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APPROACH TO UNCERTAINTY IN RISK ANALYSIS* 

ABSTRACT 

In t h e F a l l of 1985 EPA's O f f i c e of R a d i a t i o n Programs (ORP) 

i n i t i a t e d a p r o j e c t t o deve lop a fo rma l approach t o d e a l i n g w i t h 

u n c e r t a i n t i e s e n c o u n t e r e d when e s t i m a t i n g and e v a l u a t i n g r i s k s t o human 

h e a l t h and t h e env i ronmen t . Based on a l i t e r a t u r e r ev iew of mode l ing 

u n c e r t a i n t y , i n t e r v i e w s w i t h ORP t e c h n i c a l and management s t a f f , and 

i n p u t f rom e x p e r t s on u n c e r t a i n t y a n a l y s i s , a comprehens ive approach was 

d e v e l o p e d . Th i s approach r e c o g n i z e s by d e s i g n t h e c o n s t r a i n t s on 

b u d g e t , t i m e , manpower, e x p e r t i s e , and a v a i l a b i l i t y of i n f o r m a t i o n o f t e n 

e n c o u n t e r e d i n " r e a l wor ld" model ing . I t i s ba sed on t h e o b s e r v a t i o n 

t h a t i n p r a c t i c e r i s k model ing i s u s u a l l y done t o s u p p o r t a d e c i s i o n 

p r o c e s s . As such , t h e approach f o c u s e s on how t o f r ame a g i v e n r i s k 

model ing problem, how t o u se t h a t f r a m i n g t o s e l e c t an a p p r o p r i a t e 

m i x t u r e of u n c e r t a i n t y a n a l y s e s t e c h n i q u e s , and how t o i n t e g r a t e t h e 

t e c h n i q u e s i n t o an u n c e r t a i n t y a s se s smen t t h a t e f f e c t i v e l y communicates 

i m p o r t a n t i n f o r m a t i o n and i n s i g h t t o d e c i s i o n - m a k e r s . 

The approach i s p r e s e n t e d i n t h i s r e p o r t . P r a c t i c a l gu idance on 

c h a r a c t e r i z i n g and a n a l y z i n g u n c e r t a i n t i e s abou t model fo im and 

q u a n t i t i e s and on e f f e c t i v e l y communicat ing u n c e r t a i n t y a n a l y s i s r e s u l t s 

i s i n c l u d e d . Examples f rom a c t u a l a p p l i c a t i o n s a r e p r e s e n t e d . 

• R e s e a r c h s p o n s o r e d by t h e O f f i c e of R a d i a t i o n Programs, A n a l y s i s and 
Suppor t D i v i s i o n , U.S . Envi ronmenta l P r o t e c t i o n Agency, under I n t e r a g e n c y 
Agreement DOE 40 -1365-83 . 
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1. INTRODUCTION 

The E n v i r o n m e n t a l P r o t e c t i o n A g e n c y ' s O f f i c e of R a d i a t i o n Programs 

(ORP) i s r e s p o n s i b l e f o r r e g u l a t i n g on a n a t i o n a l l e v e l t h e r i s k s 

a s s o c i a t e d w i t h t e c h n o l o g i c a l s o u r c e s of i o n i z i n g r a d i a t i o n i n t h e 

e n v i r o n m e n t . A c r i t i c a l a c t i v i t y a t t h e ORP as p a r t o f d e v e l o p i n g 

r e g u l a t o r y p o l i c y i s a n a l y z i n g and e v a l u a t i n g r i s k . Those i n v o l v e d i n 

t h e a n a l y s i s of r i s k a r e o f t e n c o n f r o n t e d w i t h a f o r m i d a b l e o b s t a c l e t o 

p r o d u c i n g r e l i a b l e r i s k e s t i m a t e s - - u n c e r t a i n t i e s a b o u t t h e d a t a , 

p a r a m e t e r s , phenomena, models and methods i n v o l v e d . 

The ORP b e l i e v e s t h a t t h e a n a l y s i s of u n c e r t a i n t y s h o u l d b e an 

i n t e g r a l p a r t of any r i s k a n a l y s i s . A c c o r d i n g l y , i n t h e f a l l o f 1985 

t h e ORP i n i t i a t e d a p r o j e c t t o d e v e l o p a f o r m a l a p p r o a c h t o u n c e r t a i n t y 

i n r i s k a n a l y s i s . I n o r d e r t o e s t a b l i s h a b a s i s f o r t h e a p p r o a c h , t h r e e 

a c t i v i t i e s were u n d e r t a k e n : 

1 . A l i t e r a t u r e r e v i e w o f s t u d i e s r e l a t e d t o u n c e r t a i n t y i n r i s k 

a n a l y s i s was p r e p a r e d [ R i s h , 1988] . The f o l l o w i n g a r e a s of s t u d y 

were i n c l u d e d i n t h i s r e v i e w : 

- p h i l o s o p h i c a l d i s c u s s i o n s of u n c e r t a i n t y and i t s r e l a t i o n s h i p 

t o r i s k , 

- f r ameworks f o r t h e t r e a t m e n t of u n c e r t a i n t y i n r i s k a n a l y s i s , 

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

- s o f t w a r e a v a i l a b l e t o f a c i l i t a t e u n c e r t a i n t y a n a l y s i s , and 

- a p p l i c a t i o n s of u n c e r t a i n t y a n a l y s i s m e t h o d o l o g i e s . 

2 . A g l o s s a r y o f r i s k and u n c e r t a i n t y r e l a t e d t e r m i n o l o g y was 

p r e p a r e d , ( s e e G l o s s a r y ) 

1 
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3. S t r u c t u r e d d i s c u s s i o n s on u n c e r t a i n t y and r i s k a n a l y s i s were h e l d 
w i th ORP s t a f f members hav ing a d i v e r s i t y of backgrounds and 
r e s p o n s i b i l i t i e s . Th is was done t o o b t a i n I n p u t s needed t o make 
the approach t o u n c e r t a i n t y r e a l i s t i c w i t h r e s p e c t t o ORP 
a c t i v i t i e s , needs , and mode of o p e r a t i o n . I t was a l s o t h e f i r s t 
s t e p toward a c h i e v i n g i n t e r n a l ORP consensus on an accep ta t&* 
approach . 

Th is r e p o r t p r e s e n t s a d r a f t ORP approach t o u n c e r t a i n t y i n r i s k 
a n a l y s i s based on r e s u l t s f rom the t h r e e a c t i v i t i e s above and t h e 
i n s i g h t ga ined from e x p e r i e n c e . The purpose of t h i s r e p o r t i s t o b e g i n 
t h e development of a c o n s i s t e n t , o r g a n i z e d , and w e l l - r e a s o n e d approach 
t o u n c e r t a i n t y t h a t ORP can app ly t o any o f i t s r i s k a s se s smen t 
p rob lems . The g o a l s of t h e approach a r e : 

1 . t o make t h e r e a s o n i n g and judgments made about how t o hand le 
u n c e r t a i n t i e s e n c o u n t e r e d i n a r i s k a n a l y s i s e x p l i c i t , so t h a t t hey 
can be de te rmined to be r e a s o n a b l e , and 

2 . t o i d e n t i f y where u n c e r t a i n t i e s m a t t e r by a s s e s s i n g t h e s e n s i t i v i t y 
of r i s k management d e c i s i o n s t o u n c e r t a i n t i e s , a s s e s s i n g t h e l e v e l 
of c o n f i d e n c e i n d e c i s i o n outcomes and i d e n t i f y i n g s t e p s t h a t can 
be t aken t o reduce o r e l i m i n a t e u n c e r t a i n t i e s . 

With l i t t l e e x c e p t i o n , d i s c u s s i o n of t h e d e t a i l s of a v a i l a b l e 
t e c h n i q u e s f o r a n a l y z i n g u n c e r t a i n t y h a s n o t been i n c l u d e d i n t h i s 

r e p o r t . Such t e c h n i q u e s a r e summarized i n an o r g a n i z e d manner i n t h e 
* 

companion l i t e r a t u r e r ev iew. I n s t e a d t h i s approach f o c u s e s on how t o 
f rame a g iven r i s k problem, how t o s e l e c t an a p p r o p r i a t e mix tu re of 
u n c e r t a i n t y a n a l y s i s t e c h n i q u e s , and how t o i n t e g r a t e t h e t e c h n i q u e s 
i n t o an u n c e r t a i n t y a s sessmen t t h a t e f f e c t i v e l y communicates impor t an t 
i n f o r m a t i o n and i n s i g h t t o d e c i s i o n - m a k e r s . 

* See Review of S t u d i e s R e l a t e d to U n c e r t a i n t y in Risk A n a l y s i s [Rish , 
1988] . 



2 . APPROACH TO UNCERTAINTY IN RISK ANALYSIS 

The e x p l i c i t c o n s i d e r a t i o n of u n c e r t a i n t i e s and t h e i r i m p l i c a t i o n s 

i s an i m p o r t a n t p a r t of r i s k a n a l y s i s a c t i v i t i e s f o r t h e f o l l o w i n g 

r e a s o n s : 

- The EPA h a s a r e s p o n s i b i l i t y t o p r o v i d e - - t h r o u g h i t s r e g u l a t i o n s , 

g u i d e l i n e s , p r a c t i c e s , and r u l i n g s - - a r e a s o n a b l e l e v e l of a s s u r a n c e 

t h a t p r o t e c t i o n of human h e a l t h and t h e env i ronment a r e m a i n t a i n e d . 

I n o r d e r t o have c o n f i d e n c e t h a t t h i s g o a l i s a c h i e v e d , t h e 

i m p l i c a t i o n s of u n c e r t a i n t i e s on r e g u l a t o r y d e c i s i o n s must be 

c a r e f u l l y a s s e s s e d . 

- There can be c o n s i d e r a b l e c o s t s a s s o c i a t e d w i t h a d e c i s i o n b a s e d 

upon a n a l y s i s w i t h a h i g h l e v e l of i n h e r e n t u n c e r t a i n t y . These 

p o t e n t i a l c o s t s come from a d o p t i n g a c o u r s e of a c t i o n which r e s u l t s 

i n u n e x p e c t e d n e g a t i v e consequences , m i s p l a c e d or p r a c t i c a l l y 

i r r e v e r s i b l e commitments of r e s o u r c e s , o r p o l i c i e s which a r e 

d i f f i c u l t t o a l t e r a t a l a t e r d a t e when new i n f o r m a t i o n becomes 

a v a i l a b l e . A n a l y s i s of u n c e r t a i n t i e s can h e l p t o i d e n t i f y a r i s k 

management s t r a t e g y which i s most f l e x i b l e t o u n c e r t a i n o r chang ing 

c o n d i t i o n s , and can p r o v i d e a h i g h e r deg ree of c o n f i d e n c e t h a t r i s k 

management g o a l s w i l l be a c h i e v e d . 

- Env i ronmen ta l r i s k a n a l y s i s r e s u l t s can b e h i g h l y s e n s i t i v e t o 

u n c e r t a i n t i e s i n i n p u t s o r model f o r m u l a t i o n s . Once t h e s o u r c e s of 

u n c e r t a i n t i e s i n t h e a s s e s s m e n t a r e i d e n t i f i e d , t h e i r r e l a t i v e 

c o n t r i b u t i o n t o t h e o v e r a l l u n c e r t a i n t y i n r i s k e s t i m a t e s can be 

examined. Th i s i s u s e f u l i n f o r m a t i o n f o r p l a n n i n g measurement and 

model ing a c t i v i t i e s . 

- When t h e r e i s d i s a g r e e m e n t among s o u r c e s o f i n f o r m a t i o n a good 

d e c i s i o n r e q u i r e s knowing t h e e x t e n t t o which t h e d i s a g r e e m e n t 

would a f f e c t r i s k a n a l y s i s r e s u l t s . An example would be 

d i s a g r e e m e n t among h e a l t h e x p e r t s a b o u t d o s e - r e s p o n s e 

r e l a t i o n s h i p s . 
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- "There i s c o n s i d e r a b l e e m p i r i c a l e v i d e n c e t o s u g g e s t t h a t due t o a 

v a r i e t y of h e u r i s t i c s employed i n human t h o u g h t p r o c e s s e s c o g n i t i v e 

b i a s e s may r e s u l t i n " b e s t e s t i m a t e s " t h a t a r e n o t a c t u a l l y v e r y 

good. Even i f a l l t h a t i s needed i s a " b e s t e s t i m a t e " answer , t h e 

q u a l i t y of t h a t answer may be improved by an a n a l y s i s t h a t r e q u i r e s 

peop l e t o i n c o r p o r a t e and d e a l w i t h t h e f u l l u n c e r t a i n t y . " [Morgan 

e t a l . , 1982] 

- Many t e c h n o l o g i c a l r i s k management problems i n v o l v e complex 

m i x t u r e s of t e c h n i c a l f a c t and v a l u e j udgmen t s . E x p l i c i t 

c h a r a c t e r i z a t i o n of u n c e r t a i n t i e s can h e l p t o d i s t i n g u i s h 

d i s a g r e e m e n t s o v e r t e c h n i c a l u n c e r t a i n t i e s f rom t h o s e which a r e due 

t o d i v e r g e n t v a l u e s . 

- The a c t i t s e l f of examin ing u n c e r t a i n t i e s i n a q u a n t i t a t i v e manner 

r e s u l t s i n a b r o a d e r u n d e r s t a n d i n g of t h e p r o c e s s e s b e i n g m o d e l l e d , 

and t h e s o u r c e s and n a t u r e of t h e c o n t r o v e r s i a l I s s u e s i n v o l v e d . 

I t f o r c e s a c a r e f u l rev iew and c h a r a c t e r i z a t i o n of t h e p r e s e n t 

s t a t e of knowledge, and i t p r o v i d e s a s t r u c t u r e f o r u p d a t i n g t h e 

r i s k a s s e s s m e n t a s i n f o r m a t i o n and u n d e r s t a n d i n g e v o l v e . 

These r e a s o n s u n d e r l i e t h e approach t o u n c e r t a i n t y i n r i s k a n a l y s i s 

d e s c r i b e d i n t h i s s e c t i o n . The o v e r a l l approach i n c l u d e s an 

i n s t i t u t i o n a l a p p r o a c h a p p l i e d a t t h e program l e v e l and a t e c h n i c a l 

approach a p p l i e d a t t h e a n a l y s i s and e v a l u a t i o n l e v e l . The 

i n s t i t u t i o n a l a p p r o a c h c o n s i s t s of a s e t of p o l i c i e s and p r o c e d u r e s 

a d o p t e d by t h e ORP t o e n s u r e a d e q u a t e c o n s i d e r a t i o n o f u n c e r t a i n t y i n 

r i s k a n a l y s e s . The t e c h n i c a l approach c o n s i s t s of gu idance f o r ( a ) 

f r a m i n g a r i s k prob lem w i t h r e s p e c t t o some s p e c i f i c p o l i c y , r i s k 

a n a l y s i s , and u n c e r t a i n t y c o n s i d e r a t i o n s , (b) d e v e l o p i n g an a p p r o p r i a t e 

u n c e r t a i n t y a s s e s s m e n t s t r a t e g y f o r t h e r i s k p rob lem, and ( c ) e v a l u a t i n g 

and e f f e c t i v e l y communicat ing t h e r e s u l t s o f t h e u n c e r t a i n t y a s s e s s m e n t . 



2 . 1 INSTITUTIONAL APPROACH 

The p o l i c i e s and p r a c t i c e s t h a t t o g e t h e r c o n s t i t u t e an 

i n s t i t u t i o n a l approach t o h a n d l i n g u n c e r t a i n t i e s i n r i s k a n a l y s i s 

i n c l u d e : 

- I n i t i a t i n g a t a s k t o deve lop a program-wide approach t o u n c e r t a i n t y 

i n r i s k a n a l y s i s , of which t h i s r e p o r t and i t s accompanying 

l i t e r a t u r e r ev iew a r e a p a r t . The goa l i s a c o n s i s t e n t , o r g a n i z e d , 

and w e l l - r e a s o n e d approach t h a t r e f l e c t s an awareness of t h e 

s t a t e - o f - t h e - a r t i n u n c e r t a i n t y t r e a t m e n t and i s c o m p a t i b l e w i t h 

t h e ORP's mode of o p e r a t i o n . 

- E s t a b l i s h i n g l i n e s of communication be tween ORP t e c h n i c a l s t a f f and 

e x p e r t p r a c t i t i o n e r s of u n c e r t a i n t y a n a l y s i s i n o r d e r t o keep 

a b r e a s t of t h e s t a t e - o f - t h e - a r t and have a s o u r c e o f c o n s u l t a t i o n . 

I n a d d i t i o n , c o n t i n u i n g c o l l a b o r a t i o n e x i s t s be tween ORP e x p e r t s 

and o t h e r l e a d i n g e x p e r t s on t h e s c i e n t i f i c b a s i s f o r r a d i a t i o n -

r e l a t e d p r o c e s s e s and e f f e c t s . 

- T r a i n i n g o f t h e s t a f f i n c u r r e n t u n c e r t a i n t y a n a l y s i s t e c h n i q u e s 

and s o f t w a r e . The EPA computer code MOUSE [Klee , 1985] and t h e 

Ca rneg ie -Me l lon U n i v e r s i t y code DEMOS [Henr ion and Morgan, 1985] 

a r e b e i n g e v a l u a t e d f o r p o s s i b l e u s e . 

- Encourag ing t h r o u g h g u i d e l i n e s and c r i t e r i a , t h e s e l e c t i o n of 
f a c i l i t y d e s i g n s and s i t e s t h a t can be r e l i a b l y c h a r a c t e r i z e d and 
e v a l u a t e d . 

- Deve lop ing i n - h o u s e a n a l y t i c a l me thodo log i e s f o r u n c e r t a i n t y 

a n a l y s i s . A d i s c r e t e p r o b a b i l i t y d i s t r i b u t i o n methodology f o r 

a n a l y z i n g i n p u t p a r a m e t e r u n c e r t a i n t i e s i n geosphe re t r a n s p o r t 

mode l ing f o r l o w - l e v e l w a s t e d i s p o s a l s i t e s h a s been deve loped 

[Hung, 1965] . In a d d i t i o n , a p r o b a b i l i s t i c v e r s i o n h a s been 
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deve loped of t h e r i v e r r e l e a s e pathways model used t o d e r i v e t h e 

r a d i o n u c l i d e r e l e a s e l i m i t s s p e c i f i e d i n 40CFR191, s u b p a r t B, [Rish 

e t a l . , 1985] . Th i s v e r s i o n employs L a t i n Hypercube Sampling (LHS) 

t o p r o p a g a t e p a r a m e t e r u n c e r t a i n t i e s th rough model c a l c u l a t i o n s . 

- O b t a i n i n g independen t pee r rev iew of r i s k a n a l y s e s done i n s u p p o r t 
of r u l e m a k i n g s . 

- E s t a b l i s h i n g r e s e a r c h , f i e l d and t e s t programs aimed a t r e d u c i n g 
u n c e r t a i n t i e s abou t t h e p r o c e s s e s and p a r a m e t e r s a s s o c i a t e d w i t h 
a s s e s s i n g t h e r i s k s of r a d i a t i o n i n t h e env i ronmen t . 

2 . 2 TECHNICAL APPROACH 

I n a d d i t i o n t o t h e i n s t i t u t i o n a l s t e p s d e s c r i b e d above t o d e a l w i t h 

u n c e r t a i n t y i n i t s r i s k a n a l y s i s a c t i v i t i e s , t h e ORP h a s deve loped 

t e c h n i c a l gu idance f o r t h e t r e a t m e n t of u n c e r t a i n t y . 

The t e c h n i c a l g u i d a n c e , p r e s e n t e d i n t h e remainder of t h i s r e p o r t , 
a d d r e s s e s t h e f o l l o w i n g t h r e e b a s i c e l e m e n t s of t h e p roposed t e c h n i c a l 
approach t o u n c e r t a i n t y : 

1 . f r a m i n g t h e r i s k problem from p o l i c y , r i s k a n a l y s i s , and 

u n c e r t a i n t y p e r s p e c t i v e s , 

2 . d e v e l o p i n g an u n c e r t a i n t y a s s e s s m e n t s t r a t e g y , and 

3 . communicat ing t h e r e s u l t s of t h e u n c e r t a i n t y a s s e s s m e n t . 



2 . 2 . 1 FRAMING THE PROBLEM 

I n o r d e r Co d e s i g n an a p p r o p r i a t e s t r a t e g y f o r a s s e s s i n g t h e 

u n c e r t a i n t i e s i n a gi '"?n r i s k problem, i t i s f i r s t n e c e s s a r y t o f rame 

t h e problem w i t h r e s p e c t t o some s p e c i f i c p o l i c y , r i s k a n a l y s i s , and 

u n c e r t a i n t y c o n s i d e r a t i o n s . This i s because t h e c h o i c e of a p p r o p r i a t e 

u n c e r t a i n t y c h a r a c t e r i z a t i o n s and a n a l y s i s t e c h n i q u e s depends upon t h e s e 

c o n s i d e r a t i o n s . A framework f o r o r g a n i z i n g t h e s e c o n s i d e r a t i o n s i s 

p r e s e n t e d be low. 

2 . 2 . 1 . 1 P o l i c y C o n s i d e r a t i o n s 

The f o l l o w i n g p o l i c y c o n s i d e r a t i o n s i m p o r t a n t t o d e s i g n i n g an 

a p p r o p r i a t e u n c e r t a i n t y a s s e s s m e n t s t r a t e g y s h o u l d be a d d r e s s e d . 

(1) The type of d e c i s i o n t h a t t h e r i s k a n a l y s i s w i l l s u p p o r t 

s h o u l d b e c h a r a c t e r i z e d . There a r e a t l e a s t f o u r b a s i c t y p e s of r i s k 

management d e c i s i o n s t h a t r i s k a n a l y s e s can be u sed t o s u p p o r t . 

a . s i t e and f a c i l i t y d e s i g n s e l e c t i o n o r a p p r o v a l , 

b . compl iance and v a r i a n c e d e t e r m i n a t i o n s f o r l i c e n s i n g , 

c . " a c t v e r s u s s t u d y " d e c i s i o n s abou t whe the r o r n o t t o implement 

r i s k c o n t r o l a c t i o n s o r w a i t u n t i l f u r t h e r d a t a c o l l e c t i o n and 

a n a l y s i s r educe u n c e r t a i n t i e s abou t d e c i s i o n outcomes ( I n 

o t h e r words , when i s "enough" i n f o r m a t i o n known t o j u s t i f y 

t a k i n g a c t i o n o r n o t t a k i n g a c t i o n ? ) , and 

d . " l e v e l of c o n t r o l " d e c i s i o n s abou t t h e p r o p e r l e v e l s f o r 

s t a n d a r d s , c r i t e r i a , t h r e s h o l d s , and compensa t ion . 

For t h e l a s t t ype o f d e c i s i o n , d e t e r m i n i n g a p p r o p r i a t e l e v e l s of 

c o n t r o l , t h e c o n t r o l s t r a t e g y a l t e r n a t i v e s t h a t a r e under c o n s i d e r a t i o n 

s h o u l d be i d e n t i f i e d . These i n c l u d e : 
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- e s t a b l i s h i n g d e s i g n s p e c i f i c a t i o n s , s i t i n g c r i t e r i a o r l i c e n s i n g 

c o n d i t i o n s f o r t h e t echno logy b e i n g c o n s i d e r e d f o r r e g u l a t i o n s . 

