t i o n s f o r t h e e x i s t e n c e o f any r e a l 
d i f f e r e n c e s ( o r b i a s e s ) between EPA and t h e 
p a r t i c i p a t i n g l a b o r a t o r i e s . I n p r a c t i c e , an 
a d d i t i o n a l a l l o w a n c e , f o r some b e t w e e n - l a b o r a t o r y 
v a r i a b i l i t y , b a s e d on p r e v i o u s s u r v e y r e s u l t s , i s 
a p p r o p r i a t e l y added ( 1 5 ) . 

I t i s h e l p f u l t o p r e s e n t i n g r a p h i c a l form t h e 
i n d i v i d u a l and combined e f f e c t s o f v a r i o u s s o u r c e s o f 
v a r i a b i l i t y . The e q u a t i o n g i v e n p r e v i o u s l y f o r 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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c o m b i n i n g s u c h e f f e c t s assumes t h a t t h e v a r i o u s 
e f f e c t s a r e i n d e p e n d e n t o f each o t h e r - - a v a l i d 
a s s u m p t i o n i n many s i m i l a r measurement s y s t e m s . By 
making use o f t h e P y t h a g o r e a n Theorem, w h i c h r e l a t e s 
t h e l e n g t h s o f t h e s i d e s o f r i g h t t r i a n g l e s , t h e 
r e l a t i v e m a g n i t u d e s o f t h e s t a n d a r d d e v i a t i o n s o f t h e 
above e x p r e s s i o n ( E q u a t i o n 2) can be d i s p l a y e d 
g r a p h i c a l l y by t h e s i d e s o f a group o f a d j o i n i n g 
r i g h t t r i a n g l e s . 

Thus, u s i n g t h e d a t a from T a b l e I V , t h e 
g r a p h i c a l r e p r e s e n t a t i o n f o r c o m b i n i n g t h e w i t h i n 
s ample-day*, between day, and between-sample 
v a r i a t i o n s f o r each o f t h e s e r i e s i s as shown i n 
F i g u r e 4. 

A d d i n g t h e between-day v a r i a b i l i t i e s f o r s e r i e s 
1000 and f o r s e r i e s 5000 g i v e s t h e v a r i a b i l i t i e s 
shown i n F i g u r e 4. 

Thus, i t can r e a d i l y be seen t h a t t h e between-
day v a r i a b i l i t y becomes an o v e r w h e l m i n g p o r t i o n o f 
th e combined v a r i a b i l i t y f o r t h e h i g h e r 
c o n c e n t r a t i o n s . F u r t h e r s t u d y s h o u l d be i n i t i a t e d t o 
i d e n t i f y t h e s p e c i f i c cause f o r t h e d a y - t o - d a y 
v a r i a b i l i t y . 

I t i s o f i n t e r e s t t o compare t h e combined 
v a r i a b i l i t y o f t h e s a m p l i n g and a n a l y t i c a l 
v a r i a b i l i t i e s w i t h t h e v a r i a b i l i t y e x p e r i e n c e d 
r e c e n t l y by p a r t i c i p a t i n g l a b o r a t o r i e s a n a l y z i n g 
t h e s e t y p e s o f sa m p l e s . Recent i n t e r l a b o r a t o r y 
c o m p a r i s o n s among l a b o r a t o r i e s r e s u l t i n computed 
c o e f f i c i e n t s o f v a r i a t i o n o f 20% w i t h i n t h e 
c o n c e n t r a t i o n r a n g e s o f t h i s s t u d y . 

The c o e f f i c i e n t o f v a r i a t i o n o f 20% i n c l u d e s t h e 
combined v a r i a t i o n due t o s a m p l e s , d a y s , and w i t h i n 
s ample-day, s i n c e each l a b o r a t o r y a n a l y z e d one sample 
( a t each l e v e l ) on some g i v e n day. Assuming t h a t 
t h i s combined v a r i a t i o n f o r t h e p a r t i c i p a t i n g 
l a b o r a t o r i e s i s e q u a l t o t h a t f o r t h e EPA l a b o r a t o r y , 
we must s u b t r a c t t h i s v a r i a b i l i t y f r o m t h e computed 

*0n F i g u r e 4, t h e w i t h i n sample-day v a r i a b i l i t y , f o r 
th e sake o f s p a c e , i s c a l l e d " e r r o r " , t h e u s u a l s t a 
t i s t i c a l t e r m f o r t h e i n h e r e n t v a r i a b i l i t y n o t i d e n 
t i f i e d w i t h some s p e c i f i c f a c t o r . 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Figure 4. Combined between sample, within sample-day (error), and 
between day variabilities for series 1000 and 5000 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Figure 5. Combined within laboratory and between laboratory variability for series 
1000 and 5000 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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20% v a l u e t o o b t a i n an e s t i m a t e o f t h e t r u e v a r i a t i o n 
between l a b o r a t o r i e s . 