- s e t t i n g l i m i t s on r a d i o n u c l i d e s o u r c e i n v e n t o r y o r r e l e a s e r a t e , 

- s e t t i n g r a d i o n u c l i d e c o n c e n t r a t i o n l i m i t s i n v a r i o u s media , 

- s e t t i n g l i m i t s on exposu re or dose , 

- s e t t i n g l i m i t s o r g o a l s f o r a c c e p t a b l e l e v e l of r i s k , 

- c r e a t i n g i n c e n t i v e s t o c o n t r o l r i s k s , and 

- s p e c i f y i n g compensa t ion mechanisms. 

(2) D e c i s i o n c r i t e r i a t o be used shou ld be i d e n t i f i e d . These can 
b e g e n e r a l l y c a t e g o r i z e d as e i t h e r " r i g h t s - b a s e d " o r " u t i l i t y - b a s e d " 

•k 
c r i t e r i a . R i g h t s - b a s e d c r i t e r i a i n c l u d e : 

- z e r o r i s k , 

- a s p e c i f i e d bound on r i s k ( i . e . , de minimus, c o n s i s t e n t l e v e l , 

a c c e p t a b l e o r r e a s o n a b l e l e v e l , r i s k / s a f e t y g o a l ) , 

- p r o t e c t i n g t h e m o s t - s e n s i t i v e i n d i v i d u a l ( t h i s can a l s o be a 
r e s p o n s e t o u n c e r t a i n t y ) , 

- Bes t A v a i l a b l e C o n t r o l Technology (BACT) o r t h e l i k e , ad 

- a p p r o v a l , compensa t ion , and o t h e r l e g a l d e t e r m i n a t i o n s . 

* The c o n c e p t s i n t h i s p a r a g r a p h were deve loped f rom c o n v e r s a t i o n s 
w i t h M. Granger Morgan w i t h h i s k i n d p e r m i s s i o n . 
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U t i l i t y - b a s e d c r i t e r i a i n c l u d e : 

- c o s t - e f f e c t i v e n e s s , 

- c o s t - b e n e f i t , 

- v a l u e - i m p a c t , 

- As Low As Reasonably Ach ievab le (ALARA), and 

- o t h e r such economic p r e f e r e n c e t r a d e o f f s . 

(3) P o l i c y s t r a t e g i e s b e i n g c o n s i d e r e d w i t h r e s p e c t t o t ime and 

space f a c t o r s s h o u l d b e I d e n t i f i e d . A l t e r n a t i v e s t r a t e g i e s i n c l u d e : 

- a o n e - t i m e s o l u t i o n ( e . g . , l i m i t on cumula t i ve r e l e a s e s d u r i n g n e x t 

1000 y e a r s ) v e r s u s an a d a p t i v e " look-ahead" s o l u t i o n ( e . g . , c o n t r o l 

imminent h a z a r d now and de t e rmine l o n g - t e r m c o n t r o l l a t e r when 

b e t t e r i n f o r m a t i o n i s a v a i l a b l e , o r adopt a t i m e - p h a s e d p o l i c y ) , 

- a g e n e r i c s o l u t i o n v e r s u s a s i t e - s p e c i f i c s o l u t i o n , and 

- p o p u l a t i o n v e r s u s i n d i v i d u a l p r o t e c t i o n . 

(4) The key v a l u e p a r a m e t e r s and d e c i s i o n v a r i a b l e s s h o u l d be 
* 

i d e n t i f i e d . Value p a r a m e t e r s measure t h e p r e f e r e n c e s of t h e d e c i s i o n -

makers . Key v a l u e p a r a m e t e r s i n c l u d e : 

- t h e a p p r o p r i a t e i nves tmen t r a t e t o r educe h e a l t h r i s k ( e . g . , " v a l u e 

of l i f e " ) , 

- t h e d i s c o u n t r a t e f o r combining b e n e f i t s and c o s t s a c c r u i n g a t 
d i f f e r e n t t i m e s , and 

- t h e l e v e l of c o n f i d e n c e d e s i r e d by t h e p o l i c y - m a k e r i n t h e 

e s t i m a t e d outcomes of a l t e r n a t i v e d e c i s i o n s . 

* Based on Henr ion and Morgan [1984] 
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Examples of t h i s l a s t v a l u e p a r a m e t e r , th<* c o n f i d e n c e l e v e l c r i t e r i o n , 

i n c l u d e : 

- b a s e d on " b e s t - e s t i m a t e s , " 

- b a s e d on c o n s e r v a t i v e e s t i m a t e s , of which w o r s t - r a s e i s an ex t reme 
example, end 

- b a s e d on a s u b j e c t i v e l y - d o r e r m i n o d r e a s o n a b l e l e v t l of a s s u r a n c e . 

Key d e c i s i o n v a r i a b l e s shou ld bt- i d e n t i f i e d . These a r e q u a n t i t i e s 

ove r whose v a l u e s t h e d e c i s i o n - i a a k e r e x e r c i s e s d i r e c t c o n t r o l . An 

example of a d e c i s i o n v a r i a b l e i s t h e p e r m i t t e d maximum e m i s s i o n r a t e 

f rom t h e t echno logy b e i n g e v a l u a t e d . I n some e a s e s , t h e d e c i s i o n 

v a r i a b l e i s s p e c i f i e d a s i n p u t t o t h e r i s k a n a l y s i s , and t h e s e n s i t i v i t y 

of outcomes t o a l t e r n a t i v e l e v e l s of t h e v a r i a b l e i s a n a l y z e d . I n o t h e r 

c a s e s , i t i s d e s i r e d t o use the a n a l y s i s t o d e t e r m i n e an " o p t i m a l " l e v e l 

f o r a d e c i s i o n v a r i a b l e as an o u t p u t . 

A.n i m p o r t a n t measure of the s i g n i f i c a n c e of an u n c e r t a i n t y i s t h e 

e f f e c t i t can have on t h e key d e c i s i o n v a r i a b l e s i n v o l v e d . A c c o r d i n g l y , 

i n f r a m i n g t h e r i s k problem i t i s u s e f u l t o i d e n t i f y " b r e a k p o i n t s " where 

changes t o r i s k a n a l y s i s r e s u l t s would l e a d t o an a l t e r n a t i v e d e c i s i o n . 

The c r i t e r i a t h a t t h e d e c i s i o n - m a k e r w i l l u se t o d e t e r m i n e such 

b r e a k p o i n t s shou ld be i d e n t i f i e d , t o t h e e x t e n t p o s s i b l e . 

2 . 2 . 1 . 2 R i sk A n a l y s i s C o n s i d e r a t i o n s 

The r i s k a n a l y s i s c o n s i d e r a t i o n s t h a t a r e i m p o r t a n t t o d e s i g n i n g an 

a p p r o p r i a t e u n c e r t a i n t y a s se s smen t s t r a t e g y can be o r g a n i z e d around t h e 

g e n e r i c r i s k a n a l y s i s framework d e p i c t e d i n F i g u r e 2 - 1 . Each of t h e 

p r o c e s s e s i n t h e boxes and o u t p u t s on t h e a r rows on t h e framework must 

be u n d e r s t o o d and a n a l y z e d as p a r t of an i n t e g r a t e d r i s k a n a l y s i s . 

These p r o c e s s e s and o u t p u t s i n c l u d e : 



Fig . 2 -1 . Risk a n a l y s i s framework. 
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Source : t h e t e c h n o l o g y , a c t i v i t y , or c o n d i t i o n s r e s u l t i n g i n a 

r e l e a s e of r a d i o a c t i v i t y t o t h e env i ronmen t . 

R e l e a s e : t h e t y p e s , amounts , t i m i n g , and p r o b a b i l i t i e s of 

r e l e a s e s . 

F a t e and t r a n s p o r t : p h y s i c a l and c h e m i c a l t r a n s p o r t , t r a n s f o r -

m a t i o n and l o s s p r o c e s s e s o c c u r r i n g t o r e l e a s e s i n t h e g e o s p h e r e , 

h y d r o s p h e r e and a tmosphere . 

S p a t i a l and t empora l d i s t r i b u t i o n i n media : t h e c o n c e n t r a t i o n as a 

f u n c t i o n of t ime and space i n s o i l , a i r and w a t e r . 

Exposure p r o c e s s e s : p o p u l a t i o n c h a r a c t e r i s t i c s , m i g r a t i o n p a t t c : as 

( t i m e and m o t i o n ) , b i o s p h e r e pa thways , and micro env i ronment s 

( e . g . , i ndoor l e v e l s ) . 

Exposure : t h e amounts and t i m i n g of r a d i o a c t i v i t y i n g e s t e d , 

i n h a l e d , a b s o r b e d , and d i r e c t l y exposed t o by p e r s o n s (o r a n i m a l s , 

p l a n t s , or o b j e c t s ) . 

Dos ime t ry : p r o c e s s e s i n v o l v e d i n go ing f rom exposu re t o o r g a n -

s p e c i f i c and e q u i v a l e n t whole-body dose ( r a d s t o r e m s ) . 

Dose 

D o s e - r e s p o n s e : b i o l o g i c a l ( o r o t h e r ) e f f e c t s of r a d i a t i o n . 

C o n t r o l s t r a t e g y a l t e r n a t i v e s : t h e p e r f o r m a n c e , e f f e c t i v e n e s s , and 

c o s t s of a l t e r n a t i v e c o n t r o l s t r a t e g i e s unde r c o n s i d e r a t i o n . 

V a l u a t i o n s and t r a d e o f f s : t h e p r o c e s s e s of w e i g h i n g a n d / o r p l a c i n g 

an economic v a l u e on r i s k s , comparing i m p a c t s , c o s t s , and b e n e f i t s 

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

d e c i s i o n s i n d i c a t e d by t h e a n a l y s i s b a s e d on p r e f e r e n c e s t r u c t u r e s . 
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Using t h e g e n e r i c r i s k a n a l y s i s framework d e s c r i b e d above , t h e 

f o l l o w i n g r i s k a n a l y s i s c o n s i d e r a t i o n s s h o u l d be a d d r e s s e d when 

d e v e l o p i n g an u n c e r t a i n t y a s se s smen t s t r a t e g y f o r a p a r t i c u l a r problem: 

(1) The models , d a t a , and judgments t h a t w i l l be used t o a s s e s s 

each o f t h e p r o c e s s e s and o u t p u t s i n t he r i s k a n a l y s i s framework 

d e p i c t e d i n F i g u r e 2 - 1 , and how they w i l l b e combined t o form an 

i n t e g r a t e d r i s k a n a l y s i s , shou ld be o u t l i n e d . 

(2) The t y p e s of models t o be used i n t h e r i s k a n a l y s i s s h o u l d be 

i d e n t i f i e d . These i n c l u d e : 

- c o n c e p t u a l models 

- n a t u r a l a n a l o g u e , microcosm, o r p r o t o t y p e models 

- m a t h e m a t i c a l or l o g i c a l e x p r e s s i o n s , and 

- computer c o d e s . 

(3) The c r i t i c a l d imens ion of t h e models shou ld b e e s t a b l i s h e d . 
These i n c l u d e ( f rom Henr ion and Morgan [ 1 9 8 4 ] ) : 

- P r e d i c t i v e v e r s u s o p t i m i z i n g : I s t h e model s imply i n t e n d e d t o 

d e s c r i b e o r p r e d i c t a s i t u a t i o n , o r i s i t i n t e n d e d t o f i n d an 

o p t i m a l d e c i s i o n ? In t h e l a t t e r c a s e , an e x p l i c i t o b j e c t i v e 

f u n c t i o n i s r e q u i r e d t o r a n k p o s s i b l e outcomes. 

- A n a l y t i c v e r s u s i m p l i c i t : Can t h e v e c t o r of o u t p u t s , y , be 

computed d i r e c t l y as a f u n c t i o n of t h e i n p u t v a l u e s , x 

y - f ( p , x ) 

o r i s t h e model s p e c i f i e d i m p l i c i t l y , 

f ( x , y) - 0 ? 
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In Che l a t c e r c a s e , i f Che funcCion i s n o n - l i n e a r , an i t e r a C i v e s o l u C i o n 

a l g o r i t h m may be r e q u i r e d . 

- S t a t i c v e r s u s dynamic: Does i t model changes over t ime? 

- Leve l of s p a t i a l and t empora l a g g r e g a t i o n : Does i t model 

v a r i a t i o n s ove r space and t ime? I f so , i n how many d i m e n s i o n s , and 

what i s t h e l e v e l of a g g r e g a t i o n ? 

- D e t e r m i n i s t i c v e r s u s s t o c h a s t i c : Does i t r e p r e s e n t phenomena a s 

d e t e r m i n i s t i c o r p r o b a b i l i s t i c ? Note t h a t t h i s i s d i s t i n c t f rom 

whether u n c e r t a i n t y i s r e p r e s e n t e d . For example , a f a u l t t r e e f o r 

a n u c l e a r r e a c t o r may compute p r o b a b i l i t i e s of f a i l u r e s , b u t n o t 

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

- S i z e : How many i n p u t v a l u e s , s t a t e v a r i a b l e s , e q u a t i o n s , and 

o u t p u t s does i t c o n t a i n ? I s i t sma l l ( t e n s ) , modera te ( h u n d r e d s ) , 

o r l a r g e ( t h o u s a n d s ) ? 

(4) The t y p e s of q u a n t i t i e s shou ld be e s t a b l i s h e d f o r key model 
p a r a m e t e r s . Types of q u a n t i t i e s i n c l u d e t h o s e 3 4 T t e d and d e s c r i b e d i n 
Tab le 2 - 1 . 

(5) The t y p e s of d a t a t o be used i n t h e r i s k a n a l y s i s s h o u l d be 

i d e n t i f i e d . Types of d a t a i n c l u d e : 

- d i r e c t e m p i r i c a l d a t a ( i . e . , l a b o r a t o r y and f i e l d d a t a ) , 

- i n d i r e c t e m p i r i c a l d a t a ( i . e . , o b s e r v a t i o n s from a n a l o g u e s , 

microcosms, p r o t o t y p e s , s u r r o g a t e m e a s u r e s ) , 

- c a l c u l a t e d o r i n f e r r e d d a t a , and 

- c o n s t a n t s o r s p e c i f i e d p a r a m e t e r s . 



Table 2-1. Types of quantities used In risk analysis models* 

Quantity type Examples Description 
Recommended 
uncertainty 

characterization 
Rationale 

Empirical 
parameters 

Thermal efficiency 
oxidation rate, 
price, toxicity. 

Input parameters that 
measure aspects of 
processes being 
modeled. 

Treat paraoetrically 
establish ranges, or 
develop probabilistic 
measures. Depends on 
a number of factors. 

There exists a "correct 
value" which is not 
precisely known and 
must be estimated. 

Defined Atomic weight of 0, 
constants Joules per kwh. 

Value Investment rate to 
parameters prevent mortality, 

discount rate, 
risk aversion. 

Decision Air quality standard 
variables (for EPA), plant size 

and type (for utility). 

Quantities that are 
exact and certain 
by definition. 

Parameters used to 
model preferences 
or utilities of the 
decision-makers or 
those that they 
represent. 

Quantities over whose 
values the decision-
maker exercises 
direct control. 

Treat as certain. 

Establish a set of 
alternative parametric 
levels over value 
systems of Interest. 

Establish a set of 
alternative parametric 
levels of interest to 
the decision-maker. 

The value is fixed by 
definition and is not 
empirical. 

If one Is uncertain about 
what one's values are, 
the impact of alternative 
value assumptions should 
be systematically explored. 

The decision-maker controls 
the value of this variable. 
As with value parameter, if 
he is uncertain he should 
systematically explore the 
implications of alternative 
choices. 

Outcome 
variables 

Estimated excess 
deaths per year, 
expected net 
present value. 

Output variables 
computed by the 
models used. 

Describe qualitatively, 
present parametrlcally, 
present ranges, or 
present probabilistic 
measures. Depend: on 
a number of factors. 

Depends on: the type 
of decision that the 
risk analysis supports, 
the confidence level 
criteria used, and how 
input uncertainties are 
treated. 

^Adapted from a more comprehensive cable prepared by M. Granger Morgan and Max Henrion of Carnegie-Mellon University, 
with their permission. 
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(6) The types of judgments to be used in the risk analysis should be 
identified. Types of judgments include: 

- assumptions (e.g., that a process is insignificant, that future 
conditions will be similar to past conditions, that processes and 
events are independent) 

- choice of valid or appropriate model (including approximation 
methods). 

- inferences 

- "weight of evidence" judgments, and 

- opinions on uncertain parameter values, ranges or probability 
distributions. 

The framework shown in Figure 2-1 is generic to all risk analysis 
problems; however, it is useful in approaching a specific problem to use 
the framework to create a more detailed version, herein called a risk 
analysis flow diagram. An example of such a diagram is shown in Figure 
2-2 for the problem of estimating the population mortality effects from 
possible releases of radionuclides from a high-level radioactive waste 
repository. As can be seen in the figure, the risk analysis flow 
diagram shows in a modular fashion each of the processes which muse be 
analyzed and the interrelationships between the process inputs and 
outputs. It is useful to relate the risk analysis flow diagram for the 
specific example shown in Figure 2-2 to the generic risk analysis 
framework in Figure 2-1, as follows: 
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GENERIC FRAMEWORK HIGH-LEVEL WASTE RISK ANALYSIS FLOW DIAGRAM 
(Figure 2-1) (Figure 2-2) 

TECHNOLOGICAL ACTIVITY High-level waste geologic repository 

RELEASE Releases can occur by several mechanisms 
(normal groundwater, faulting, breccia 
piping, drilling, volcano, meteorite) to 
four release modes (river, ocean, land, air) 
One curie is assumed to be released. Flow 
paths are shown.. 

TRANSPORT, 
TRANSFORMATION, 
AND LOSS PROCESSES 

Transport processes depend on release mode. 
No transformation is assumed. Loss is 
assumed to be from sedimentation in river 
or ocean. Half-lives are too long to be 
a significant loss mechanism. 

EXPOSURE PROCESSES Each mode has some subset of nine possible 
exposure pathways. For example, the ocean 
mode has two associated pathways: fish and 
shellfish ingestion. 

EXPOSURE The exposure from all pathways for the four 
modes are summed to yield total population 
dose. 

EFFECTS PROCESSES The population dose is multiplied by a risk 
coefficient (linear/no threshold) with units 
of fatalities per dose. 

EFFECTS Effects are fatalities per curie released. 



Source 
OM •oor RETOtlTOOY 
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Exposure pathways 
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mhmum 
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AM 

M i C I 
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OtMCT 
m a i M omuMfi 

~«catsnu 
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Dosimetry and dose-response 
mUlfFtCTI 

Fig. 2-2. Risk analysis flow diagram for the problem of estimating population mortality 
risk from possible releases of radionuclides from a high-level radioactive 
waste geologic repository. Based upon the framework shown in Fig. 2-1. 
Source: Rish et al., 1983. 
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2 . 2 . 1 . 3 U n c e r t a i n t y C o n s i d e r a t i o n s 

A f t e r a r i s k problem has been f ramed from a p o l i c y and r i s k 

a n a l y s i s p e r s p e c t i v e by t h e c o n s i d e r a t i o n s above, i t shou ld be f ramed 

w i t h r e s p e c t t o t h e s o u r c e s and n a t u r e of t h e 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 a s s e s s i n g t h e r i s k . The g e n e r i c r i s k a n a l y s i s framework i n F i g u r e 

2 - 1 can be used t o s t r u c t u r e t h e u n c e r t a i n t y c o n s i d e r a t i o n s n e c e s s a r y t o 

comple te t h e f r a m i n g of t h e r i s k problem, as f o l l o w s : 

(1) The e x t e n t and q u a l i t y of i n f o r m a t i o n and u n d e r s t a n d i n g 

a v a i l a b l e t o a n a l y z e t h e p r o c e s s e s i n each box and t o e s t i m a t e t h e 

o u t p u t s on each arrow of F i g u r e 2 - 1 shou ld be summarized. 

(2) The s o u r c e s of u n c e r t a i n t y i n t h e s e models and d a t a s h o u l d be 

summarized. Sources of u n c e r t a i n t y i n c l u d e : 

- u n c e r t a i n t y about model form or v a l i d i t y , 

- u n c e r t a i n t y i n t r o d u c e d by a s sumpt ions and a p p r o x i m a t i o n s made i n 

model imp lemen ta t i on , 

- i n h e r e n t randomness, 

- random e r r o r i n d i r e c t measurements , 

- i ncomple t e o r i n c o n s i s t e n t d a t a , 

- v a r i a b i l i t y n o t i n c l u d e d i n the a n a l y s i s due t o l e v e l of 

a g g r e g a t i o n u sed , 

- u n c e r t a i n t y about i n f e r e n c e s , e x t r a p o l a t i o n s , and a n a l o g i e s u s e d , 
and 

- b a s i c d i s a g r e e m e n t s abou t t h e o r y , phenomenology, c o n c e p t u a l models , 

o r i n t e r p r e t a t i o n s of a v a i l a b l e s c i e n t i f i c e v i d e n c e . 
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(3) P r e l i m i n a r y bounds o r r a n g e s on u n c e r t a i n t i e s shou ld be 

e s t i m a t e d . C o n d i t i o n s and assumpt ions l e a d i n g t o c r e d i b l e upper and 

lower bounds shou ld be summarized ( e . g . , d i f f e r e n t c o n c e p t u a l models 

a s s o c i a t e d w i t h upper v e r s u s lower bound) . 

D e t a i l e d r i s k a n a l y s i s f l ow diagrams can a l s o be used t o i d e n t i f y 
i m p o r t a n t q u a n t i t y u n c e r t a i n t i e s i n t h e a n a l y s i s and how t h e y p r o p a g a t e 
t h rough t h e prob lem. Le t u s examine, f o r example, t h e r i v e r mode 
exposure pathways p o r t i o n of F i g u r e 2 - 2 . J u s t a s F i g u r e 2 -2 i s a more 
d e t a i l e d v e r s i o n of t h e g e n e r i c framework i n F i g u r e 2 - 1 , F i g u r e 2 -3 i s a 
d e t a i l of t h e r i v e r mode p o r t i o n of F igu re 2-2 showing key u n c e r t a i n 
q u a n t i t i e s which must be a d d r e s s e d i n e s t i m a t i n g p o p u l a t i o n m o r t a l i t y 
e f f e c t s f rom a r a d i o n u c l i d e r e l e a s e t o a r i v e r . 



CALCULATION OF 
HEALTH EFFECTS 

EFFECTS 
FACTORS 

• BNV SOIL to plant 
CONCENTRATION 
FACTOR 

*> >SN SOIL REMOVAL RATE 
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• CFNp BIOACCUMULATION 
FACTOR FOR FISH 

• RF SOIL TO AIR 
RESUSPENSION 
FACTOR 

• S E D R I V E R S E D I M E N T -
ATION REMOVAL 
FACTOR 

• Ft FRACTION OF RIVER 
FLOW USED FOR 
IRRIGATION 

• TREAT FRACTION REMOVED 
BV WATER TREATMENT 

• F m n TRANSFER RATE FROM 
CRASS TO MILK 

• F F N TRANSFER RATE FROM 
GRASS TO BEEF 
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* 0 N 0 P O O S E CONVERSION 
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INHALATION. 
EXTERNAL AIR AND 
EXTERNAL GROUND 

• HE MORTALITY RISK 
COEFFICIENT 

Fig . 2-3 . D e t a i l of r i v e r mode p o r t i o n of F ig . 2-2 showing key u n c e r t a i n f a c t o r s in 
r i s k a n a l y s i s f o r t h i s p o r t i o n of the problem. Source: Rish e t a l . , 1983. 



2 . 2 . 2 DEVELOPING AN UNCERTAINTY ASSESSMENT STRATEGY 

Once t h e p o l i c y , r i s k a n a l y s i s , and u n c e r t a i n t y c o n s i d e r a t i o n a r e 
a d d r e s s e d , t h e r i s k problem i s f ramed i n a manner t h a t f a c i l i t a t e s 
d e v e l o p i n g a ' ' o g i c a l and a p p r o p r i a t e s t r a t e g y f o r u n c e r t a i n t y 
a s s e s s m e n t . U n c e r t a i n t y a s sessment i n v o l v e s two b a s i c a c t i v i t i e s : 
c h a r a c t e r i z i n g u n c e r t a i n t i e s and a n a l y z i n g u n c e r t a i n t i e s . Numerous 
d i f f e r e n t approaches and t e c h n i q u e s a r e a v a i l a b l e t o accompl i sh each of 
t h e s e a c t i v i t i e s . The framework developed i n t h e p r e v i o u s s e c t i o n 
p r o v i d e s a b a s i s f o r s e l e c t i n g an a p p r o p r i a t e combina t ion of t e c h n i q u e s 
t h a t w i l l r e s u l t i n t h e i n s i g h t s needed about u n c e r t a i n t i e s t o s u p p o r t a 
p a r t i c u l a r r i s k management d e c i s i o n . 

S e l e c t i n g a p p r o p r i a t e ways t o c h a r a c t e r i z e and a n a l y z e 
u n c e r t a i n t i e s shou ld be done i n p a r a l l e l s i n c e t h e s e a c t i v i t i e s depend 
on each o t h e r . For example, l i m i t a t i o n s on a v a i l a b l e t i m e , r e s o u r c e s , 
and i n f o r m a t i o n a f f e c t i n g t h e e x t e n t t o which u n c e r t a i n t i e s can be 
c h a r a c t e r i z e d w i l l a l s o l i m i t t h e c h o i c e of a n a l y t i c a l s t r a t e g i e s . 
Converse ly , t h e c h o i c e of an a p p r o p r i a t e a n a l y t i c a l s t r a t e g y f o r t he 
d e c i s i o n b e i n g s u p p o r t e d c a r r i e s w i th i t r e q u i r e m e n t s on t h e type of 
u n c e r t a i n t y c h a r a c t e r i z a t i o n s t o be u s e d . I n f a c t , u n c e r t a i n t y 
a s se s smen t i n v o l v e s a s e r i e s of t i e r e d d e c i s i o n s abou t t h e l e v e l s of 
u n c e r t a i n t y c h a r a c t e r i z a t i o n and a n a l y s i s needed . The a s ses smen t 
p r o c e s s b e g i n s w i t h s i m p l e r measures of u n c e r t a i n t y ( i . e . , r a n g e s ) and 
s i m p l e r a n a l y t i c a l t e c h n i q u e s ( i . e . , s e n s i t i v i t y a n a l y s i s ) and 
p r o g r e s s e s , t o t he e x t e n t needed to s u p p o r t t h e d e c i s i o n , t o more 
complex measures and t e c h n i q u e s . 

The development and implemen ta t ion of an a p p r o p r i a t e u n c e r t a i n t y 
a s se s smen t s t r a t e g y can be viewed as a d e c i s i o n p r o c e s s by t h e r i s k 
a n a l y s t . D e c i s i o n s a r e made on ways t o c h a r a c t e r i z e u n c e r t a i n t i e s , ways 
t o a n a l y z e u n c e r t a i n t i e s , and whether t o p roceed t o i n c r e a s i n g l y r e f i n e d 
(and complex) l e v e l s of u n c e r t a i n t y a s se s smen t f o r p a r t i c u l a r 
u n c e r t a i n t i e s i n v o l v e d . 
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2 . 2 . 2 . 1 C h a r a c t e r i z i n g U n c e r t a i n t y 

G e n e r a l l y s p e a k i n g , u n c e r t a i n t y about a q u a n t i t y , model , o r o t h e r 

a s p e c t of a r i s k a n a l y s i s can be c h a r a c t e r i z e d i n any of t h e f o l l o w i n g 

ways: 

- d e s c r i b e the u n c e r t a i n t y i n q u a l i t a t i v e t e rms , 

- s p e c i f y a s e t o f a l t e r n a t i v e " s c e n a r i o s " o r models t o be a n a l y z e d , 

- s p e c i f y a range of v a l u e s of u n c e r t a i n q u a n t i t i e s , 

- u se d a t a a n a l y s i s t e c h n i q u e s t o deve lop a f r e q u e n c y d i s t r i b u t i o n , 

s t a n d a r d e r r o r o r c o n f i d e n c e i n t e r v a l f o r u n c e r t a i n q u a n t i t i e s , 

a n d / o r 

- u se e x p e r t judgments t o deve lop s u b j e c t i v e p r o b a b i l i s t i c measures 

f o r u n c e r t a i n q u a n t i t i e s . 

S e l e c t i n g t h e a p p r o p r i a t e way t o c h a r a c t e r i z e an u n c e r t a i n t y 

a s s o c i a t e d w i t h a p a r t i c u l a r r i s k a n a l y s i s problem depends on t h e type 

of d e c i s i o n t h a t t he r i s k a n a l y s i s s u p p o r t s , c o n f i d e n c e l e v e l c r i t e r i a 

t o be u sed , type of model, t y p e of q u a n t i t y , e x t e n t and q u a l i t y of 

i n f o r m a t i o n and u n d e r s t a n d i n g a v a i l a b l e , and t h e method u sed to 

p r o p a g a t e u n c e r t a i n t y i n t h e r i s k a n a l y s i s . A l l b u t t h e l a s t of t h e s e 

c o n s i d e r a t i o n s a r e a d d r e s s e d by t h e guidance f o r f r a m i n g t h e r i s k 

problem d e s c r i b e d i n t h e p r e v i o u s s e c t i o n . 

Recommended ways t o c h a r a c t e r i z e u n c e r t a i n t i e s abou t models and 

model q u a n t i t i e s b a s e d on t h e s e c o n s i d e r a t i o n s a r e p r e s e n t e d below; 

however , b e f o r e d e c i d i n g on a p p r o p r i a t e c h a r a c t e r i z a t i o n i t i s n e c e s s a r y 

f o r t h e a n a l y s t t o dec ide on an a p p r o p r i a t e l e v e l of a g g r e g a t i o n t o be 

used i n r i s k a n a l y s i s mode ls . The l e v e l of a g g r e g a t i o n t h a t "works" f o r 

t he a n a l y s t depends on, among o t h e r t h i n g s , t h e type of i n f o r m a t i o n 

a v a i l a b l e t o him on p r o c e s s e s b e i n g s t u d i e d and t h e " c o m f o r t a b l e n e s s " of 

t he a n a l y s t w i t h t h a t i n f o r m a t i o n . For example, rem p e r c u r i e e s t i m a t e s 
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a r e d e r i v e d from models of dose c o n v e r s i o n p r o c e s s e s . An a n a l y s t who 
p e r f o r m s a r i s k a n a l y s i s f o r r a d i o n u c l i d e exposu res i s undoubted ly aware 
t h a t t h e s e mored d e t a i l e d models e x i s t and can i n c l u d e them a s sub -
models i n h i s pathways model i n p l a c e of u s i n g dose c o n v e r s i o n f a c t o r s . 
He migh t , however , choose t h e use of dose c o n v e r s i o n f a c t o r s as an 
a p p r o p r i a t e l e v e l of a g g r e g a t i o n because he f e e l s more a b l e t o make good 
judgments abou t dose c o n v e r s i o n f a c t o r s t han abou t t h e i n p u t s t o t h e 
mere d e t a i l e d models f rom which dose f a c t o r s a r e d e r i v e d . Of c o u r s e , he 
w i l l rev iew t h e more d e t a i l e d models i n making h i s judgments abou t 
a p p r o p r i a t e dose f a c t o r s . S tandard env i ronmen ta l r i s k models o f t e n 
i n v o l v e s imp le ma thema t i ca l e q u a t i o n s which a r e r e l a t i v e l y 
u n c o n t r o v e r s i a l because t h e y c o n s o l i d a t e d e t a i l e d complex dependenc ie s 
i n s i d e of s e v e r a l a g g r e g a t e model p a r a m e t e r s . These p a r a m e t e r s , 
c o n s e q u e n t l y , have v e r y l a r g e i n h e r e n t u n c e r t a i n t i e s because t h e y become 
s u r r o g a t e s f o r model ing complex p r o c e s s e s a c r o s s a v a r i a b l e p o p u l a t i o n . 
Thus, t h e r e i s a t r a d e o f f a v a i l a b l e t o a n a l y s t s between s t r u c t u r a l 
d e t a i l and degree of p a r a m e t e r u n c e r t a i n t y . 

2 . 2 . 2 . 1 . 1 C h a r a c t e r i z i n g Model U n c e r t a i n t y 

Guidance f o r c h a r a c t e r i z i n g model u n c e r t a i n t y i s p r e s e n t e d below 
f o r t h e d i f f e r e n t t y p e s of models t h a t e n t e r i n t o a r i s k a n a l y s i s . 
U n c e r t a i n t y about t h e a p p r o p r i a t e n e s s of t h e models used i n a r i s k 
a n a l y s i s i s an i m p o r t a n t p o t e n t i a l sou rce of s y s t e m a t i c e r r o r i n t h e 
a n a l y s i s . 

Conceptua l models - - U n c e r t a i n t y abou t c o n c e p t u a l models f o r e v e n t s 
and p r o c e s s e s i n v o l v e d i n t h e r i s k problem s h o u l d be c h a r a c t e r i z e d by 
q u a l i t a t i v e l y d e s c r i b i n g t h e n a t u r e of t h e u n c e r t a i n t y and i d e n t i f y i n g 
a l t e r n a t i v e p l a u s i b l e c o n c e p t u a l models . Exper t judgment shou ld be used 
t o a s s e s s t h e r e l a t i v e l i k e l i h o o d s , i n q u a l i t a t i v e t e r m s , of t h e 
v a l i d i t y of a l t e r n a t i v e c o n c e p t u a l models i d e n t i f i e d . 

N a t u r a l a n a l o g u e , microcosm, and p r o t o t y p e models - - The e x t e n t t o 

which t h e s e models a r e o r a r e n o t r e p r e s e n t a t i v e of t h e a c t u a l r i s k 

p r o c e s s e s b e i n g e v a l u a t e d shou ld be d e s c r i b e d . A q u a l i t a t i v e , and i n 
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some c a s e s q u a n t i t a t i v e , a s sessment of t h e e x t e n t t o which t h e s e models 
might o v e r - or u n d e r - e s t i m a t e t h e outcomes of a c t u a l r i s k p r o c e s s e s 
i n v o l v e d should be deve loped . 

Mathemat ica l or l o g i c a l e x p r e s s i o n s -- A s e t of a l t e r n a t i v e 
p l a u s i b l e s o l u t i o n t e c h n i q u e s , a n a l y t i c methods, and ma themat i ca l or 
l o g i c a l f u n c t i o n s ( e . g . , o r d e r of t he exponent i n a power law f u n c t i o n , 
l i n e a r i t y , e u l a r i a n or l a n g r a n g i a n , s t a t i c or dynamic, compar tmenta l , 
f i n i t e e l emen t , e t c . ) shou ld be i d e n t i f i e d . The v a l i d i t y of t he 
a s sumpt ions and app rox ima t ions a s s o c i a t e d w i t h each p l a u s i b l e 
a l t e r n a t i v e should be d e s c r i b e d . 

Computer codes - - The approx imat ions used i n t h e codes t o r e p r e s e n t 
m a t h e m a t i c a l and l o g i c a l e x p r e s s i o n s shou ld be d e s c r i b e d . The 
r e l i a b i l i t y of t h e codes and the e x t e n t t o which t h e y have been v e r i f i e d 
and v a l i d a t e d shou ld b e d e s c r i b e d . V e r i f i c a t i o n i s t h e p r o c e s s of 
showing t h a t t h e code produces c o r r e c t s o l u t i o n s of t h e encoded 
m a t h e m a t i c a l model w i t h i n d e f i n e d l i m i t s f o r each pa rame te r u sed . 
V a l i d a t i o n i s t h e p r o c e s s of showing t h a t t he encoded ma themat i ca l model 
p roduces a v a l i d s o l u t i o n to the p h y s i c a l problem a s s o c i a t e d w i t h the 
p a r t i c u l a r a p p l i c a t i o n . 

2 . 2 . 2 . 1 . 2 C h a r a c t e r i z i n g U n c e r t a i n t y About Q u a n t i t i e s 

Guidance i s p r e s e n t e d i n t h i s s e c t i o n on how t o c h a r a c t e r i z e 
u n c e r t a i n t y about t h e d i f f e r e n t t y p e s of q u a n t i t y i n a r i s k a n a l y s i s . 
Th i s gu idance i s o r g a n i z e d a c c o r d i n g t o the q u a n t i t i e s i d e n t i f i e d i n 
Tab le 2 -1 , and i s summarized in the l a s t two columns of t h e t a b l e . 

E m p i r i c a l p a r a m e t e r s - - At a minimum, a range o f v a l u e s f o r each 
u n c e r t a i n pa r ame te r ( lower-bound, " b e s t - e s t i m a t e , " upper -bound) should 
be e s t a b l i s h e d . The r ange s h o u l d be j u s t i f i e d by a v a i l a b l e d a t a a n d / o r 
e x p e r t judgments , and t h i s j u s t i f i c a t i o n shou ld be documented. 
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The way t o c h a r a c t e r i z e u n c e r t a i n t i e s about e m p i r i c a l p a r a m e t e r s 

depends on , among o t h e r t h i n g s , t he c o n f i d e n c e l e v e l c r i t e r i a t o be used 

by t h e p o l i c y - m a k e r i n t he d e c i s i o n ( s ) t h a t t he r i s k a n a l y s i s s u p p o r t s 

as f o l l o w s : 

( a ) Based on " b e s t - e s t i m a t e s " - - There i s c o n s i d e r a b l e ev idence i n 
the l i t e r a t u r e of a v a r i e t y of h e u r i s t i c s employed by e x p e r t s i n 
p r o c e s s i n g i n f o r m a t i o n t h a t can r e s u l t i n s i g n i f i c a n t b i a s e s i n s i n g l e -
v a l u e d " b e s t - e s t i m a t e s " f o r e m p i r i c a l p a r a m e t e r s . I t i s t h e o r i z e d t h a t 
the q u a l i t y of " b e s t - e s t i m a t e s " can be improved by e x p l i c i t 
c o n s i d e r a t i o n by t h e e x p e r t s of t h e f u l l r ange of u n c e r t a i n t y about 
e m p i r i c a l p a r a m e t e r s and t h e c o n d i t i o n s a s s o c i a t e d w i t h d i f f e r e n t v a l u e s 
w i t h i n t h e r a n g e , e s p e c i a l l y t h e upper and lower bounds . This p r a c t i c e 
i s recommended where t h e r e s u l t s of s e n s i t i v i t y a n a l y s e s i n d i c a t e t h a t 
the r i s k a n a l y s i s r e s u l t s or c h o i c e of d e c i s i o n a l t e r n a t i v e s a r e 
s i g n i f i c a n t l y a f f e c t e d by v a r i a t i o n s w i t h i n t h e p a r a m e t e r r a n g e . The 
i n f o r m a t i o n , a s sumpt ions , and c o n d i t i o n s a s s o c i a t e d w i t h t h e " b e s t -
e s t i m a t e " shou ld be documented. I n a d d i t i o n , t h e meaning of " b e s t -
e s t i m a t e " s h o u l d b e s p e c i f i e d and c o n s i s t e n t l y a p p l i e d ( e . g . , I s i t t h e 
mean, mode, o r median of t h e r ange? ) 

(b) Based on c o n s e r v a t i v e e s t i m a t e s - - The same gu idance p r o v i d e d 

above f o r t h e " b e s t - e s t i m a t e " c o n f i d e n c e l e v e l c r i t e r i o n a p p l i e s t o 

c h a r a c t e r i z i n g e m p i r i c a l p a r a m e t e r u n c e r t a i n t y when b a s i n g d e c i s i o n s on 

c o n s e r v a t i v e e s t i m a t e s of r i s k . Conse rva t i ve e s t i m a t e s can a l s o be 

improved by c o n s i d e r a t i o n of t h e f u l l r ange of u n c e r t a i n t y about a 

p a r a m e t e r . The meaning of " c o n s e r v a t i v e " shou ld be s p e c i f i e d and 

c o n s i s t e n t l y a p p l i e d . A s p e c i a l c a s e of a c o n s e r v a t i v e e s t i m a t e i s t h e 

" w o r s t - c a s e " o r "upper-bound" e s t i m a t e . The e x t e n t t o which t h e w o r s t -

c a s e e s t i m a t e d i f f e r s f rom t h e b e s t e s t i m a t e s h o u l d b e i n d i c a t e d , and 

t h e c o n d i t i o n s and a s sumpt ions a s s o c i a t e d w i t h each e s t i m a t e shou ld be 

p r o v i d e d ( i . e . , t he r e a s o n s f o r t h e d i f f e r e n c e ) . 

( c ) Based on a r e a s o n a b l e l e v e l of c o n f i d e n c e - - R i s k management 

d e c i s i o n s can be based on a s u b j e c t i v e l y de t e rmined c o n f i d e n c e l e v e l 

c r i t e r i o n c o r r e s p o n d i n g t o a " r e a s o n a b l e l e v e l of c o n f i d e n c e " i n t h e 
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r i s k s a s s o c i a t e d w i t h d e c i s i o n a l t e r n a t i v e s . T h i s r e a s o n a b l e l e v e l i s 

u s u a l l y a r e l a t i v e l y h i g h degree of c o n f i d e n c e ; however , t h e m a r g i n a l 

c o s t of b e i n g more c e r t a i n of a d e c i s i o n outcome i s t a k e n i n t o a c c o u n t . 

For example, a d o p t i n g a lower r e l e a s e l i m i t w i l l i n c r e a s e t h e deg ree of 

c o n f i d e n c e t h a t dose c r i t e r i a w i l l b e met, b u t an 85 p e r c e n t c o n f i d e n c e 

l e v e l might be " r e a s o n a b l e " i f l ower ing t h e l i m i t t o a c h i e v e h i g h e r 

c o n f i d e u e means a quantum l e a p i n c o n t r o l t e c h n o l o g y c o s t s o r t h e use 

of a more e f f i c i e n t b u t l e s s r e l i a b l e t e c h n o l o g y . 

I n o r d e r t o de t e rmine what l e v e l of p r o t e c t i o n p r o v i d e s a 

r e a s o n a b l e l e v e l of c o n f i d e n c e , t h e d e c i s i o n - m a k e r needs t o have an 

a s s e s s m e n t of t h e r e l a t i v e l e v e l s of c o n f i d e n c e a s s o c i a t e d w i t h b a s i n g 

a c t i o n s on d i f f e r e n t r i s k e s t i m a t e s a c r o s s t h e r a n g e of u n c e r t a i n t y i n 

r i s k a n a l y s i s r e s u l t s . He t hen can f a c t o r c o n f i d e n c e l e v e l s i n t o h i s 

d e c i s i o n . Th i s i s e s p e c i a l l y i m p o r t a n t s i n c e p a r a m e t e r u n c e r t a i n t i e s i n 

e n v i r o n m e n t a l models u s u a l l y have skewed p r o b a b i l i t y d e n s i t y 

d i s t r i b u t i o n s w i t h r e l a t i v e l y low l i k e l i h o o d s a s s o c i a t e d w i t h a 

s i g n i f i c a n t p o r t i o n of t he upper or lower h a l f of t h e o u t p u t u n c e r t a i n t y 

r a n g e . Thus , t h e r e might be n e g l i g i b l e i n c r e a s e s i n c o n f i d e n c e l e v e l 

a s s o c i a t e d w i t h d e c i s i o n s b a s e d on t h e s e h i g h e r r i s k e s t i m a t e s . Using 

s i n g l e - v a l u e d " c o n s e r v a t i v e " o r upper -bound e s t i m a t e s f o r u n c e r t a i n r i s k 

a n a l y s i s p a r a m e t e r s , e s p e c i a l l y when t h e i r u n c e r t a i n t y t e n d s t o b e l o g -

n o r m a l l y d i s t r i b u t e d , can r e s u l t i n r i s k e s t i m a t e s t h a t a r e o r d e r s of 

magni tude above e s t i m a t e s h a v i n g what one would c o n s i d e r a r e a s o n a b l e 

l e v e l of a s s o c i a t e d c o n f i d e n c e . As Nor th n o t e s , "a p l a u s i b l e uppe r -

bound o r w o r s t - c a s e p r o j e c t i o n may n o t be h e l p f u l when t h e r e i s a 

p o t e n t i a l f o r l a r g e impac ts b u t a h i g h l i k e l i h o o d t h a t t h e l a r g e impac t s 

w i l l n o t o c c u r " [Nor th and Balson, 1985] . 