A d d i t i o n o f t h e s e b e t w e e n - l a b o r a t o r y components 
o f v a r i a t i o n t o t h o s e o f t h e p r e v i o u s f i g u r e s 
p r o v i d e s t h e r e s u l t s shown i n F i g u r e 5. 

Thus, i f t h e p a r t i c i p a t i n g l a b o r a t o r i e s a r e a 
r e p r e s e n t a t i v e sample o f a l l t h e l a b o r a t o r i e s i n t h e 
c o u n t r y , t h e g r a p h i c a l r e p r e s e n t a t i o n r e f l e c t s t h e 
r e l a t i v e m a g n i t u d e s o f t h e s o u r c e s o f v a r i a t i o n o f 
t h e c h e m i c a l a n a l y t i c a l p o r t i o n o f SO^ d a t a b e i n g 
o b t a i n e d t h r o u g h o u t t h e c o u n t r y . 

The p i c t u r e c l e a r l
a r e a f o r i n v e s t i g a t i o n t o improve t h e r e p r o d u c i b i l i t y 
o f t h e r e p o r t e d d a t a i s t h e d e t e r m i n a t i o n o f t h e 
c a u s e s o f t h e b e t w e e n - l a b o r a t o r y d i f f e r e n c e s . 

I t s h o u l d be n o t e d t h a t a d d i t i o n a l s o u r c e s o f 
v a r i a b i l i t y , s u c h as between a n a l y s t s , c o u l d be 
c o n s i d e r e d i n t h e p l a n n i n g and a n a l y s i s f o r s u c h 
s t u d i e s , and t h a t t h e g r a p h i c a l r e p r e s e n t a t i o n can 
a l s o be e x t e n d e d t o i n c l u d e t h e s e a d d i t i o n a l s o u r c e s . 

SUMMARY 

V a r i a b i l i t y i n t h e measurement p r o c e s s may be 
a s s o c i a t e d w i t h i n s t r u m e n t s o r a p p a r a t u s , a n a l y s t s , 
c o n d i t i o n s , t i m e , c a l i b r a t i o n s e q u e n c e , c a l i b r a t i o n 
s t a n d a r d s , and r e a g e n t s and m a t e r i a l s u s e d i n t h e 
e n t i r e measurement p r o c e s s . The e n t i r e l a b o r a t o r y 
measurement p r o c e s s has been v i e w e d as a p r o c e s s 
r e q u i r i n g i t s own q u a l i t y a s s u r a n c e s y s t e m . S e v e r a l 
p e r t i n e n t p o i n t s and means o f c o n t r o l f o r a c h i e v i n g 
and m a i n t a i n i n g good a c c u r a c y and p r e c i s i o n o f t h e 
p r o d u c t , DATA, o f a l a b o r a t o r y measurement s y s t e m 
have been p r e s e n t e d . An example has been p r e s e n t e d t o 
show how d e s i g n e d s t u d i e s o f t h e v a r i o u s f a c t o r s o f 
t h e measurement p r o c e s s may be e v a l u a t e d t o d e t e r m i n e 
t h e components o f v a r i a n c e a t t r i b u t a b l e t o each o f 
t h e f a c t o r s . A g r a p h i c a l method o f p r e s e n t i n g t h e 
measures o f i n d i v i d u a l and combined components o f 
v a r i a b i l i t y due t o i n d e p e n d e n t f a c t o r s has been 
d e m o n s t r a t e d . Much f r u i t f u l e f f o r t s i n t h e s t u d y o f 
l a b o r a t o r y measurement systems r e s u l t from a c l o s e 
w o r k i n g r e l a t i o n s h i p between c h e m i s t s and 
s t a t i s t i c i a n s . 

In Validation of the Measurement Process; DeVoe, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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