U n c e r t a i n t y abou t t he p a r a m e t e r s of r i s k a n a l y s e s employing a 

" r e a s o n a b l e l e v e l of a s s u r a n c e " c r i t e r i a shou ld be c h a r a c t e r i z e d u s i n g 

p r o b a b i l i t y d i s t r i b u t i o n s . The method used t o e s t a b l i s h t h e p r o b a b i l i t y 

d i s t r i b u t i o n depends on t h e e x t e n t and q u a l i t y of d a t a a v a i l a b l e on t h e 

p a r a m e t e r . I f t h e r e s u l t s of s e n s i t i v i t y a n a l y s e s ( s e e S e c t i o n 2 . 2 . 2 . 3 ) 

i n d i c a t e t h a t t h e r i s k a n a l y s i s r e s u l t s or c h o i c e of d e c i s i o n 

a l t e r n a t i v e s a r e s i g n i f i c a n t l y a f f e c t e d by v a r i a t i o n s w i t h i n t h e 
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p a r a m e t e r r a n g e , t h e n a p r o b a b i l i s t i c measure shou ld be deve loped t o 
r e p r e s e n t u n c e r t a i n t y abou t t he p a r a m e t e r so t h a t l i k e l i h o o d s of 
a l t e r n a t i v e outcomes can be a s s e s s e d . I f enough d a t a a r e a v a i l a b l e t o 
deve lop a s t a t i s t i c a l l y m e a n i n g f u l r e p r e s e n t a t i o n of t h e u n c e r t a i n t y , 
t h e n s t a n d a r d s t a t i s t i c a l methods can be u s e d t o e s t a b l i s h a 
p r o b a b i l i s t i c measure . I f a v a i l a b l e d a t a a r e i n a d e q u a t e , t h e n e x p e r t 
judgments shou ld be used t o encode a s u b j e c t i v e p r o b a b i l i s t i c measure of 
u n c e r t a i n t y abou t t h e p a r a m e t e r . The p a r t i c u l a r type of p r o b a b i l i s t i c 
measure depends on t h e method used to p r o p a g a t e u n c e r t a i n t i e s t h rough 
t h e r i s k a n a l y s i s , a s d i s c u s s e d below. The p r o b a b i l i s t i c measure used 
shou ld a d e q u a t e l y c h a r a c t e r i z e s i g n i f i c a n t f e a t u r e s of t h e d i s t r i b u t i o n 
of p r o b a b i l i t y a c r o s s t h e q u a n t i t y u n c e r t a i n t y r a n g e . Exper t judgments 
about p r o b a b i l i t i e s shou ld be o b t a i n e d i n a c o n s i s t e n t , we l l -documented 
manner r e f l e c t i n g c u r r e n t p r o f e s s i o n a l , p r a c t i c e s . A proposed d r a f t 
p r o c e d u r e f o r e l i c i t a t i o n of e x p e r t judgment i s p r e s e n t e d i n Appendix A. 

The way t o c h a r a c t e r i z e u n c e r t a i n t i e s abou t e m p i r i c a l p a r a m e t e r s 
u sed w i l l a l s o depend on t h e t e c h n i q u e s e l e c t e d t o p r o p a g a t e 
u n c e r t a i n t i e s t h rough t h e r i s k a n a l y s i s which , i n t u r n , depends on a 
number of c o n s i d e r a t i o n s ( s e e S e c t i o n 2 . 2 . 2 . 2 . 2 ) . I f u n c e r t a i n t i e s a r e 
t o be p r o p a g a t e d by s c e n a r i o o r p a r a m e t r i c a n a l y s i s , t h e n a r ange of 
v a l u e s f o r t h e p a r a m e t e r w i l l be used and t h e c o n d i t i o n s a s s o c i a t e d w i t h 
t h e r ange w i l l be i d e n t i f i e d . I f a method o f moments i s t o b e u s e d , 
t h e n t h e range w i l l be f u r t h e r s p e c i f i e d by a s s o c i a t i n g c o n f i d e n c e 
l e v e l s w i t h t h e lower and upper bounds of t h e r a n g e . I f t h e d i s c r e t e 
p r o b a b i l i t y d i s t r i b u t i o n (DPD) method i s u s e d , t h e n p r o b a b i l i t i e s w i l l 
be a s s o c i a t e d w i t h a number of v a l u e s w i t h i n t h e r a n g e of t h e p a r a m e t e r . 
I f a n a l y t i c a l s o l u t i o n s t o o u t p u t u n c e r t a i n t y o r a s t o c h a s t i c s i m u l a t i o n 
approach t o u n c e r t a i n t y p r o p a g a t i o n i s t o be u sed , t h e n a p r o b a b i l i t y 
d i s t r i b u t i o n r e p r e s e n t i n g u n c e r t a i n t y about t h e e m p i r i c a l pa r ame te r w i l l 
be deve loped . 

F i n a l l y , i m p o r t a n t g u i d a n c e g a r d i n g t h e s e l e c t i o n of an 

a p p r o p r i a t e p r o b a b i l i t y d i s t r i b u t i o n t o r e p r e s e n t u n c e r t a i n t y about a 

q u a n t i t y i s p r o v i d e d by S e i l e r [1983] , a s f o l l o w s : 
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" I n a d i s c u s s i o n of e r r o r s and of e r r o r p r o p a g a t i o n , t h e assumpt ion 
of a p r o b a b i l i t y d i s t r i b u t i o n f o r a s t o c h a s t i c v a r i a b l e i s a d e c i s i v e 
s t e p , s i n c e i t d e t e r m i n e s a l l p r o p e r t i e s of t h e p r o b a b i l i s t i c b e h a v i o r 
of t h i s q u a n t i t y . However, t h e cho ice i s u s u a l l y made w i t h o u t much 
f u r t h e r though t and r e s u l t s mos t ly i n t he a d o p t i o n of e i t h e r a normal o r 
a l og -norma l d i s t r i b u t i o n . The c r i t e r i a f o r t h i s s e l e c t i o n a r e 
sometimes based on e x p e r i m e n t a l o r t h e o r e t i c a l e v i d e n c e , most o f t e n , 
however , on a s p e c t s of convenience and ease of u s e . S ince normal and 
t h e r e f o r e l og -no rma l d i s t r i b u t i o n s a r e t h e b a s i s of some of t h e more 
common s t a t i s t i c a l t e s t s , and s i n c e they a l s o o f f e r a t t r a c t i v e 
m a t h e m a t i c a l p r o p e r t i e s , t h e y a r e by f a r t h e most f a v o r e d c h o i c e . " 

"Normal and log -no rma l d i s t r i b u t i o n s a r e f r e q u e n t l y found i n 
n a t u r e . I n many c a s e s , however , t h e ev idence f o r t h e i r a p p l i c a b i l i t y i s 
n o t v e r y good. I t i s sometimes ba sed on a t h e o r e t i c a l model , a s i n t h e 
c a s e of r a d i o a c t i v e decay where t h e normal 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 
i n d i c a t e d f o r a l a r g e number of decays . Whether t h e d i s t r i b u t i o n of t h e 
a c t u a l c o u n t s r e g i s t e r e d by t h e e l e c t r o n i c d e v i c e s i s of t h a t t y p e o r 
n o t , i s a q u e s t i o n which can on ly be r e s o l v e d by e x p e r i m e n t . " 

"As a consequence , i t i s much s a f e r t o p e r f o r m ma thema t i ca l 
o p e r a t i o n s i n t h e h i g h p r o b a b i l i t y a r e a s t h a n i n t h e t a i l s of t h e 
d i s t r i b u t i o n . Means and s t a n d a r d d e v i a t i o n s can be de t e rmined t o a good 
a p p r o x i m a t i o n , whereas c a l c u l a t i o n s of 95% c o n f i d e n c e l e v e l s o r o t h e r 
o p e r a t i o n s i n v o l v i n g t h e t a i l s a r e q u e s t i o n a b l e . I n t h e e v a l u a t i o n of 
e x p e r i m e n t a l d a t a and a p o s s i b l e d i s c u s s i o n of c o n f i d e n c e l i m i t s , t h i s 
a s p e c t shou ld be borne i n mind ." 

De f ined C o n s t a n t s - - These w i l l be t r e a t e d a s c e r t a i n . 

Value Pa ramete r s - - U n c e r t a i n t y about v a l u e p a r a m e t e r s w i l l be 

c h a r a c t e r i z e d by e s t a b l i s h i n g a s e t of a l t e r n a t i v e p a r a m e t r i c l e v e l s f o r 

t h e s e p a r a m e t e r s . U n c e r t a i n t y about v a l u e p a r a m e t e r s i s f u n d a m e n t a l l y 

d i f f e r e n t t han u n c e r t a i n t y abou t t e c h n i c a l p a r a m e t e r s . I t i s 

u n c e r t a i n t y about t h e a p p r o p r i a t e l e v e l of a measure of o n e ' s v a l u e 

sys tem, n o t u n c e r t a i n t y about a measure t h a t h a s a " c o r r e c t " l e v e l , 

which must be r e p r e s e n t e d . By t r e a t i n g v a l u e p a r a m e t e r u n c e r t a i n t i e s 
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p a r a m e t r i c a l l y i n t h e r i s k a n a l y s i s , t h e a n a l y s t makes i t p o s s i b l e f o r 
t h e d e c i s i o n - m a k e r t o examine t h e i m p l i c a t i o n s of a l t e r n a t i v e v a l u e 
judgments on r i s k a n a l y s i s and e v a l u a t i o n r e s u l t s . 

D e c i s i o n V a r i a b l e s - - A s w i t h t h e v a l u e p a r a m e t e r s , i f t h e r e i s 

u n c e r t a i n t y abou t t h e a p p r o p r i a t e l e v e l of a d e c i s i o n v a r i a b l e ( e . g . , 

t h e d e c i s i o n - m a k e r i s u n c e r t a i n abou t which e m i s s i o n r a t e l i m i t t o 

s p e c i f y ) , t h e n a l t e r n a t i v e p a r a m e t r i c l e v e l s s h o u l d be s p e c i f i e d . 

U s u a l l y what i s d e s i r e d i s t o e v a l u a t e t h e e f f e c t of a l t e r n a t i v e l e v e l s 

of d e c i s i o n v a r i a b l e s on r i s k a n a l y s i s outcomes. 

Outcome V a r i a b l e - - The c h a r a c t e r i z a t i o n of u n c e r t a i n t y about t h e 

outcome v a r i a b l e s of a r i s k a n a l y s i s depends on t h e t y p e of d e c i s i o n 

t h a t t h e a n a l y s i s i s s u p p o r t i n g ( s ee S e c t i o n 2 . 2 . 1 . 1 - P o l i c y 

C o n s i d e r a t i o n s ) , t h e c o n f i d e n c e - l e v e l c r i t e r i o n t o be used , and 

l i m i t a t i o n s on how model i n p u t u n c e r t a i n t i e s can be c h a r a c t e r i z e d . 

R i sk a n a l y s e s b e i n g u sed t o s u p p o r t s i t e and f a c i l i t y d e s i g n 

s e l e c t i o n d e c i s i o n s shou ld c h a r a c t e r i z e o u t p u t u n c e r t a i n t y by p r e s e n t i n g 

t h e range be tween upper and lower bound e s t i m a t e s . S i t e s and d e s i g n s 

hav ing a s s o c i a t e d upper-bound r i s k s t h a t a r e a t o r below r i s k g o a l s can 

be i d e n t i f i e d , and the r e l a t i v e magni tudes of o v e r a l l u n c e r t a i n t y abou t 

r i s k s f rom a l t e r n a t i v e s can b e compared. 

C h a r a c t e r i z i n g r i s k a n a l y s i s outcome u n c e r t a i n t y f o r compl iance 

d e t e r m i n a t i o n s depends on t h e c o n f i d e n c e or a s s u r a n c e l e v e l c r i t e r i o n 

s p e c i f i e d i n t h e p e r t i n e n t r e g u l a t i o n , o r o t h e r w i s e i n d i c a t e d by t h e 

implement ing agency . S i m i l a r l y , c h a r a c t e r i z i n g r i s k a n a l y s i s outcomes 

i n s u p p o r t of " l e v e l of c o n t r o l " d e c i s i o n s depends on t h e c o n f i d e n c e 

l e v e l c r i t e r i o n t h a t a p p l i e s . The same gu idance p r o v i d e d e a r l i e r f o r 

c h a r a c t e r i z i n g e m p i r i c a l p a r a m e t e r u n c e r t a i n t i e s ba sed on c o n f i d e n c e 

l e v e l c r i t e r i o n g e n e r a l l y a p p l i e s to c h a r a c t e r i z i n g outcome v a r i a b l e 

u n c e r t a i n t y . A d d i t i o n a l c o n s i d e r a t i o n must be g i v e n , however , t o 

q u a n t i t i e s i n t h e a n a l y s i s t h a t were t r e a t e d p a r a m e t r i c a l l y ( i . e . , v a l u e 

p a r a m e t e r s and d e c i s i o n v a r i a b l e s ) and t o outcome u n c e r t a i n t y a s s o c i a t e d 

w i t h p l a u s i b l e a l t e r n a t i v e c o n c e p t u a l a n d / o r m a t h e m a t i c a l models of 

r i s k - r e l a t e d p r o c e s s e s . R e s u l t s of a n a l y z i n g bounding " s c e n a r i o s " 
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c o n s t r u c t e d by fo rming c r e d i b l e c o m b i n a t i o n s of assumed a l t e r n a t i v e 

c o n c e p t u a l and m a t h e m a t i c a l models ( i n c l u d i n g a l t e r n a t i v e a s s u m p t i o n s ) 

shou ld b e p r e s e n t e d . C h a r a c t e r i z a t i o n s of o u t p u t u n c e r t a i n t i e s s h o u l d 

be p r e s e n t e d p a r a m e t r i c a l l y over t he r a n g e s of v a l u e p a r a m e t e r s and 

d e c i s i o n v a r i a b l e s b e i n g c o n s i d e r e d . Care and c r e a t i v i t y must be u sed 

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

r e q u i r e t h e d e c i s i o n - m a k e r t o e v a l u a t e t o o many c o m b i n a t i o n s of assumed 

p a r a m e t e r l e v e l s . I t i s b e t t e r t o p r e s e n t a s i m p l i f i e d p a r a m e t r i c 

c h a r a c t e r i z a t i o n t h a t i l l u s t r a t e s t h e s a l i e n t i m p l i c a t i o n s on t h e r i s k 

a n a l y s i s r e s u l t s of assuming d i f f e r e n t p a r a m e t r i c l e v e l s . 

"Act v e r s u s s t u d y " d e c i s i o n s a d d r e s s whe ther or n o t t o implement 

r i s k c o n t r o l a c t i o n s o r w a i t u n t i l f u r t h e r s t u d i e s r e d u c e u n c e r t a i n t i e s 

about d e c i s i o n ou tcomes . For t h i s t y p e of d e c i s i o n u n c e r t a i n t y abou t 

r i s k a n a l y s i s , outcomes shou ld a t f i r s t be c h a r a c t e r i z e d by p r o v i d i n g 

" b e s t - e s t i m a t e s " and p l a u s i b l e upper -bound e s t i m a t e s of r i s k s . I f t h e 

a n a l y s i s i n d i c a t e s t h a t p l a u s i b l e upper -bound r i s k e s t i m a t e s a r e 

r e l a t i v e l y low, then, t h i s b u i l d s c o n f i d e n c e i n a d e c i s i o n t o n o t 

r e g u l a t e . Where p l a u s i b l e upper -bound r i s k e s t i m a t e s a r e s i g n i f i c a n t , 

t h e b e s t - e s t i m a t e s can be h e l p f u l i n d e c i d i n g whe the r t o g a t h e r more 

i n f o r m a t i o n b e f o r e b a s i n g d e c i s i o n s on t h e uppe r -bound e s t i m a t e s . I f 

changes t o t h e r i s k a n a l y s i s outcome magni tude w i t h i n t h e range be tween 

t h e b e s t - e s t i m a t e and upper-bound e s t i m a t e r e s u l t i n i n d i c a t e d changes 

t o r i s k management a l t e r n a t i v e s , t h e n more i n f o r m a t i o n a b o u t t h e 

l i k e l i h o o d o f outcomes w i t h i n t h i s r ange i s needed t o s u p p o r t t h e 

d e c i s i o n . 

I n t h i s c a s e t h e a n a l y s t can use " p r o b a b i l i t y t r e e s , " a s d e s c r i b e d 

i n t h e d i s c u s s i o n of p r o b a b i l i s t i c u n c e r t a i n t y a n a l y s i s i n S e c t i o n 

2 . 2 . 2 . 2 , t o p e r f o r m a v a l u e - o f - i n f o r m a t i o n a n a l y s i s . In t h i s t y p e of 

t r e a t m e n t , a l t e r n a t i v e u n c e r t a i n a s p e c t s of t h e r i s k a n a l y s i s a r e 

r e p r e s e n t e d by b r a n c h e s on a t r e e d iagram, and each b r a n c h i s a s s i g n e d a 

p r o b a b i l i t y . An example i s shown i n F i g u r e 2 -4 i n a l a t e r s e c t i o n . The 

cho ice of whe the r t o t a k e a c t i o n to c o n t r o l p o s s i b l e u n d e s i r a b l e r i s k s 

t h a t a r e r e p r e s e n t e d by p a r t i c u l a r p a t h s t h rough t h e t r e e can t h e n b e 

viewed a s a d e c i s i o n on whether t o buy i n s u r a n c e a g a i n s t t h e 

p r o b a b i l i t i e s and outcomes a s s o c i a t e d w i t h t h o s e p a t h s , A good 
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d i s c u s s i o n and example of t h e a p p l i c a t i o n of p r o b a b i l i t y t r e e s and 

v a l u e - o f - i n f o r m a t i o n a n a l y s i s t o t h e " a c t v e r s u s s t u d y " d e c i s i o n i s 

p r o v i d e d i n North and Balson [1985] . 

2 . 2 . 2 . 2 Ana lyz ing U n c e r t a i n t y 

Along w i t h s e l e c t i n g a p p r o p r i a t e ways t o c h a r a c t e r i z e u n c e r t a i n t i e s 

i n a r i s k a n a l y s i s i t i s n e c e s s a r y t o s e l e c t a p p r o p r i a t e ways t o a n a l y z e 

u n c e r t a i n t i e s . As e x p l a i n e d p r e v i o u s l y , t h e s e two a c t i v i t i e s s h o u l d b e 

done i n p a r a l l e l s i n c e t h e y depend on each o t h e r , and a r e done 

i t e r a t i v e l y t o r e a c h a p p r o p r i a t e l e v e l s of d e t a i l i n u n c e r t a i n t y 

t r e a t m e n t f o r p a r t i c u l a r u n c e r t a i n t i e s i n v o l v e d . 

2 . 2 . 2 . 2 . 1 Analyz ing Model U n c e r t a i n t y 

Three approaches t o a n a l y z i n g model u n c e r t a i n t y s h o u l d b e u s e d : 

- v a l i d a t i o n of models , 

- v e r i f i c a t i o n of models , and 

- a n a l y s i s of c r e d i b l e a l t e r n a t i v e models . 

Guidance on each of t h e s e approaches i s p r e s e n t e d below, 

( a ) V a l i d a t i o n of models 

V a l i d a t i o n i s t h e p r o c e s s of o b t a i n i n g a s s u r a n c e t h a t a model , 

u s u a l l y a s embodied i n a computer code , i s a c o r r e c t r e p r e s e n t a t i o n of 

t h e p h y s i c a l p r o c e s s o r sys tem a s s o c i a t e d w i t h i t s p a r t i c u l a r 

a p p l i c a t i o n . V a l i d a t i o n of models can be accompl i shed i n t h r e e ways: 

- c a l i b r a t i o n and c o n f i r m a t i o n of models by measurements t a k e n over 

t h e r a n g e of c o n d i t i o n s f o r which t h e model i s b e i n g used , 

- compar i sons of p r e d i c t e d b e h a v i o r t o t h e b e h a v i o r of a v a i l a b l e 

a n a l o g u e s of t h e p r o c e s s b e i n g modeled, and 

- e x p e r t judgments of v a l i d i t y o b t a i n e d th rough p e e r r e v i e w . 
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A standard approach to validation is to use empirical measurements 
to calibrate and confirm model predictions. This should be done over 
the full range of conditions of the system being modeled in order to 
adequately address uncertainty about model validity. Also, the temporal 
and spatial frames of the model should be addressed by measurements 
taken over similar frames. 

Often, only partial validations with measurements are possible. 
For example, if a model predicts concentrations of a radionuclide at all 
locations and times downstream in a river, then validation using 
measurements taken at one location during one season of the year will 
only be partial. As another example, this approach is of limited use 
for validating models that predict effects occurring over very long time 
frames. Only partial validation of model predictions of the early 
development of these effects is possible. Similarly, validation using 
comparisons of predicted behavior to the behavior of available analogues 
can usually only be partial validation. Analogues are usually only 
available for some of the processes being modeled and/or conditions that 
are not fully consistent with those being modeled. 

Theoretical arguments can be used in some cases as the basis for 
asserting that partial validations imply overall validity. Such 
arguments and their bases should be carefully documented. 

In most cases, risk analysis models will be validated using a 
combination of partial validation by comparisons to measurements and 
analogues, and by expert judgments of validity obtained through peer 
review. The logic and rationale behind judgments of validity should be 
clearly documented, and should include a statement by the peer reviewers 
of the assumptions and physical, spatial, and temporal conditions for 
which their judgments hold true. 
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•k (b) Verification of models 

Verification is the process of obtaining assurance that a computer 
code correctly performs the operations specified in the mathematical and 
logical models that it represents. Verification may be accomplished in 
four ways: 

- by comparing code results to hand calculations, 
- by comparison with an alternate calculational scheme, 
- by comparison with verified computer codes (benchmarking), and 
- by performing a detailed independent review of the code. 

These four methods may be used singly or in combination to verify all or 
parts of a computer code. 

The most straightforward means for verifying a computer code is to 
duplicate the code calculations by hand, performing the same 
calculations that the code performs. This method has the advantage of 
providing the most direct assurance that the calculational scheme works. 
Although straightforward, this method becomes excessively cumbersome 
when the calculations become very complex, such as for a finite element 
grid, or when a large number of run options need to be checked. Often a 
simplified problem can be set up to minimize the effort required. 

Sometimes an alternate calculational scheme can be constructed to 
check the results of a computer code. For example, an exact or 
approximate analytical solution may be available for a problem which the 
computer code solves by numerical methods. Alternatively, two numerical 
methods may be used to solve the same problem. Where a different 
calculational scheme can be constructed, a comparison of the code 
results with the result of this alternate method can provide assurance 
that the code is calculating correctly. 

* The discussion in this section is based on discussions with Dr. John 
Kircher of Battelle Memorial Institute. 
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In addition to providing a check that the numerical model is coded 
properly, analytical solutions assist in checking the ability of the 
code to simulate a simple problem and provide a means for doing 
sensitivity analyses of grid size and time-step size. For numerical 
solutions, the grid size and time-step size used have important effects 
on round-off errors. Modelers usually adjust the grid size and time-
step size in a computer run to get a stable "best" match to the 
analytical solution. 

Site-specific problems generally need more than idealized 
analytical solution capabilities. Another effective verification 
activity is comparison of code results to the results of a verified 
computer code designed to perform the same type of analysis. Such 
code-to-code comparison is called benchmarking. 

Sometimes a code or parts of a code are not involved in 
straightforward calculations. A graphics package is one example. A 
simulation model may also fall into this category. In such cases the 
code may be verified by having one or more independent reviewers walk 
through the code and assure themselves that it is operating correctly. 
This type of verification is only suitable when other verification 
options cannot reasonably be applied. 

(c) Analysis of credible alternative models 

Consideration of uncertainty about appropriate models for the 
events and processes involved in a risk analysis can result in the 
identification of a set of credible alternative conceptual or 
mathematical models. A systematic search for possible alternative 
models should be performed, and expert judgments should be used to 
assess the credibility of each alternative for the system and conditions 
being modeled. If possible, weighting factors representing the 
likelihood of each model being the "correct" one should be obtained from 
the experts. 



37 

The sensitivity of risk analysis results to credible alternative 
models should be bounded. If weighting factors for alternative models 
are available, results obtained from each alternative can be combined 
according to the weighting factors as a way to incorporate model 
uncertainties into overall risk analysis results. Where alternative 
mathematical functional forms have been identified, in some cases "it is 
possible to reformulate them as a single form with an extra parameter 
that can make the model equivalent to each of the (alternative) forms 
according to the value chosen. For example, it is possible to define a 
dose-response function with a threshold parameter and dose exponent 
parameter, which will also reproduce non-threshold models (if the 
threshold parameter is zero) and linear models (if the exponent is one). 
Thus, uncertainty about the model form can be converted into uncertainty 
about parameter values. This often simplifies the analysis, especially 
if one wants to compare the impact of uncertainty about the model form 
with other uncertainties" [Henrion and Morgan, 1984]. 

2.2.2.2.2. Analyzing Uncertainty About Quantities 

The approach to analyzing uncertainty about quantities is a 
"tiered" approach wherein the risk analyst makes decisions along the way 
about whether to proceed to the next level of detail and complexity in 
the uncertainty analysis. The approach consists of three basic levels 
of analysis, to be done progressively until an appropriate level of 
detail in quantity uncertainty treatment is reached. These levels are: 

Level 1: deterministic sensitivity analysis, 
Level 2: analytical treatment of uncertainty propagation, and 
Level 3: probabilistic uncertainty analysis. 

Note that even within these levels, the analyst is required to make 
judgments about appropriate uncertainty treatment. The logic behind 
these judgments should always be made explicit. 

Two primary considerations in deciding on an appropriate level of 
detail in quantity uncertainty treatment are (1) the type of decision 
that the risk analysis supports and (2) the confidence level criterion 
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involved. Table 2-2 summarizes guidance on the appropriate level of 
quantity uncertainty treatment for each type of decision that risk 
analyses support. Appropriate ways to characterize input parameter and 
outcome variable uncertainties based on these considerations are 
discussed in Section 2.2.2.1.2, and are summarized in Table 2-1. The 
uncertainty analysis must be done to a level of detail that, at a 
minimum, produces these required uncertainty characterizations. 

Level 1: Deterministic sensitivity analysis 

The analysis of uncertainties about the quantities in a risk 
analysis begins with a deterministic sensitivity analysis. The purposes 
of this analysis are (1) to assess the potential effect of uncertainties 
on risk analysis results and (2) to identify important uncertainties 
that might merit more detailed treatment. The sensitivity analysis 
should be carefully planned so that it addresses in an integrated manner 
questions about alternative models and alternative quantity values. In 
addition, risk analyses often involve combining the results of several 
sub-models for various processes to get concentration, dose, or risk 
estimates. The sensitivity analysis must be able to address questions 
about model output variables of interest and, thus, must allow for sub-
model linkages. 

The deterministic sensitivity analysis can be done to various 
levels of detail. Five types of sensitivity analysis are recommended: 

1. sensitivity to alternative "scenarios" consisting of credible 
combinations of alternative models and quantities, 

2. sensitivity to credible alternative models, 

3. sensitivity to range changes in uncertain quantities, 

4. sensitivity to alternative assumptions about possible correlations 
among model quantities, and 

5. response surface methods (in some cases). 
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Table 2-2. Summary of Guidance on Appropriate Level of 
Quantity Uncertainty Treatment in Risk Analysis 

Type of decision Guidance* 

Site and facility design 
selection or approval 

Develop an uncertainty range for outcome 
(credible lower and upper bounds); establish 
a "best-estimate" outcome; provide rationale. 

Compliance and variance 
determinations 

"Level of control" 
decisions about the 
proper levels for 
standard criteria, 
thresholds, and 
compensation 

(1) Parametric treatment of selected value 
parameters, decision variables and 
alternative models. 

(2) Treatment of other uncertain quantities 
depends on confidence level criterion 
involved, as follows: 

(a) decision to be based on "best-estimates" --
deterministic "best-estimates" analysis 
with careful consideration of credible 
lower and upper bounds for each quantity 
to improve quality of "best-estimate." 

(b) decision to be based on "conservative" 
estimates -- deterministic "best-
estimate" analysis, and credible upper 
bound based on scenario analyss 

(c) decision to be based on reasonable level 
of confidence--propagate probability 
distributions for uncertain quantities. 

"Act versus study" 
decisions 

Deterministic scenario analysis to establish 
"best-estimate and credible upper bound 
(first-order analysis); perform value-of-
information evaluation on probability trees 
(higher-order analysis). 

*NOTE: Deterministic sensitivity analysis is recommended for all types 
of decisions. 
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These are described below: 

(1) Scenario analysis 

The s e n s i t i v i t y a n a l y s i s b e g i n s w i t h a m a c r o - l e v e l a n a l y s i s aimed 

a t b o u n d i n g t h e p o t e n t i a l t o t a l e f f e c t of combined model and q u a n t i t y 

u n c e r t a i n t i e s on r i s k a n a l y s i s r e s u l t s . Th i s i s a ccompl i shed by 

c o n s t r u c t i n g " s c e n a r i o s " c o n s i s t i n g of c r e d i b l e c o m b i n a t i o n s of 

a l t e r n a t i v e models and model q u a n t i t y v a l u e s w i t h i n t h e i r r a n g e s of 

u n c e r t a i n t y c o r r e s p o n d i n g t o w o r s t - c a s e , b e s t - c a s e , and most l i k e l y c a s e 

a s s u m p t i o n s . These s c e n a r i o s s h o u l d be deve loped b y o b t a i n i n g c o n s e n s u s 

j udgmen t s on them f rom a g roup of e x p e r t s on t h e p r o c e s s e s , mode ls , and 

p a r a m e t e r s i n v o l v e d i n t h e r i s k a n a l y s i s . The r a t i o n a l e b e h i n d each 

s c e n a r i o s h o u l d be documented. 

The primary question to be addressed by the "scenario" analysis is: 
Do the differences in the risk analysis results across the scenarios 
indicate possible changes to risk management decision alternatives? In 
addition, a credible bound on overall uncertainty about the risk 
analysis results is obtained. Lave and Epple [1985] have suggested 
that, for problems that involve many uncertain variables, the point of 
doing scenario analysis is primarily to provide an opportunity to 
stretch the analyst's thinking by providing various combinations of 
possible events and outcomes for consideration. 

If the scenario analysis shows that uncertainties could make a 
difference to the decision being supported, then a more detailed level 
of analysis should be done to assess the relative contributions of the 
individual sources of uncertainty. This allows the analyst to focus on 
important uncertainties for even more detailed uncertainty treatment or 
planning steps to reduce or eliminate them. 

The scenario analysis can be organized around a "scenario tree," 
such as the one shown in Figure 2-4. Furthermore, probability estimates 
can be developed for the branches in the scenario tree to extend it for 
a probabilistic uncertainty analysis (see pages 59 to 63). As an aid to 
risk management decision-making, the tree can be further extended by 
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Fig. 2-4. Example of a scenario tree, depicting possible outcomes (dose) 
from combinations of uncertain processes or parameters. 



42 

i n c l u d i n g d e c i s i o n s on i t , as i s i l l u s t r a t e d i n F igu re 2-5 ( reproduced 
f rom North and Balson [1985] ) . In t h i s t r e e t h e c u r r e n t d e c i s i o n i s 
whether or n o t t o adop t immediate a d d i t i o n a l c o n t r o l s on a i r emiss ions 
of compounds l i n k e d t o a c i d d e p o s i t i o n . U n c e r t a i n t y about l ong - r ange 
t r a n s p o r t p r o c e s s e s in t h e a tmosphere and l o n g - t e r m ecosys tem impacts 
a r e r e p r e s e n t e d by branches f o r low and h igh c a s e s . Fu tu re d e c i s i o n s 
abou t a d d i t i o n a l c o n t r o l s , t o be ba sed on t h e u n c e r t a i n outcome of the 
c u r r e n t d e c i s i o n , can a l s o be i n c l u d e d i n t h e t r e e , a s shown. 
P r o b a b i l i t i e s , c o s t s of a l t e r n a t i v e d e c i s i o n s , and s c e n a r i o outcomes can 
a l s o be i n c l u d e d . 

(2) S e n s i t i v i t y to c r e d i b l e a l t e r n a t i v e models 

The f i r s t s t e p of t h e more d e t a i l e d l e v e l of s e n s i t i v i t y a n a l y s i s 
was a l r e a d y pe r fo rmed as p a r t of t h e a n a l y s i s of model u n c e r t a i n t y 
d e s c r i b e d i n S e c t i o n 2 . 2 . 2 . 2 . 1 . I n t h i s a n a l y s i s , model q u a n t i t i e s a r e 
f i x e d a t " b e s t - e s t i m a t e ' ' v a l u e s and used In runs of c r e d i b l e a l t e r n a t i v e 
models . The range of r e s u l t s a c r o s s a l t e r n a t i v e models can be compared 
t o t h e range of o v e r a l l u n c e r t a i n t y o b t a i n e d from t h e s c e n a r i o s a n a l y s i s 
t o a s s e s s t h e r e l a t i v e c o n t r i b u t i o n s of model u n c e r t a i n t y t o o v e r a l l 
u n c e r t a i n t y i n r i s k a n a l y s i s r e s u l t s . Th is s t e p i s a c r i t i c a l , b u t 
o f t e n ove r looked , p a r t of u n c e r t a i n t y a s s e s s m e n t . The u s e f u l n e s s of any 
l e v e l of t r e a t m e n t o f q u a n t i t y u n c e r t a i n t i e s i s l i m i t e d i f u n c e r t a i n t y 
due t o c r e d i b l e a l t e r n a t i v e models ha s n o t been a d d r e s s e d . Note t h a t in 
r e g u l a t o r y a p p l i c a t i o n s a common approach t o model u n c e r t a i n t y i s t o u se 
t h e a l t e r n a t i v e model t h a t produces t h e most c o n s e r v a t i v e r e s u l t s . This 
approach i s v a l i d when any one c r e d i b l e a l t e r n a t i v e model i s n o t c l e a r l y 
and c o n v i n c i n g l y " c o r r e c t " by consensus . I f t h i s approach i s adopted , 
t h e r a t i o n a l e f o r t h e model chosen and an a s ses smen t of t h e e f f e c t of 
u s i n g t h a t model ( v e r s u s a l t e r n a t i v e models) on t h e l e v e l of c o n f i d e n c e 
i n r i s k a n a l y s i s r e s u l t s shou ld be p r o v i d e d . 

The remainder of t he more d e t a i l e d l e v e l of s e n s i t i v i t y a n a l y s i s i s 

aimed a t i d e n t i f y i n g and p r i o r i t i z i n g t h o s e q u a n t i t y u n c e r t a i n t i e s which 

have a s i g n i f i c a n t impact on the o u t p u t v a r i a b l e s of i n t e r e s t . This 

h e l p s t o keep any more d e t a i l e d u n c e r t a i n t y a n a l y s i s t h a t might be 
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Fig. 2-5. Example of a "scenario tree" for an acid deposition control 
problem. The tree is extended to include current and future 
decisions, outcome uncertainties and branch probabilities. 
Adapted from a figure in North and Balson, 1985. Reproduced 
with authors' permission. 
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i n d i c a t e d down t o a r e a s o n a b l e l e v e l of e f f o r t and c o s t by a l l o w i n g i t 

t o f o c u s on i m p o r t a n t u n c e r t a i n t i e s . 

(3) S e n s i t i v i t y t o q u a n t i t y range changes 

S ince a g iven model q u a n t i t y cannot be c h a r a c t e r i z e d a s any more 
u n c e r t a i n t h a n by mere ly s p e c i f y i n g i t s lower and upper bounds , 
c a l c u l a t i n g t h e change i n r i s k a n a l y s i s model o u t p u t f o r a t o t a l r ange 
change i n t h e i n p u t p a r a m e t e r p r o v i d e s an i n d i c a t i o n of how impor t an t i t 
i s t o f u r t h e r upgrade t h e p a r a m e t e r ' s u n c e r t a i n t y t r e a t m e n t . The 
g r e a t e r t h e change i n o u t p u t produced by t h e q u a n t i t y r ange change, t h e 
more i m p o r t a n t i t i s t o d e t e r m i n e how l i k e l y i t i s t h a t t h e " t r u e " 
q u a n t i t y v a l u e i s a t d i f f e r e n t magni tudes w i t h i n i t s bounds . I f a t o t a l 
r ange change i n t h e v a l u e of a q u a n t i t y r e s u l t s i n a l a r g e change i n 
model o u t p u t v a l u e s (and a subsequen t change i n d e c i s i o n a l t e r n a t i v e s ) , 
i t would t hen be a p p r o p r i a t e t o make t h e e f f o r t s r e q u i r e d t o r e f i n e t h e 
c h a r a c t e r i z a t i o n and t r e a t m e n t of u n c e r t a i n t y a b o u t t h e q u a n t i t y . 

The r e f i n e m e n t might r e v e a l , f o r example, t h a t t h e r e i s h i g h 

p r o b a b i l i t y a s s i g n e d t o a s m a l l i n t e r v a l w i t h t h e t o t a l r a n g e and low 

p r o b a b i l i t y a s s i g n e d to t h e m a j o r i t y of t h e r a n g e . Thus, whi le l a r g e 

d i f f e r e n c e s i n r i s k e s t i m a t e s cou ld r e s u l t f rom a l t e r n a t i v e o p i n i o n s 

abou t t h e p a r a m e t e r ' s magni tude w i t h i n i t s t o t a l r a n g e , t h e p r o b a b i l i t y 

of such d i f f e r e n c e s would be a s s e s s e d as low. On t h e o t h e r hand , i f a 

t o t a l r ange change i n a model q u a n t i t y r e s u l t s i n on ly a smal l change i n 

t h e model o u t p u t v a l u e s (and no subsequen t change i n d e c i s i o n 

a l t e r n a t i v e ) , t hen s p e n d i n g f u r t h e r r e s o u r c e s t o deve lop a r e f i n e d 

u n c e r t a i n t y c h a r a c t e r i z a t i o n f o r t h i s p a r a m e t e r might b e c o n s i d e r e d 

u n n e c e s s a r y . 



45 

The procedure for the quantity range sensitivity analysis is as 
follows: 

a. fix each uncertain model quantity, one at a time, at its credible 
lower bound (holding all others at their medians), 

b. compute the output measure, 

c. fix each uncertain quantity, one at a time, at its credible upper 
bound, 

d. compute the output measure, and 

e. divide the high output by the low output. 

An example of the results from such a quantity range sensitivity 
analysis is shown in Table 2-3. 

These results are useful for identifying the quantities which merit 
closest attention with respect to their uncertainty characterization. 
Note that these results do not provide any information about the 
probability of a quantity's value being at any level within the range. 
As such, these results should be used as a means to focus and prioritize 
where more attention should be paid to model parameter uncertainties. 

(4) Sensitivity to correlation assumptions 

The sensitivity analyses described above are based on the 
assumption that the parameters of the model are independent of each 
other. There is sometimes evidence that to some extent correlation 
exists between some of the model input quantities. Depending on the 
extent of correlation and the model structure, correlation effects can 
either increase or decrease output uncertainty. It is often the case 
that insufficient information exists to estimate the level of 
correlation between variables; however, by comparing results assuming no 
correlation to those assuming fully correlated quantities (where 



Table 2-3. Example of Quantity Range Sensitivity Analysis Results 
[Rish et al., 1983] 

Factor change in median dose over quantity uncertainty range 
(Fixing all other quantities at their medians) 

Quantity AM-241 CS-135 NP-237 PU-239 RA-226 TC-999 

Dnop - ingestion 764.0 5 .0 982 .0 4240.0 1504 .0 10,545 .0 
Dnop - inhalation - - 193.0 
Dnop - external ground - - 1 .5 
Dnop - external air - -

B nv - 56 .0 8 .3 4510.0 8. .5 3 .0 
F (milk) mn - 1 .3 - 1. .5 
F f o (beef) - 1 .4 - 1. .1 
Bioaccumulation factor 1.5 7 .0 4. .9 1.7 1. .1 2 .8 
*en 2.9 1. .4 1. .4 2.3 1. 9 2. ,9 
^sn - 151, .0 25. .7 44.0 5. 3 3. ,9 
Resuspension factor - 3. .0 -

Irrigation fraction 5.8 6. .0 7. 0 9.1 9. 3 8. 2 
Sedimentation factor 100.0 10. .0 10. 0 100.0 
Water treatment factor 1.6 1. 1 1.4 1. 3 1. 4 

(-) - Negligible 

Note: The entries above were derived by (1) fixing each quantity in first column at 
its lower bound (holding all other quantities at their medians, (2) computing 
the dose, (3) fixing each at its upper bound, (4) computing the dose, and 
(5) dividing high dose by low dose. 
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c o r r e l a t i o n s a r e s u s p e c t e d ) i t i s p o s s i b l e to a s s e s s t b e s e n s i t i v i t y of 

model r e s u l t s t o such c o r r e l a t i o n s , i f t hey d i d e x i s t . I t i s e x t r e m e l y 

i m p o r t a n t t o t r e a t p o s s i b l e c o r r e l a t i o n e f f e c t s i n d e t e r m i n i s t i c 

s e n s i t i v i t y and p r o b a b i l i s t i c u n c e r t a i n t y a n a l y s e s . To n o t do so can 

s e r i o u s l y f l a w an o t h e r w i s e i n s i g h t f u l u n c e r t a i n t y a s s e s s m e n t . S e v e r a l 

a v a i l a b l e s o f t w a r e sys tems f o r u n c e r t a i n t y and s e n s i t i v i t y a n a l y s i s 

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

A f i r s t o r d e r s e n s i t i v i t y a n a l y s i s t o p o s s i b l e c o r r e l a t i o n s can be 

done by f i r s t g r o u p i n g p o s s i b l y c o r r e l a t e d u n c e r t a i n model i n p u t 

q u a n t i t i e s and assuming them t o be f u l l y c o r r e l a t e d . The change i n 

median model o u t p u t f rom a r ange change i n t h e group of c o r r e l a t e d i n p u t 

p a r a m e t e r s , v a r i e d t o g e t h e r , i s de t e rmined . An example of t h e r e s u l t s 

of such an a n a l y s e s i s p r e s e n t e d i n Table 2 -4 f o r a model e s t i m a t i n g 

doses of t h e i s o t o p e s AM-241 and PU-239 r e l e a s e d t o a r i v e r . The 

r e s u l t s a r e e x p r e s s e d as t h e change i n t h e range of t h e r e s u l t s when 

d i f f e r e n t q u a n t i t i e s a r e t r e a t e d a s c o r r e l a t e d . For example, f o r PU-

239, when the i n h a l a t i o n and i n g e s t i o n dose c o n v e r s i o n f a c t o r s a r e 

t r e a t e d a s i n d e p e n d e n t , t h e dose r e s u l t s v a r y by a f a c t o r o f abou t 4000 

when t h e I n g e s t i o n dose c o n v e r s i o n f a c t o r i s v a r i e d over I t s r a n g e . 

However, i f t h e i n h a l a t i o n and i n g e s t i o n dose c o n v e r s i o n f a c t o r s a r e 

t r e a t e d ar f u l l y d i r e c t l y c o r r e l a t e d and v a r i e d t o g e t h e r ove r t h e i r 

r a n g e s , t h e change i n dose r e s u l t s i n c r e a s e s t o a f a c t o r of abou t 

300 ,000 . 

The s e n s i t i v i t y a n a l y s i s t o c o r r e l a t i o n a s sumpt ions can be q u i t e 

u s e f u l f o r p r o v i d i n g improved c o n f i d e n c e i n t h e a n a l y s t ' s u n d e r s t a n d i n g 

of t h e s t r u c t u r a l r e l a t i o n s h i p s i n t h e r i s k model b e i n g u s e d . To 

i l l u s t r a t e t h i s p o i n t , i t i s h e l p f u l t o examine t h e example i n Tab le 2 -4 

i n more d e t a i l . C o r r e l a t i o n s were assumed i n t h e example f o r d o s i m e t r y 

and pathway f a c t o r s . The dose c o n v e r s i o n f a c t o r s f o r i n g e s t i o n and 

i n h a l a t i o n were d i r e c t l y c o r r e l a t e d because t h e p h y s i c a l and b i o l o g i c a l 

p r o c e s s e s t h a t a f f e c t b o t h a b s o r p t i o n i n t o t h e b l o o d and b i o l o g i c a l h a l f 

l i f e shou ld be s i m i l a r f o r each r o u t e o f u p t a k e . B , F , F_ . r nv nm f n 
b i o a c c u m u l a t i o n f a c t o r , and A were assumed t o be d i r e c t l y c o r r e l a t e d sn J 

w i t h each o t h e r and i n v e r s e l y c o r r e l a t e d w i t h s e d i m e n t a t i o n remova l . 

D i r e c t c o r r e l a t i o n among B , F , F_ , and b i o a c c u m u l a t i o n f a c t o r was nv mn f n 
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Table 2 - 4 . Example of R e s u l t s from C o r r e l a t e d Range 
S e n s i t i v i t y Ana lys i s [Rish e t a l . , 1983] 

Q u a n t i t i e s 
F a c t o r change i n median dose 

AM-241 FU-239 

Dnop - i n g e s t i o n 

Dnop - i n h a l a t i o n 

F u l l y c o r r e l a t e d dose 
c o n v e r s i o n f a c t o r s 

B nv 
F mn 
F,. f n 

Bioaccumula t ion f a c t o r 

A s n 
Sed imen ta t i on f a c t o r 

F u l l y c o r r e l a t e d B , F ¥ c , J nv mn f n 
and b ioaccumula t i on f a c t o r 

F u l l y c o r r e l a t e d B , F , F^ , J nv mn f n 
b i o a c c u m u l a t i o n f a c t o r , and 
s e d i m e n t a t i o n f a c t o r 

F u l l y c o r r e l a t e d B , F , F_ , J n v ' mn f n 
b i o a c c u m u l a t i o n f a c t o r , 
s e d i m e n t a t i o n f a c t o r , and 
A sn 

764.0 

778.3 

1.5 

100.0 

1.5 

N/A 

148.2 

4240.0 

193.0 

3308,548.0 

4510.0 

1.7 

44.0 

100.0 

4552.0 

450,000.0 

631.6 
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assumed because b i o l o g i c a l m o b i l i t y i s t h e f a c t o r which each pa ramete r 
has i n common. * s n » which i s an e x p r e s s i o n o f m o b i l i t y i n s o i l , was 
t r e a t e d a s d i r e c t l y c o r r e l a t e d w i th B because t h e g r e a t e r a 
r a d i o n u c l i d e ' s m o b i l i t y i n s o i l , t h e g r e a t e r i t s a v a i l a b i l i t y f o r up take 
by p l a n t s . I n v e r s e c o r r e l a t i o n wi th sediment removal was assumed 
because a r a d i o n u c l i d e which t ends to remain a s s o c i a t e d w i t h 
p a r t i c u l a t e s and no t be d i s s o l v e d i n w a t e r might be l e s s l i k e l y 
a v a i l a b l e f o r b i o l o g i c a l u p t a k e . A h i g h e r K^, t h e r e f o r e , l e a d s to a 
lower v a l u e f o r B n v and b loaccumula t i on f a c t o r . P a r t i c l e b i n d i n g a l s o 
a f f e c t s t h e r a d i o n u c l i d e removal r a t e from the s o i l r o o t zone . Thus, 

i n c r e a s e s i n K. might a l s o l e a d t o d e c r e a s e s i n A . Note t h a t d ° sn 
i n c r e a s e s i n B , F_ , F , and b i o a c c u m u l a t l o n w i l l i n c r e a s e dose w h i l e nv i n mn 
i n c r e a s e s i n A w i l l d e c r e a s e dose . Sediment removal p r o c e s s e s a r e sn 
a l s o a f f e c t e d by p a r t i c l e b i n d i n g . This f a c t o r was c o n s i d e r e d , 
t h e r e f o r e , t o be i n v e r s e l y c o r r e l a t e d t o t h e o t h e r pathway p a r a m e t e r s , 
because h i g h e r K^ w i l l d e c r e a s e those p a r a m e t e r s b u t i n c r e a s e sed iment 
removal . 

The r e s u l t s f o r Am-241 demons t r a t e t he obvious p o i n t t h a t 
c o r r e l a t i o n i s only impor t an t i f t h e u n c e r t a i n t i e s abou t two o r more of 
t h e c o r r e l a t e d p a r a m e t e r s a r e i m p o r t a n t . R e f e r r i n g t o Tab le 2 -4 , 
assuming f u l l c o r r e l a t i o n between t h e i n g e s t i o n and i n h a l a t i o n dose 
c o n v e r s i o n f a c t o r s , and t h u s v a r y i n g them t o g e t h e r ove r t h e i r r a n g e s , 
r e s u l t e d i n approx imate ly t h e same f a c t o r change i n t h e median dose 
e s t i m a t e a s f rom v a r y i n g the i n g e s t i o n dose f a c t o r a l o n e . A l s o , 

assuming f u l l y c o r r e l a t e d B , F , F,. , b i o a c c u m u l a t i o n f a c t o r , and A nv mn t n sn 
p a r a m e t e r s r e s u l t e d i n t h e same range change s e n s i t i v i t y a s f o r t h e 
u n c o r r e l a t e d b ioaccumula t i on f a c t o r a l o n e . 

I n c o n t r a s t t o t he c o r r e l a t i o n s e n s i t i v i t y r e s u l t s f o r Am-241, t h e 
r e s u l t s f o r PU-239 demons t r a t e t h a t i f two o r more p a r a m e t e r s which 
might be c o r r e l a t e d have s i g n i f i c a n t l e v e l s of u n c e r t a i n t y , t h e n 
c o r r e l a t i o n assumpt ions can g r e a t l y a f f e c t u n c e r t a i n t y a n a l y s i s r e s u l t s . 
R e f e r r i n g t o t h e PU-239 r e s u l t s i n Table 2 -4 , b o t h t h e i n g e s t i o n and 
i n h a l a t i o n dose c o n v e r s i o n f a c t o r u n c e r t a i n t i e s a r e i m p o r t a n t w i t h 
r e s p e c t t o t h e mode l ' s dose o u t p u t . Assuming t h e y a r e f u l l y c o r r e l a t e d , 
and v a r y i n g them t o g e t h e r over t h e i r u n c e r t a i n t y r a n g e s , r e s u l t s i n a 
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change in t h e range of dose o u t p u t which i s much l a r g e r t h a n when t h e 
p a r a m e t e r s a r e t r e a t e d as u n c o r r e l a t e d ( i . e . , 300,000 vs 4000) . The 
e f f e c t t h a t t h e assumed model s t r u c t u r e and type of c o r r e l a t i o n can 

produce i s i n d i c a t e d by t h e d e c r e a s e i n pa r ame te r range s e n s i t i v i t y 

(from a f a c t o r of 4552 t o a f a c t o r of 631) which o c c u r r e d when A and sn 
the s e d i m e n t a t i o n f a c t o r were added t o t h e c o r r e l a t e d group of 
p a r a m e t e r s f o r PU-239. Adding the i n v e r s e l y c o r r e l a t e d s e d i m e n t a t i o n 
removal t o t he B , F , F_ , and b i o a c c u m u l a t i o n f a c t o r g rouping nv mn f n 
i n c r e a s e s the change i n dose f o r a range change i n t h e s e p a r a m e t e r s . 
However, add ing > s n t o t h e grouping more t han o f f s e t s t h e s e d i m e n t a t i o n 
f a c t o r c o r r e l a t i o n e f f e c t . The r e s u l t i s a n e t d e c r e a s e i n o u t p u t 
s e n s i t i v i t y over t h a t produced by a range change i n B n v a l o n e . 

I n t h e example, a s s e s s i n g the magnitude and d i r e c t i o n of p o s s i b l e 
model q u a n t i t y c o r r e l a t i o n s was shown t o be impor tan t f o r d e t e r m i n i n g 
t h e i r n e t e f f e c t on t h e r e s u l t s of the u n c e r t a i n t y a n a l y s i s ; however, 
due t o a l a c k of s u f f i c i e n t u n d e r s t a n d i n g of t h e p r o c e s s e s beh ind t h e s e 
q u a n t i t i e s , any d e t a i l e d c o r r e l a t i o n assumpt ions would be m o s t l y 
c o n j e c t u r e . Research on t h e mechanisms beh ind t h e model q u a n t i t i e s and 
the f a c t o r s upon which t h e s e mechanisms depend would s e r v e to improve 
the dose e s t i m a t e s f o r t h o s e r a d i o n u c l i d e s hav ing i m p o r t a n t u n c e r t a i n 
q u a n t i t i e s which a r e c o r r e l a t e d . Thus, t h e c o r r e l a t i o n s e n s i t i v i t y 
a n a l y s i s can h e l p show where r e s e a r c h e f f o r t s might e f f e c t i v e l y r educe 
r i s k a n a l y s i s u n c e r t a i n t y . 

Note t h a t i t i s p o s s i b l e , u s i n g a f a c t o r i a l d e s i g n f o r t h e 
d e t e r m i n i s t i c s e n s i t i v i t y a n a l y s i s , t o accompl ish bo th t h e q u a n t i t y 
range s e n s i t i v i t y and t h e f i r s t - o r d e r c o r r e l a t i o n a n a l y s i s d e s c r i b e d 
above a t t h e same t ime . The approach i s t o s e l e c t two or more v a l u e s 
from each u n c e r t a i n q u a n t i t y range and combine them i n t o a s e t of a l l 
p o s s i b l e combina t ions of a l l q u a n t i t i e s a t a l l s e l e c t e d v a l u e s . 
According t o Rod [1984] : "Such a complete s e t i s c a l l e d a f u l l 
f a c t o r i a l d e s i g n . Three f a c t o r s a t two v a l u e s (" low" and "h igh" ) each 
would be combined as f o l l o w s : 
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Combination # F a c t o r 1 F a c t o r 2 F a c t o r 3 

1 low low low 

2 low low h i g h 

3 low h i g h low 

4 low h i g h h i g h 
5 h i g h low low 

6 h i g h low h i g h 

7 h i g h h i g h low 

8 h i g h h i g h h i g h 

"One advantage t h a t f u l l f a c t o r i a l d e s i g n s have over o n e - a t - a - t i m e 
sampl ing i s t h a t t he i n t e r a c t i o n s among a l l combina t ions of f a c t o r s a r e 
e s t i m a b l e f rom t h e b a s i c s e t of r u n s . From t h e p r e c e d i n g example the 
e f f e c t s of f a c t o r s 1, 2, 3, 1+2, 1+3, 2+3, and 1+2+3 on o u t p u t s can a l l 
be e s t i m a t e d . " 

"The main d i s a d v a n t a g e of f u l l f a c t o r i a l de s igns i s t h a t t he number 
of r u n s r e q u i r e d i s g iven by: 

(# f u l l f a c t o r i a l samples) - ( k ) n 

where k - # l e v e l s p e r f a c t o r 
and n - # f a c t o r s . " 

"Two approaches to r e d u c i n g the r e q u i r e d number of samples a r e t he 
r e s t r i c t i o n t o two l e v e l s p e r i npu t (and so a r e s t r i c t i o n t o the l i n e a r 
a s sumpt ion) and t h e use of p a r t i a l f a c t o r i a l d e s i g n s . " 

(5 ) Response s u r f a c e methods ( i n some c a s e s ) 

Response s u r f a c e methods can be used t o s c r e e n i m p o r t a n t model 
u n c e r t a i n t i e s and t o c o n s t r u c t s i m p l i f i e d v e r s i o n s of models ; however, 
t h e s e methods r e q u i r e a s i g n i f i c a n t e f f o r t and t h e r e f o r e shou ld on ly be 
u s e d t o o f f s e t t h e c o s t of p l anned p r o b a b i l i s t i c u n c e r t a i n t y a n a l y s e s by 
s i m p l i f y i n g them, or when t h e models invo lved a r e f r e q u e n t l y used i n 
o t h e r a p p l i c a t i o n s f o r which t h e r e sponse s u r f a c e r e s u l t s would be 
v a l i d . 
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I f t h e model invo lved i n a r i s k a n a l y s i s i s r e l a t i v e l y s imple 
( e . g . , dose from a few b i o s p h e r e pa thways) , t hen i t can be I n s i g h t f u l t o 
deve lop a " f e e l " f o r the model r e sponse s u r f a c e by c a l c u l a t i n g 
" e l a s t i c i t i e s " f o r u n c e r t a i n i npu t q u a n t i t i e s a t v a r i o u s p o i n t s i n t h e i r 
r a n g e s . " E l a s t i c i t y " i s the p e r c e n t change i n model o u t p u t p e r p e r c e n t 
change i n model i n p u t q u a n t i t y v a l u e . E l a s t i c i t y depends upon the 
s p e c i f i c p o i n t about which i t i s c a l c u l a t e d w i t h i n t h e u n c e r t a i n t y range 
of t h e i n p u t q u a n t i t y . This i s because a model might be more or l e s s 
s e n s i t i v e t o sma l l changes i n t h e q u a n t i t y depending on t h e magni tude of 
t h e q u a n t i t y . E l a s t i c i t y can be thought of a s t h e s l o p e of t h e model 
r e s p o n s e cu rve f o r t h e g iven q u a n t i t y a t a s p e c i f i c l o c a t i o n on the 
c u r v e . This concep t i s i l l u s t r a t e d i n F igu re 2 - 6 . The f i g u r e shows 
i n c r e a s i n g e l a s t i c i t y a t v a l u e s of i n p u t q u a n t i t y X below X*, and 
d e c r e a s i n g e l a s t i c i t y above X*. Note t h a t on t h i s f i g u r e t h e q u a n t i t y 
range s e n s i t i v i t y i s d e f i n e d as Yg d i v i d e d by Y^. 

By c a l c u l a t i n g e l a s t i c i t i e s a c r o s s u n c e r t a i n model q u a n t i t y r a n g e s , 
p r o v i d e d t h e model i s s imple enough f o r t h e a n a l y s t t o c o n c e p t u a l i z e , 
t h e a n a l y s t can improve h i s o r h e r u n d e r s t a n d i n g of t he s t r u c t u r e of t h e 
model and can i d e n t i f y p o r t i o n s of t h e u n c e r t a i n q u a n t i t y r anges where 
t h e model o u t p u t i s e s p e c i a l l y s e n s i t i v e o r i n s e n s i t i v e t o changes i n 
t he q u a n t i t y . For example, i n t h e h y p o t h e t i c a l example in F igu re 2-6 
t h e e l a s t i c i t y i n c r e a s e s f o r v a l u e s of X below X* and d e c r e a s e s f o r 
v a l u e s above X*. Thus, t h e model i s more s e n s i t i v e t o smal l d i f f e r e n c e s 
i n t h e assumed i n p u t pa ramete r v a l u e i n t h e lower p o r t i o n of i t s 
u n c e r t a i n t y range than In the upper p o r t i o n . 

As an example of how a q u a n t i t y range s e n s i t i v i t y a n a l y s i s combined 
w i t h e l a s t i c i t y a n a l y s i s can p rov ide i n s i g h t a s t o where u n c e r t a i n t i e s 
about model q u a n t i t i e s m a t t e r and how they i n t e r a c t , c o n s i d e r the 
r e s u l t s shown i n Table 2 -5 . These r e s u l t s a r e from a n a l y s e s pe r fo rmed 
on t h e r i v e r r e l e a s e models used by the ORP t o d e r i v e the r e l e a s e l i m i t s 
i n 40 CFR 191 [Rish e t a l . , 1983] . The a n a l y s i s assumes one c u r i e of 
PU-239 r e l e a s e d t o a r i v e r , and c a l c u l a t e s t h e f a t a l i t i e s f rom human 
doses f rom e i g h t exposure pa thways . Table 2 -5 ( t o p ) shows the 
a l l o c a t i o n of dose by the model t o t h e e i g h t pa thways . 



53 

INPUT X 

Fig. 2-6. Model response curve for input quantity X illustrating concept 
of elasticity (local sensitivity). 
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Table 2-5 (top). Median dose per curie 
released to river --by pathway 

River mode pathway Median dose 

Drink Dose 1.7600 
Fish Dose 0.0427 
Crop Dose 3.4464 
Milk Dose n* 
Beef Dose n 
Inhale Dose 1.1088 
Ground Dose 0.0073 
Air Dose n 
TOTAL DOSE 6.3652 

*n - Negligible 

Table 2.5 (bottom). Range Change Sensitivities and Elasticities 

Elasticities 
Factor change in % Adose per % Aquantity at 

Quantity dose for quantity 
range change lower bound median upper bound 

Dnop - ingestion 424.0 - ) 0.825 0.999 
Dnop - inhalation 193.0 - ) 0.174 0.994 
Dnop - external ground ( - ) ( - ) ( - ) 
Dnop - external air ( - ) - ) ( - ) ( - ) 
B nv 4510.0 - ) 0.114 1.0 
F (milk) mn ' ( - ) - ) ( - ) ( - ) 

F f n (beef) ( - ) ( - ) ( - ) 

Bioaccumulation factor 1.7 0.007 0.398 
A en 2.3 -0 66 -0.429 -0.221 
A sn 44.0 - ) -0.284 -0.004 
Resuspension factor 3.0 - ) 0.174 0.68 
Irrigation fraction 9.1 0 34 0.717 0.93 
Sedimentation factor 100.0 1 0 1.0 1.0 
Water treatment factor 1.4 0 122 0.277 0.385 

(-) - Negligible 
Source: [Rish et al, 1983] 
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Table 2-5 (bottom) shows the results of a range sensitivity and 
elasticity analysis on model quantities that were judged to have 
possibly significant uncertainty levels. Referring to the table, the 
dose estimate from the < i is significantly sensitive to range changes 
of several parameters: Dnop-ingestion, Dnop-inhalation, ®nv> anc* 
sedimentation. Plutonium is the only radionuclide specified in 40 CFR 
191 where the results are sensitive to the inhalation dose conversion 
factor. This is due in part to the relatively high inhalation dose 
conversion factor for PU-239. Because cf this fact the inhalation 
pathway plays a significant role in the total dose (see Table 2-5 
(top)), which explains the variable elasticities of both ingestion and 
inhalation dose factors (see Table 2-5 (bottom)). When the ingestion 
Dnop is at its lower bound, the inhalation exposures dominate and 
changes in the ingestion dose conversion factor do not affect the dose 
at this level. When the inhalation Dnop is at its lower bound the total 
dose is due to the ingestion routes, and changes in inhalation Dnop do 
not affect the model results. The elasticities also indicate that only 
difference between the higher values of Dnop inhalation produce 
significant changes in the total dose. 

The range and local sensitivities for the parameter B n v are 
noteworthy. It can be seen that the range change for this parameter 
affects the dose more than any other factor, yet the dose is elastic 
only to changes near the upper bound of the B n v distribution. This is 
exemplified in Table 2-5 (bottom) where the elasticity of the median is 
only about 10% of that of the upper boutid for Bnv- Thus, differences of 
opinion about the appropriate value for Bn v are more important at the 
high end of its uncertainty range. 

As a final point, Table 2-5 (bottom) reveals that the dose is 
sensitive to changes in the soil removal rate constant Ag n only between 
the 0.25 and 0.50 fractiles. This occurs because, at low values for 
A i radiological decay becomes the controlling mechanism for removal. 
For high removal rates no activity is retained in soil so other 
pathways, such as drinking water, fish ingestion, and inhalation, 
predominate. This is an interesting finding because resolution of A g n 

at its extremes is not as important as uncertainty around its mean. 
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For many r i s k a n a l y s i s problems the models i nvo lved a r e complex and 
have many i n p u t q u a n t i t i e s . For t h e s e models a s i m p l i s t i c e l a s t i c i t y 
a n a l y s i s would p r o b a b l y n o t y i e l d much i n s i g h t s i n c e t h e complex i ty of 
t he a l g o r i t h m s invo lved and the model l o g i c a l s t r u c t u r e , and the l a r g e 
p o s s i b i l i t i e s f o r i n t e r a c t i o n e f f e c t s would make t h e s i g n i f i c a n c e of t he 
r e s u l t s o b s c u r e . A more s o p h i s t i c a t e d l e v e l of r e sponse s u r f a c e 
a n a l y s i s i s r e q u i r e d , i f w a r r a n t e d . Such an a n a l y s i s i s wa r r an t ed i f : 

1. p r o b a b i l i s t i c a n a l y s e s of u n c e r t a i n t y a r e p lanned ( see Table 2 - 2 ) , 
and i t i s d e s i r a b l e t o reduce t h e i r c o s t by more r e f i n e d s c r e e n i n g 
of impor t an t u n c e r t a i n q u a n t i t i e s a n d / o r deve lop ing a s imp le r 
v e r s i o n of t he model, or t he development of a r e sponse s u r f a c e i s a 
n e c e s s a r y s t e p in the p r o b a b i l i s t i c a n a l y s i s ( i . e . , c a l c u l a t i o n of 
f i r s t - o r d e r d e r i v a t i v e s f o r method of-moments or Tay lo r s e r i e s 
approx ima t ion t e c h n i q u e s ( see "Level 2" d i s c u s s i o n be low) , o r 

2. t h e models invo lved a r e p lanned f o r f r e q u e n t use in o t h e r 
a p p l i c a t i o n s f o r which i t i s expec ted t h a t t he r e sponse s u r f a c e 
r e s u l t s w i l l be v a l i d . 

Response s u r f a c e methods can b e g i n w i th a p r e l i m i n a r y s t a t i s t i c a l 
a n a l y s i s used to s c r e e n the model i n p u t q u a n t i t i e s t o i d e n t i f y t h o s e few 
q u a n t i t i e s t h a t have a s i g n i f i c a n t e f f e c t on t h e o u t p u t . Th i s s c r e e n i n g 
s t e p b e g i n s w i th t h o s e q u a n t i t i e s i d e n t i f i e d as b e i n g " i m p o r t a n t " by the 
p r e v i o u s s e n s i t i v i t y a n a l y s e s . To t h e s e , t h e a n a l y s t a p p l i e s s t a g e - w i s e 
c o r r e l a t i o n a n a l y s i s ( s e e [Vaur io , 1982]) f o l l o w e d by s t e p - w i s e 
r e g r e s s i o n a n a l y s i s ( s e e [Vaur io , 1982] and [Iman, e t a l . , 1980] ) . 

A r e s p o n s e s u r f a c e model i s developed u s i n g t h e i m p o r t a n t model 
q u a n t i t i e s a s i d e n t i f i e d by the s c r e e n i n g s t e p . Th i s r e sponse s u r f a c e 
model i s , i n e f f e c t , a s i m p l i f i e d v e r s i o n of t he o r i g i n a l model. The 
r e s p o n s e s u r f a c e model can be deve loped i n s e v e r a l d i f f e r e n t ways, 
i n c l u d i n g : 

1 . s u r f a c e f i t t i n g , and 

2 . use of d i f f e r e n t i a l s e n s i t i v i t y t h e o r y ( p e r t u r b a t i o n c a l c u l u s ) . 
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Software is available to facilitate the surface-fitting approach 
(see [Vaurio, 1981]). The use of differential sensitivity theory to 
calculate a response surface model involves deriving a set of "adjoint" 
equations for important uncertain quantities. These are partial 
differential equations representing changes to model output from 
perturbations to input quantities. 

According to Rod [1984]: "Once the set of forward equations, with 
initial and boundary conditions, and the set of adjoint equations are 
established, all system responses to all input changes can be found with 
just two calculations per desired response." 

"One limitation of the method is that computed sensitivities are 
strictly linear approximations at one point on the system response 
curve. Sensitivities at points away from that point (far enough for an 
assumption of linearity to break down) require separate point 
calculations. The points can be linked by Interpolating between the 
tangential planes generated by the differential sensitivity model." 

"The advantage of the differential sensitivity method in 
calculation time and cost savings is had at the expense of a greatly 
increased theoretical development effort. The complete sets of forward 
and adjoint equations must be derived to match the specific computer 
model under study, effectively requiring creation of a unique 
sensitivity model for each new physical model." 

"In practice, the development of a differential sensitivity model 
has taken months of effort by experts in the theory of the particular 
field for which the original physical model was created. This 
requirement both boosts the cost of implementing the method and 
discourages its use by anyone other than the original code's developers. 
Independent review, by regulatory authorities, for example, is more 
difficult." 

"Recent innovations may help to relieve the development cost 
disadvantage [Oblow, 1983]. A group at the Oak Ridge National 
Laboratory created a FORTRAN "pre-compiler" GRESS, which generates the 
necessary differential equations directly from the original source code 
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and i n c o r p o r a t e s them i n t o a new sou rce code . Th i s a u t o m a t i c p r o c e d u r e 

i s s t i l l b e i n g r e f i n e d , and the b r e a d t h of i t s a p p l i c a b i l i t y has n o t 

been a s s e s s e d . " 

Note t h a t t he r e s u l t s of GRGSS can, i n some c a s e s , be used w i t h 
a n a l y t i c a l s o l u t i o n s ( o r app rox ima t ions ) f o r s t a t i s t i c a l e r r o r i n t h e 
model t o o b t a i n e s t i m a t e s o f model o u t p u t u n c e r t a i n t y . This approach i s 
d i s c u s s e d i n t h e n e x t s e c t i o n . 

Leve l 2: A n a l y t i c a l t r e a t m e n t of u n c e r t a i n t y p r o p a g a t i o n 

In some c a s e s , when t h e r i s k a n a l y s i s i n v o l v e s the u se of models 
c o n s i s t i n g of e x p l i c i t ma thema t i ca l e x p r e s s i o n s , a l g e b r a i c fo rmulae a r e 
a v a i l a b l e t o o b t a i n a n a l y t i c a l s o l u t i o n s ( o r good a p p r o x i m a t i o n s ) f o r 
u n c e r t a i n t y i n t h e r e s u l t s of t h e c a l c u l a t i o n s . 

S e l l e r ha s deve loped a s e t of a n a l y t i c a l s o l u t i o n s , o r s u f f i c i e n t l y 
c l o s e a p p r o x i m a t i o n s , f o r t h e p r o p a g a t i o n of i n p u t pa r ame te r 
u n c e r t a i n t i e s th rough "some s imple a l g e b r a i c s t r u c t u r e s t h a t occur o f t e n 
i n r i s k a s se s smen t s " [ S e l l e r , 1986] . These s t r u c t u r e s a r e : 

- l i n e a r combina t ions , 

- p o s i t i v e powers of one v a r i a b l e , 

- n e g a t i v e powers of one v a r i a b l e , 
- n o n - i n t e g e r powers of one v a r i a b l e , 

- p r o d u c t s l i n e a r i n each normal ly d i s t r i b u t e d v a r i a b l e , 
- p r o d u c t s of powers of l o g - n o r m a l l y d i s t r i b u t e d v a r i a b l e s , 

- n o n - l i n e a r d o s e - e f f e c t s r e l a t i o n s , 
- cumula t i ve i n c i d e n c e f u n c t i o n s , 
- s u r v i v a l f u n c t i o n s , and 
- more complex composi te fo rms . 

There a r e impor t an t l i m i t a t i o n s t o t h e a p p l i c a b i l i t y of t h e s e 

f o r m u l a e . They o n l y a l l o w e s t i m a t i o n of t h e mean and s t a n d a r d e r r o r of 

t h e o u t p u t v a r i a b l e . They assume independence among t h e u n c e r t a i n 

p a r a m e t e r s ( q u a n t i t i e s ) , though S e l l e r ha s deve loped fo rmulae f o r e r r o r 

p r o p a g a t i o n where l a r g e c o r r e l a t e d e r r o r s a r e p r e s e n t [ S e i l e r , 1983] , 
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Sums and differences of log-normally distributed quantities cannot be 
performed. It is necessary to numerically evaluate the partial 
derivatives with respect to the model output for each uncertain 
quantity. 

Note that this last requirement can be accomplished two ways: (1) 
by an adjoint sensitivity analysis of the model, or (2) by perturbing 
the input quantities one at a time while holding all others at their 
nominal values. For the first approach, the code GRESS [Oblow, 1983] 
can be used to generate the necessary differential equations by adjoint 
sensitivity analysis of the risk analysis model. These can then be used 
in the formulae for analytical treatment of output uncertainty. 

A paper [Seller, 1986] presenting Seller's formulae and his 
treatment of the algebraic structures occurring in risk assessments is 
reproduced in Appendix B. 

Depending on the type of decision that the risk analysis supports 
and the confidence-level criterion involved in the decision, greater 
specification of the model output uncertainty than is possible by 
Seller's formulae (mean and standard error) may be desired. In these 
cases, an assumption must be made about the shape of the output 
distribution. 

Level 3: Probabilistic uncertainty analysis 

The deterministic sensitivity analysis identified those model 
quantity uncertainties that are "important" in that changes to them 
within their ranges of uncertainty produce changes to risk analysis 
outcomes, and possibly to the risk management alternative chosen. 
Depending on the type of decision being supported by the risk analysis 
and the particular confidence level criteria involved (see Table 2-2), 
the analyst must decide whether It is appropriate to proceed to the next 
level of quantity uncertainty treatment -- a probabilistic uncertainty 
analysis. In general, a probabilistic uncertainty analysis is called 
for when it is necessary for the decision-maker to know the relative 
likelihoods of alternative risk analysis results (and thus alternative 
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r i s k management d e c i s i o n outcomes) a c r o s s t h e i r f u l l r ange of 

u n c e r t a i n t y , and a n a l y t i c a l s o l u t i o n s a r e n o t p r a c t i c a l o r s u f f i c i e n t . 

(1) P r o b a b i l i t y t r e e s 

"The s i m p l e s t and p r o b a b l y most common approach t o u n c e r t a i n t y 
p r o p a g a t i o n i s t o e x p l o r e the r ange of p o s s i b l e outcomes w i t h o u t 
a t t e m p t i n g t o q u a n t i f y t h e i r r e l a t i v e l i k e l i h o o d s " [Henrion and Morgan, 
1984] . Th i s i s t h e " s c e n a r i o " approach p r e v i o u s l y d e s c r i b e d a s p a r t of 
t h e d e t e r m i n i s t i c s e n s i t i v i t y a n a l y s i s . A s imple l e v e l of p r o b a b i l i s t i c 
a n a l y s i s i n v o l v e s e x t e n d i n g t h e s c e n a r i o , a n a l y s i s by a s s i g n i n g d i s c r e t e 
p r o b a b i l i t i e s t o t h e h i g h , medium, and low v a l u e s of each i m p o r t a n t 
u n c e r t a i n q u a n t i t y i n each s c e n a r i o . I n o r d e r t o a c c o u n t f o r 
c o n d i t i o n a l d e p e n d e n c i e s , t h e q u a n t i t i e s shou ld be o r d e r e d c o n c e p t u a l l y 
i n a " p r o b a b i l i t y t r e e " such t h a t each q u a n t i t y i s subsequen t t o any 
q u a n t i t i e s i t depends on . An example of a " p r o b a b i l i t y t r e e " i s shown 
i n F i g u r e 2 - 7 . Each node r e p r e s e n t s a key u n c e r t a i n f a c t o r w i t h 
b r a n c h e s t o each of i t s p o s s i b l e l e v e l s . Each b r a n c h i s a s s i g n e d a 
p r o b a b i l i t y c o n d i t i o n a l on t h e outcomes of t h e p r e v i o u s b r a n c h e s . Each 
of t h e e n d p o i n t s on t h e r i g h t of t h e t r e e r e p r e s e n t s a p o t e n t i a l 
s c e n a r i o whose p r o b a b i l i t y i s t h e p r o d u c t of t h e p r o b a b i l i t i e s of t h e 
b r a n c h e s l e a d i n g up t o i t . R i sk a n a l y s i s outcomes a r e combined w i t h t h e 
s c e n a r i o ' s a s s o c i a t e d p r o b a b i l i t y f rom t h e " p r o b a b i l i t y t r e e . " The 
s c e n a r i o outcomes a r e o r d e r e d and cumula ted t o o b t a i n a c u m u l a t i v e 
p r o b a b i l i t y d i s t r i b u t i o n r e p r e s e n t i n g u n c e r t a i n t y abou t t h e r i s k 
a n a l y s i s . 

Th i s approach t o o b t a i n i n g a p r o b a b i l i s t i c measure of r i s k a n a l y s i s 

u n c e r t a i n t y h a s , a s a d v a n t a g e s , t h a t i t i s e a sy t o f o l l o w and i t 

r e q u i r e s a r e l a t i v e l y modest e f f o r t f o r s imple models . A ma jo r 

d i s a d v a n t a g e i s t h a t s i n c e t h e number of s e p a r a t e s c e n a r i o s t o a n a l y z e 

i s f o r N u n c e r t a i n q u a n t i t i e s each w i t h M p o s s i b l e v a l u e s , t h e 

approach i s i m p r a c t i c a l f o r a n a l y s e s i n v o l v i n g l a r g e M o r more t h a n f i v e 

t o t e n u n c e r t a i n q u a n t i t i e s (N) . I n t h e s e c a s e s , an a l t e r n a t i v e 

approach i s a v a i l a b l e , c a l l e d the method of D i s c r e t e P r o b a b i l i t y 

D i s t r i b u t i o n s (DPD) [Kaplan, 1981] . According t o Henr ion and Morgan 
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2-7. Example of a probability tree, wherein the "scenario" analysis is extended to include 
discrete probabilities of key uncertain factors. 
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[1984] : "Suppose every u n c e r t a i n pa ramete r i s d i s c r e t i s e d t o f i v e 
v a l u e s . Where two p a r a m e t e r s must be m u l t i p l i e d , a l l 25 p o s s i b l e 
combina t ions of t he two a r e computed wi th t h e i r p r o b a b i l i t i e s . These 
a r e o rde r ed and the r e s u l t i n g 25 p o i n t DPD i s "condensed"; t h a t i s , I t 
i s i t s e l f approximated by a 5 - p o i n t DPD b e f o r e i t t a k e s p a r t i n f u r t h e r 
c a l c u l a t i o n s . " 

" I f f a c t o r s can always be combined only two a t a t ime , t h e r e i s 
neve r any need f o r more t h a n 25 c a l c u l a t i o n s a t each p o i n t , and so t h e 
c o m b i n a t o r i a l e x p l o s i o n i s avo ided . I f t h e same pa rame te r appear s i n 
t h e c a l c u l a t i o n i n more t h a n one p l a c e , t hen t h i s w i l l no t work, s i n c e 
i t w i l l c r e a t e dependent s u b e x p r e s s i o n s t6 be combined. For example, 

y - ( x l + x 2 ) / x 3 - xl*x2 

Thus, t h e method r e q u i r e s t h e c a l c u l a t i o n s t o be r e o r d e r e d t o pu t a l l 
r e p e t i t i o n s of the same term i n t h e same s u b e x p r e s s i o n . This can 
r e q u i r e c o n s i d e r a b l e i n g e n u i t y , and u n f o r t u n a t e l y i s impossible! f o r many 
complex computa t ions , which p u t s a s e v e r e l i m i t a t i o n on t h e 
a p p l i c a b i l i t y of t he method." 

(2) S t o c h a s t i c s i m u l a t i o n t e c h n i q u e s 

An a l t e r n a t i v e t o t h e a n a l y t i c a l t r e a t m e n t and p r o b a b i l i t y t r e e 
approaches d e s c r i b e d above i s t o use s t o c h a s t i c s i m u l a t i o n t e c h n i q u e s 
( a l s o known as Monte Car lo t e c h n i q u e s ) to p r o p a g a t e q u a n t i t y 
u n c e r t a i n t i e s th rough model c a l c u l a t i o n s . 

P r o b a b i l i t y d i s t r i b u t i o n s shou ld be developed f o r each impor t an t 
model q u a n t i t y i d e n t i f i e d by the s e n s i t i v i t y a n a l y s e s . The guidance f o r 
c h a r a c t e r i z i n g e m p i r i c a l pa rame te r u n c e r t a i n t y p rov ided i n S e c t i o n 
2 . 2 . 2 . 1 . 2 should be used when deve lop ing t h e p r o b a b i l i t y d i s t r i b u t i o n s . 
Note t h a t some u n c e r t a i n q u a n t i t i e s ( e . g . , d e c i s i o n v a r i a b l e s , v a l u e 
p a r a m e t e r s ) w i l l be t r e a t e d p a r a m e t r i c a l l y , and soi".e p l a n n i n g shou ld be 
done on how t o b e s t combine p a r a m e t r i c and p r o b a b i l i s t i c a n a l y s e s . 
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The concept of s t o c h a s t i c s i m u l a t i o n i s s imp le . Va lues a r e sampled 
from t h e ranges of each u n c e r t a i n q u a n t i t y a c c o r d i n g t o t h e f r e q u e n c i e s 
r e p r e s e n t e d by t h e i r p r o b a b i l i t y d i s t r i b u t i o n s . At each i t e r a t i o n a s e t 
of v a l u e s a r e s e l e c t e d and the model i s run . A f t e r many i t e r a t i o n s a 
h i s t o g r a m of t he r e s u l t s p r o v i d e s an e s t i m a t e of t h e p r o b a b i l i t y 
d i s t r i b u t i o n of t h e model outcome. This p r o b a b i l i t y d i s t r i b u t i o n 
r e p r e s e n t s u n c e r t a i n t y about t h e r i s k a n a l y s i s model r e s u l t s due t o 
u n c e r t a i n t y about model i n p u t q u a n t i t i e s . 

Some e x c e l l e n t s o f t w a r e i s a v a i l a b l e t o f a c i l i t a t e Monte C a r l o - t y p e 
u n c e r t a i n t y p r o p a g a t i o n . A v a i l a b l e s o f t w a r e i s summarized in t h e 

•k 
companion l i t e r a t u r e rev iew; however, t h r e e sys tems a r e worthy of 
ment ion h e r e . MOUSE [Klee, 1985] and DEMOS [Henr ion , 1979] a r e 
i n t e r a c t i v e computer programs t h a t a l low s p e c i f y i n g p r o b a b i l i t y 
d i s t r i b u t i o n s f o r model i n p u t q u a n t i t i e s and Monte C a r l o - t y p e 
p r o p a g a t i o n through u s e r - s p e c i f i e d models . These sys tems a re h i g h l y 
recommended f o r r i s k a n a l y s i s models c o n s i s t i n g of combina t ions of 
a l g e b r a i c e x p r e s s i o n s , i n c l u d i n g m a t r i x o p e r a t i o n s . They can be q u i t e 
c o s t - e f f e c t i v e f o r t h e s e a p p l i c a t i o n s . LHS ( L a t i n Hypercube Sampling) 
i s a computer program f o r t he g e n e r a t i o n of L a t i n hypercube and random 
samples f o r p r o p a g a t i n g u n c e r t a i n t i e s th rough computer codes [Iman and 
S h o r t e n c a r i e r , 1984]. The program i s r e l a t i v e l y p o r t a b l e , and can be 
used a s t h e mechanism t o c o n v e r t a d e t e r m i n i s t i c model i n t o one t h a t 
p r o p a g a t e s i n p u t p a r a m e t e r s p r o b a b i l i s t i c a l l y . Sampling can b e done 
from s t a n d a r d o r u s e r - d e f i n e d d i s t r i b u t i o n s and from e m p i r i c a l d a t a . 
C o r r e l a t i o n among i n p u t pa r ame te r s can be t r e a t e d . A companion program 
i s a v a i l a b l e f o r c a l c u l a t i n g p a r t i a l c o r r e l a t i o n and s t a n d a r d r e g r e s s i o n 
c o e f f i c i e n t s f o r a d a t a s e t [Iman e t a l . , 1985] . 

For a r i s k a n a l y s i s model hav ing a l a r g e number of u n c e r t a i n 
q u a n t i t i e s or a r e l a t i v e l y complex a l g o r i t h m , i t might be more c o s t -
e f f e c t i v e t o develop a s i m p l i f i e d v e r s i o n of t he model on which t o 
pe r fo rm t h e Monte C a r l o - t y p e a n a l y s i s . Th is s i m p l i f i e d v e r s i o n can be 
deve loped by a p p l y i n g r e sponse s u r f a c e t e c h n i q u e s ( e . g . , a d j o i n t 
s e n s i t i v i t y a n a l y s i s ) t o t h e model. 

* See Review of S t u d i e s R e l a t e d t o U n c e r t a i n t y i n R i sk A n a l y s i s [Rish , 
1988] . 



2 . 2 . 3 EVALUATING AND COMMUNICATING THE RESULTS OF THE UNCERTAINTY 

ASSESSMENT 

Once an u n c e r t a i n t y a s se s smen t s t r a t e g y ha s been deve loped and 

implemented f o r a p a r t i c u l a r r i s k a n a l y s i s , t h e s i g n i f i c a n c e of t h e 

r e s u l t s of t h e u n c e r t a i n t y a s sessment must be e v a l u a t e d . Based on t h e 

t ype of d e c i s i o n t h a t t h e r i s k a n a l y s i s i s s u p p o r t i n g , t h e c o n f i d e n c e 

l e v e l c r i t e r i o n i n v o l v e d , and t h e i n t e n d e d " a u d i e n c e , " t h e a n a l y s t must 

d e v i s e an e f f e c t i v e way to communicate t h e r e s u l t s of t h e u n c e r t a i n t y 

a s s e s s m e n t . 

G e n e r a l l y s p e a k i n g , t h e r e s u l t s of an u n c e r t a i n t y a s se s smen t a s 

p a r t of a r i s k a n a l y s i s a r e used t o a d d r e s s two t y p e s of q u e s t i o n s : 

1. q u e s t i o n s about l e v e l s of c o n f i d e n c e i n t h e p o s s i b l e outcomes of 

a l t e r n a t i v e r i s k management d e c i s i o n s b e i n g c o n s i d e r e d , and 

2. program p l a n n i n g - t y p e q u e s t i o n s a b o u t : 

- r i s k c o n t r o l v e r s u s u n c e r t a i n t y r e d u c t i o n ( a c t v s . s t u d y ) , 

- e f f e c t i v e r e s e a r c h , measurement and a n a l y t i c a l a c t i v i t i e s , and 

- i n s t i t u t i o n a l r e s p o n s e s t o u n c e r t a i n t y i s s u e s . 

A d e c i s i o n - m a k e r shou ld be a b l e t o u se t h e u n c e r t a i n t y a s se s smen t 

r e s u l t s t o : 

1. a s s e s s t h e l e v e l s of c o n f i d e n c e i n r i s k a n a l y s i s r e s u l t s , 

2 . i d e n t i f y t h e i m p o r t a n t s o u r c e s of u n c e r t a i n t y i n t h e r i s k a n a l y s i s 
r e s u l t s , 

3. u n d e r s t a n d t h e " r e s i | | - u "E a l t e r n a t i v e r i s k management 

d e c i s i o n s t o uncer/--<f ri/ ' • iboui their outcomes, and 

/•/ bb 
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4. de t e rmine p o s s i b l e a c t i o n s t h a t may be taken t o reduce u n c e r t a i n t y 

i n d e c i s i o n outcomes. 

In o t h e r words, t h e u n c e r t a i n t y a s sessment shou ld answer the f o l l o w i n g 
c o r r e s p o n d i n g q u e s t i o n s : 

1. How c o n f i d e n t can we b e i n t h e r i s k a n a l y s i s r e s u l t s ? 

2. Why a r e we u n c e r t a i n ? 

3. How wrong could we be , how l i k e l y i s i t , and what d i f f e r e n c e would 

i t make? 

4. How might I i n c r e a s e c o n f i d e n c e i n my d e c i s i o n ? 

Befo re d e s c r i b i n g how t o p r e s e n t u n c e r t a i n t y a s ses smen t r e s u l t s t o 
a d d r e s s t h e s e q u e s t i o n s , an impor t an t " l e s s o n - l e a r n e d " from p r e v i o u s 
a p p l i c a t i o n s of u n c e r t a i n t y a s ses smen t i s wor th c o n s i d e r a t i o n . 
Expe r i ence ha s shown t h a t t h e p r o c e s s of s y s t e m a t i c a l l y a d d r e s s i n g 
u n c e r t a i n t i e s i n a r i s k a n a l y s i s p r o v i d e s t hose d i r e c t l y i nvo lved i n the 
p r o c e s s w i th impor tan t i n s i g h t s f o r each of the q u e s t i o n s l i s t e d above. 
Many of t h e s e i n s i g h t s a r e d i f f i c u l t t o r e f l e c t i n t h e s u b s t a n t i v e 
r e s u l t s of t h e u n c e r t a i n t y a s s e s s m e n t , b u t t hey a r e j u s t t he same a 
" p r o d u c t " of t h e assessment t h a t c o n t r i b u t e s to b e t t e r dec i s i on -mak ing . 
For t h i s r e a s o n i t i s recommended t h a t , i n o r d e r t o i n c r e a s e c o n f i d e n c e 
i n d e c i s i o n s ba sed on r i s k a n a l y s e s , someone wi th a r o l e i n t h e r i s k 
management d e c i s i o n p r o c e s s be invo lved i n , o r a t l e a s t c o n s t a n t l y 
m o n i t o r , t h e r i s k a n a l y s i s and i t s accompanying u n c e r t a i n t y assessment 
a s t h e y e v o l v e . 

How c o n f i d e n t can we be i n t h e r i s k a n a l y s i s r e s u l t s ? 

The way t o a d d r e s s t h i s q u e s t i o n depends on t h e type of d e c i s i o n 
t h a t t h e r i s k a n a l y s i s s u p p o r t s and the c o n f i d e n c e l e v e l c r i t e r i o n 
i n v o l v e d . 



67 

(1) Risk a n a l y s e s be ing used t o suppor t s i t e and f a c i l i t y d e s i g n 
s e l e c t i o n d e c i s i o n s should c h a r a c t e r i z e ou tpu t u n c e r t a i n t y by p r e s e n t i n g 
the range between c r e d i b l e upper and lower bound e s t i m a t e s f o r each 
a l t e r n a t i v e s i t e or des ign be ing c o n s i d e r e d . These ranges should be 
p r e s e n t e d compara t i ve ly in a f i g u r e a l s o showing t h e i r r e l a t i o n s h i p t o 
the p a r t i c u l a r s e l e c t i o n c r i t e r i a t h a t t he r i s k a n a l y s i s a d d r e s s e s . For 
example, F igure 2-8 shows h y p o t h e t i c a l r e s u l t s from an u n c e r t a i n t y 
assessment done i n suppor t of a s i t e s e l e c t i o n d e c i s i o n where c r i t e r i a 
e x i s t f o r r a d i o n u c l i d e c o n c e n t r a t i o n s i n ground wate r (C*) and maximum 
i n d i v i d u a l dose (D*). 

F igure 2-8 ( t o p ) shows t h a t whi le S i t e A has the p o t e n t i a l to no t 
meet t he ground wa te r c o n c e n t r a t i o n c r i t e r i o n , t he b e s t - e s t i m a t e i s we l l 
below t h e c r i t e r i o n . The d i s c u s s i o n accompanying t h e s e r e s u l t s might 
f u r t h e r i n d i c a t e , f o r example, t h a t low p r o b a b i l i t y s c e n a r i o s a r e 
a s s o c i a t e d w i th the p o r t i o n of t h e range f o r S i t e A t h a t i s i n exces s of 
t he c r i t e r i o n . The c r e d i b l e range of u n c e r t a i n t y about ground wate r 
c o n c e n t r a t i o n f o r S i t e B i s e n t i r e l y w i t h i n the c r i t e r i o n (C*); however, 
t he b e s t - e s t i m a t e i s s i g n i f i c a n t l y h i g h e r t han t h a t f o r S i t e A. In 
f a c t , t h e b e s t - e s t i m a t e c o n c e n t r a t i o n f o r S i t e A i s l e s s t han the 
c r e d i b l e lower bound c o n c e n t r a t i o n f o r S i t e B. The r e s u l t s f o r S i t e C 
shows a r e l a t i v e l y narrow range of u n c e r t a i n t y around a b e s t - e s t i m a t e 
ground wa te r c o n c e n t r a t i o n t h a t b a r e l y meets t h e c r i t e r i o n . 

F igure 2-8 (bottom) shows t h a t S i t e s A and B have comparable b e s t -
e s t i m a t e s f o r maximum i n d i v i d u a l dose ; however, t he range of u n c e r t a i n t y 
in t he dose e s t i m a t e f o r S i t e B i s l e s s than t h a t f o r S i t e A. A l so , t h e 
c r e d i b l e upper bound on the dose e s t i m a t e u n c e r t a i n t y f o r S i t e B i s 
lower t h a n t h a t f o r S i t e A, a l lowing f o r a g r e a t e r margin b e n e a t h t h e 
dose c r i t e r i o n (D*). The dose e s t i m a t e f o r S i t e C i s l e s s u n c e r t a i n 
t han t h o s e f o r S i t e s A and B, b u t t he b e s t - e s t i m a t e and range f o r S i t e C 
a r e s i g n i f i c a n t l y h i g h e r than t hose f o r S i t e s A and B (and s i g n i f i c a n t l y 
c l o s e r t o t he dose c r i t e r i o n ) . 
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F i g . 2 - 8 . P r e s e n t a t i o n of h y p o t h e t i c a l r e s u l t s of an u n c e r t a i n t y a s s e s s m e n t 
done i n s u p p o r t of a s i t e s e l e c t i o n d e c i s i o n where c r i t e r i a e x i s t 
f o r g r o u n d - w a t e r c o n c e n t r a t i o n (C*) and maximum i n d i v i d u a l dose 
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In a d d i t i o n t o p r e s e n t i n g g r a p h i c a l r e s u l t s of t h e u n c e r t a i n t y 
a s s e s s m e n t , l i k e those i n F igure 2 -8 , the c o n c e p t u a l models, 
a s sumpt ions , and c o n d i t i o n s a s s o c i a t e d wi th the b e s t - e s t i m a t e s and each 
of t h e c r e d i b l e bounds should be e x p l a i n e d c l e a r l y and c o n c i s e l y . 

(2) "Act v e r s u s s tudy" d e c i s i o n s add re s s whether o r no t t o 
implement r i s k c o n t r o l a c t i o n s or wa i t u n t i l f u r t h e r s t u d i e s reduce 
u n c e r t a i n t i e s about d e c i s i o n outcomes. For t h i s type of d e c i s i o n 
u n c e r t a i n t y about r i s k a n a l y s i s outcomes should be c h a r a c t e r i z e d by 
p r o v i d i n g " b e s t - e s t i m a t e s " and p l a u s i b l e upper-bound e s t i m a t e s of r i s k s . 
I f t h e a n a l y s i s i n d i c a t e s t h a t p l a u s i b l e upper-bound r i s k e s t i m a t e s a r e 
r e l a t i v e l y low, then t h e r e i s i n c r e a s e d con f idence in a d e c i s i o n t o no t 
r e g u l a t e . Where p l a u s i b l e upper bound r i s k e s t i m a t e s a r e s i g n i f i c a n t , 
the b e s t - e s t i m a t e s can be h e l p f u l in d e c i d i n g whether t o g a t h e r more 
i n f o r m a t i o n b e f o r e b a s i n g d e c i s i o n s on the upper bound e s t i m a t e s . I f 
changes t o t h e r i s k a n a l y s i s outcome f a l l w i t h i n t h e r ange between the 
b e s t - e s t i m a t e and upper bound e s t i m a t e , and r e s u l t i n i n d i c a t e d changes 
t o r i s k management a l t e r n a t i v e , t hen more i n f o r m a t i o n about t he 
l i k e l i h o o d of outcomes w i t h i n t h i s range i s needed to suppor t t h e 
d e c i s i o n . I n t h i s case t h e a n a l y s t can use p r o b a b i l i s t i c u n c e r t a i n t y 
a n a l y s i s t o pe r fo rm a v a l u e - o f - i n f o r m a t i o n a s s e s s m e n t . An example i s 
shown i n F i g u r e 2 -9 . The c h o i c e of whether t o t ake a c t i o n t o c o n t r o l 
u n d e s i r a b l e r i s k s t h a t a r e r e p r e s e n t e d by p a r t i c u l a r p a t h s th rough the 
t r e e can t hen be viewed as a d e c i s i o n on whether t o buy i n s u r a n c e 
a g a i n s t t h e p r o b a b i l i t i e s and outcomes a s s o c i a t e d w i t h t h o s e p a t h s . A 
good d i s c u s s i o n and example of t h e a p p l i c a t i o n of p r o b a b i l i t y t r e e s and 
v a l u e - o f - i n f o r m a t i o n a n a l y s i s t o t he " a c t v e r s u s s tudy" d e c i s i o n i s 
p r o v i d e d i n North and Balson [1985] . 

U s e f u l guidance r e g a r d i n g " a c t v e r s u s s tudy" d e c i s i o n s i s p rov ided 
i n a r e c e n t e d i t o r i a l by Morgan a s f o l l o w s : 

"Research can never demons t ra te t h a t a r i s k does n o t e x i s t . I t can 
e s t a b l i s h p r o b a b i l i s t i c bounds on p o s s i b l e r i s k s , and i f t h o s e bounds 
a r e s u f f i c i e n t l y low, we shou ld t hen say "enough". For t h i s t o happen 
two t h i n g s a r e needed. F i r s t , government agenc i e s need t o e x p l i c i t l y 
c o n s i d e r t h e q u e s t i o n of " s t o p p i n g r u l e s " b e f o r e t h e y embark on 
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F i g . 2 - 9 . Example of a p r o b a b i l i t y t r e e f o r t h e c h o i c e of t a k i n g a c t i o n 
( immedia te a d d i t i o n a l c o n t r o l ) or s t u d y i n g more ( w a i t 5 -10 
y e a r s f o r r e s e a r c h ) . T r e e s l i k e t h i s can be u s e f u l f o r 
p e r f o r m i n g a v a l u e - o f - i n f o r m a t i o n a s s e s s m e n t . Sou rce : North 
and Ba l son , 1985. Reproduced w i t h a u t h o r ' s p e r m i s s i o n . 
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m i s s i o n - o r i e n t e d programs of r i s k r e s e a r c h . As t h e r e s e a r c h p r o g r e s s e s 
they need t o c o n t i n u e to r e f i n e those r u l e s i n the l i g h t of what has 
a l r e a d y been i n v e s t i g a t e d and l e a r n e d ; what i t i s l i k e l y t o c o s t t o 
l e a r n more; what t he r i s k s might be ; and what k i n d s of f i n d i n g s a r e 
s t i l l needed b e f o r e i t makes sense t o s t o p . Second, we need t o evolve 
some common u n d e r s t a n d i n g between s o c i e t y , r i s k r e g u l a t o r s , and the 
c o u r t s about how t o e s t a b l i s h a c c e p t a b l e p r o b a b i l i s t i c upper bounds on 
p o s s i b l e r i s k s . Without t h e s e two developments , we l l -meaning government 
i nves tmen t s i n r i s k - m o t i v a t e d a p p l i e d r e s e a r c h may sometimes do more 
harm than good" [Morgan, 1986] . 

(3) C h a r a c t e r i z i n g r i s k a n a l y s i s outcome u n c e r t a i n t y f o r 
compliance d e t e r m i n a t i o n s depends on t h e c o n f i d e n c e o r a s s u r a n c e l e v e l 
c r i t e r i o n s p e c i f i e d i n the p e r t i n e n t r e g u l a t i o n , or o the rw i se i n d i c a t e d 
by t h e implementing agency. S i m i l a r l y , c h a r a c t e r i z i n g r i s k a n a l y s i s 
outcomes i n s u p p o r t of " l e v e l of c o n t r o l " d e c i s i o n s depends on the 
c o n f i d e n c e l e v e l c r i t e r i o n t h a t a p p l i e s , as f o l l o w s : 

a . Based on " b e s t - e s t i m a t e s " - - t h e r e i s c o n s i d e r a b l e ev idence i n 
the l i t e r a t u r e of a v a r i e t y of h e u r i s t i c s employed by e x p e r t s i n 
p r o c e s s i n g i n f o r m a t i o n t h a t can r e s u l t i n s i g n i f i c a n t b i a s e s i n s i n g l e -
v a l u e d " b e s t - e s t i m a t e s " f o r e m p i r i c a l p a r a m e t e r s . I t i s t h e o r i z e d t h a t 
the q u a l i t y of " b e s t - e s t i m a t e s " can be improved by e x p l i c i t 
c o n s i d e r a t i o n by t h e e x p e r t s of t h e f u l l range of u n c e r t a i n t y about 
e m p i r i c a l p a r a m e t e r s and the c o n d i t i o n s a s s o c i a t e d w i t h d i f f e r e n t v a l u e s 
w i t h i n the r a n g e , e s p e c i a l l y t h e upper and lower bounds . This p r a c t i c e 
i s recommended where the r e s u l t s of s e n s i t i v i t y a n a l y s e s i n d i c a t e t h a t 
t h e r i s k a n a l y s i s r e s u l t s o r cho ice of d e c i s i o n a l t e r n a t i v e s a r e 
s i g n i f i c a n t l y a f f e c t e d by v a r i a t i o n s w i t h i n t h e pa r ame te r r a n g e . The 
i n f o r m a t i o n , a s sumpt ions , and c o n d i t i o n s a s s o c i a t e d w i th t h e " b e s t -
e s t i m a t e " shou ld b e documented. 

b . Based on c o n s e r v a t i v e e s t i m a t e s -- t h e same gu idance p r o v i d e d 
above f o r t h e " b e s t - e s t i m a t e " c o n f i d e n c e l e v e l c r i t e r i o n a p p l i e s t o 
c h a r a c t e r i z i n g e m p i r i c a l pa ramete r u n c e r t a i n t y when b a s i n g d e c i s i o n s on 
c o n s e r v a t i v e e s t i m a t e s of r i s k a n a l y s i s r e s u l t s . C o n s e r v a t i v e e s t i m a t e s 
can a l s o be improved by c o n s i d e r a t i o n of t h e f u l l r ange of u n c e r t a i n t y 
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about a p a r a m e t e r . The meaning of " c o n s e r v a t i v e " shou ld be s p e c i f i e d 
and c o n s i s t e n t l y a p p l i e d . A s p e c i a l c a s e of a c o n s e r v a t i v e e s t i m a t e i s 
t he " w o r s t - c a s e " o r "upper-bound" e s t i m a t e . The e x t e n t to which t h e 
w o r s t - c a s e e s t i m a t e d i f f e r s from the b e s t e s t i m a t e shou ld be i n d i c a t e d , 
and the c o n d i t i o n s and assumpt ions a s s o c i a t e d w i t h each e s t i m a t e shou ld 
be p r o v i d e d ( i . e . , t h e r eason f o r t he d i f f e r e n c e ) . 

c . Based on a r e a s o n a b l e l e v e l of c o n f i d e n c e - - r i s k management 
d e c i s i o n s can be ba sed on a s u b j e c t i v e l y - d e t e r m i n e d c o n f i d e n c e l e v e l 
c r i t e r i o n c o r r e s p o n d i n g to a " r e a s o n a b l e l e v e l of c o n f i d e n c e " i n t he 
r i s k s a s s o c i a t e d w i t h d e c i s i o n a l t e r n a t i v e s . This r e a s o n a b l e l e v e l i s 
u s u a l l y a r e l a t i v e l y h igh degree of c o n f i d e n c e ; however, t he marg ina l 
c o s t of b e i n g more c e r t a i n of a d e c i s i o n outcome i s t aken i n t o a c c o u n t . 
For example, a d o p t i n g a lower r e l e a s e l i m i t w i l l i n c r e a s e t h e deg ree of 
c o n f i d e n c e t h a t dose c r i t e r i a w i l l be met, b u t an 85 p e r c e n t c o n f i d e n c e 
l e v e l might be " r e a s o n a b l e " i f lower ing the l i m i t t o ach ieve 95 p e r c e n t 
c o n f i d e n c e means a quantum l eap in c o n t r o l t echno logy c o s t s o r t h e use 
of a more e f f i c i e n t b u t l e s s r e l i a b l e t echno logy . 

Using s i n g l e - v a l u e d " c o n s e r v a t i v e " o r upper bound e s t i m a t e s f o r 
u n c e r t a i n r i s k a n a l y s i s outcomes, e s p e c i a l l y when t h e i r u n c e r t a i n t y 
t ends t o be l o g - n o r m a l l y d i s t r i b u t e d , can r e s u l t i n p o t e n t i a l l y c o s t l y 
d e c i s i o n s based on r i s k e s t i m a t e s t h a t have n e g l i g i b l e l i k e l i h o o d of 
b e i n g " c o r r e c t " and a r e o r d e r s of magni tude above e s t i m a t e s hav ing what 
one would c o n s i d e r a r e a s o n a b l e l e v e l of a s s o c i a t e d c o n f i d e n c e . As 
Nor th n o t e s , "a p l a u s i b l e upper bound or w o r s t - c a s e p r o j e c t i o n may n o t 
be h e l p f u l when t h e r e i s a p o t e n t i a l f o r l a r g e impacts b u t a h i g h 
l i k e l i h o o d t h a t t h e l a r g e impacts w i l l n o t occur" [North and Ba l son , 
1985] . 

I n o r d e r t o de t e rmine what l e v e l of p r o t e c t i o n p r o v i d e s a 
r e a s o n a b l e l e v e l of c o n f i d e n c e , t h e d e c i s i o n - m a k e r needs t o have an 
as sessment of t he r e l a t i v e l e v e l s of c o n f i d e n c e a s s o c i a t e d w i t h b a s i n g 
a c t i o n s on d i f f e r e n t r i s k e s t i m a t e s a c r o s s t h e r ange of u n c e r t a i n t y i n 
r i s k a n a l y s i s r e s u l t s . He then can f a c t o r c o n f i d e n c e l e v e l s i n t o h i s 
d e c i s i o n . Th i s i s e s p e c i a l l y impor t an t s i n c e p a r a m e t e r u n c e r t a i n t i e s i n 
env i ronmen ta l models u s u a l l y have skewed p r o b a b i l i t y d e n s i t y 
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d i s t r i b u t i o n s wi th r e l a t i v e l y low l i k e l i h o o d s a s s o c i a t e d wi th a 
s i g n i f i c a n t p o r t i o n of t h e upper h a l f of t he o u t p u t u n c e r t a i n t y r ange . 
Thus, t h e r e a r e n e g l i g i b l e i n c r e a s e s in c o n f i d e n c e l e v e l a s s o c i a t e d w i th 
d e c i s i o n s based on t h e s e h i g h e r r i s k e s t i m a t e s . 

The r e l a t i v e l i k e l i h o o d s a s s o c i a t e d w i th r i s k a n a l y s i s outcomes 
a c r o s s t he range of u n c e r t a i n t y should be a s s e s s e d f o r t he d e c i s i o n -
maker . A sense should be communicated of t he marg ina l change i n 
c o n f i d e n c e about a c h i e v i n g r i s k goa l s t h a t i s a s s o c i a t e d wi th u s i n g 
d i f f e r e n t r i s k a n a l y s i s outcomes from the u n c e r t a i n range as t h e b a s i s 
f o r r i s k management d e c i s i o n s . 

A d d i t i o n a l c o n s i d e r a t i o n must be g iven t o q u a n t i t i e s i n the 
a n a l y s i s t h a t were t r e a t e d p a r a m e t r i c a l l y ( i . e . , v a l u e pa rame te r s and 
d e c i s i o n v a r i a b l e s ) and t o outcome u n c e r t a i n t y a s s o c i a t e d wi th p l a u s i b l e 
a l t e r n a t i v e c o n c e p t u a l a n d / o r mathemat ica l models of r i s k - r e l a t e d 
p r o c e s s e s . R e s u l t s of a n a l y z i n g bounding " s c e n a r i o s " c o n s t r u c t e d by 
forming c r e d i b l e combina t ions of assumed a l t e r n a t i v e concep tua l and 
ma themat i ca l models ( i n c l u d i n g a l t e r n a t i v e assumpt ions ) should be 
p r e s e n t e d . C h a r a c t e r i z a t i o n s of o u t p u t u n c e r t a i n t i e s shou ld be 
p r e s e n t e d p a r a m e t r i c a l l y over t h e r anges of v a l u e pa rame te r s and 
d e c i s i o n v a r i a b l e s b e i n g c o n s i d e r e d . Care and c r e a t i v i t y must be used 
t o avoid p a r a m e t r i c p r e s e n t a t i o n s t h a t a r e c o n f u s i n g because they 
r e q u i r e t he dec i s ion -maker t o e v a l u a t e too many combina t ions of assumed 
pa rame te r l e v e l s . I t i s b e t t e r t o p r e s e n t a s i m p l i f i e d p a r a m e t r i c 
c h a r a c t e r i z a t i o n t h a t i l l u s t r a t e s t he s a l i e n t i m p l i c a t i o n s on the r i s k 
a n a l y s i s r e s u l t s of assuming d i f f e r e n t p a r a m e t r i c l e v e l s . 

Why a r e we u n c e r t a i n ? 

A dec i s ion -make r u s i n g the r e s u l t s of a r i s k a n a l y s i s hav ing 
s i g n i f i c a n t u n c e r t a i n t y i n i t s outcomes needs t o know why the r e s u l t s 
a r e u n c e r t a i n . The r i s k a n a l y s t should use t h e r e s u l t s of t he 
d e t e r m i n i s t i c s e n s i t i v i t y a n a l y s i s and u n c e r t a i n t y a l l o c a t i o n a n a l y s i s 
t o deve lop a summary of t h e impor t an t sou rces of u n c e r t a i n t y in t he r i s k 
a n a l y s i s , i n c l u d i n g a c h a r a c t e r i z a t i o n of t h e i r i n d i v i d u a l r e l a t i v e 
c o n t r i b u t i o n to the outcome u n c e r t a i n t y . I n a d d i t i o n , s c e n a r i o t r e e s 
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l i k e t h a t shown i n F igure 2-4 can be u s e f u l f o r e x p l a i n i n g s o u r c e s of 
u n c e r t a i n t y t o t he d e c i s i o n - m a k e r . 

How wrong; cou ld we be , how l i k e l y i s i t , and what d i f f e r e n c e would i t 
make? 

I t i s u s e f u l f o r t h e r i s k management dec i s ion -make r t o have an 
a s se s smen t of t he o v e r a l l range of u n c e r t a i n t y i n t he r i s k a n a l y s i s 
r e s u l t s s u p p o r t i n g h e r or h i s d e c i s i o n . The a s sumpt ions , models, and 
c o n d i t i o n s a s s o c i a t e d w i th t h e c r e d i b l e upper and lower bounds on t h e 
r i s k a n a l y s i s outcome should be d e s c r i b e d . 

The l i k e l i h o o d s of s c e n a r i o s a s s o c i a t e d w i t h v a r i o u s outcomes 
w i t h i n the u n c e r t a i n t y range shou ld be a s s e s s e d f o r t h e d e c i s i o n - m a k e r . 
These l i k e l i h o o d s can be p r e s e n t e d as q u a l i t a t i v e o r compara t ive 
s t a t e m e n t s ( e . g . , " u n a n t i c i p a t e d , " " r e l a t i v e l y low l i k e l i h o o d , " "most-
l i k e l y " ) . These q u a l i t a t i v e s t a t e m e n t s can e i t h e r be t r a n s l a t i o n s of 
q u a n t i t a t i v e p r o b a b i l i s t i c r e s u l t s o r q u a l i t a t i v e judgments r e f l e c t i n g 
e x p e r t consensus . 

The e f f e c t of changes t o t h e assumed r i s k a n a l y s i s outcome ( w i t h i n 
i t s r ange of u n c e r t a i n t y ) on a c h i e v i n g r i s k c o n t r o l g o a l s and c r i t e r i a 
s h o u l d be a s s e s s e d f o r t h e d e c i s i o n - m a k e r . C r i t i c a l p o i n t s w i t h i n t h e 
range of u n c e r t a i n t y f o r r i s k a n a l y s i s outcomes, where changes to r i s k 
management s t r a t e g i e s would b e i n d i c a t e d , shou ld be i d e n t i f i e d . The 
d e c i s i o n - m a k e r can t hen combine t h e s e w i t h t h e l i k e l i h o o d a s s e s s m e n t s t o 
b e t t e r u n d e r s t a n d the " r i s k s " of h e r o r h i s d e c i s i o n . 

How might I increase confidence in my decision? 

By c o n s i d e r i n g t h e i m p o r t a n t s o u r c e s of u n c e r t a i n t y i d e n t i f i e d by 
t h e u n c e r t a i n t y a s sessment a v a i l a b l e , s t r a t e g i e s shou ld be i d e n t i f i e d 
f o r r e d u c i n g or e l i m i n a t i n g t h e u n c e r t a i n t y i n r i s k a n a l y s i s r e s u l t s , 
t h u s I n c r e a s i n g c o n f i d e n c e i n t h e expec ted outcome of t h e r i s k 
management d e c i s i o n t h a t t h e r i s k a n a l y s i s s u p p o r t s . 
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These s t r a t e g i e s can be " g l o b a l , " f o r example , e s t a b l i s h i n g s i t i n g 

c r i t e r i a t h a t e n c o u r a g e s choos ing a s i t e where e n v i r o n m e n t a l t r a n s p o r t 

p r o c e s s e s a r e b e t t e r u n d e r s t o o d , a d o p t i n g a " l o o k - a h e a d " r i s k management 

p o l i c y w i t h p r o g r e s s i v e decis ion, ' , abou t c o n t r o l s t r a t e g i e s b a s e d on 

f u t u r e i n f o r m a t i o n , o r o b t a i n i n g a d d i t i o n a l e x p e r t o p i n i o n s on key 

u n c e r t a i n a s p e c t s of t h e r i s k p*-ot I-jm b e i n g a d d r e s s e d . 

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

u n c e r t a i n t y i n t h e r i s k a n a l y s i s ro s u i t s can a l s o be more s p e c i f i c . For 

example , s p e c i f i c a r e a s where I s..^ 7 r e s e a r c h , model deve lopment , o r 

a d d i t i o n a l measurements would be most e f f e c t i v e i n r e d u c i n g 

u n c e r t a i n t i e s can be i d e n t i f i e d , A. b a l a n c e c a n t h e n be s t r u c k by t h e 

d e c i s i o n - m a k e r be tween t h e e x p e c t e d r e d u c t i o n i n u n c e r t a i n t y f rom t h e s e 

a c t i v i t i e s and t h e c o s t , i n b o t h t ime and r e s o u r c e s , of t h e s e 

i n f o r m a t i o n g a t h e r i n g a c t i v i t i e s . Other r e l e v a n t f a c t o r s , such as t h e 

e x p e c t e d r e l i a b i l i t y of t h e new i n f o r m a t i o n and t h e t ime f rame f o r 

o b t a i n i n g t h e i n f o r m a t i o n , s h o u l d be summarized f o r t h e d e c i s i o n - m a k e r . 
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GLOSSARY 

The g l o s s a r y was p r e p a r e d by combining d e f i n i t i o n s p r e s e n t e d i n t h e 
f o l l o w i n g documents , a s r e f e r e n c e d by t h e b r a c k e t e d numbers a t t h e end 
of each d e f i n i t i o n . 

[1] U.S . Env i ronmen ta l P r o t e c t i o n Agency, High-Leve l and T r a n s u r a n i c 
R a d i o a c t i v e Was te s : Background I n f o r m a t i o n Docment f o r F i n a l Ru l e . 
O f f i c e of R a d i a t i o n Programs, EPA 520 /1 -85 -023 (August 1985) . 

[2] U.S . Depar tment of H e a l t h and Human S e r v i c e s , R e p o r t of t h e N a t i o n a l 
I n s t i t u t e s of H e a l t h Ad Hoc Working Group t o Develop Rad loep ldemio-
l o g l c a l T a b l e s , NIH P u b l i c a t i o n No. 85-2748 ( J a n u a r y 4 , 1985) . 

[3] U.S . Energy R e s e a r c h and Development A d m i n i s t r a t i o n , R i sk Management 
Guide , EG & G Idaho , I n c . , ERDA 7 6 - 4 5 / 1 1 , ( J u n e , 1977) . 

[4] INTERA Env i ronmen ta l C o n s u l t a n t s , A Proposed Approach to U n c e r t a i n t y 
A n a l y s i s , 0NWI-488 ( J u l y 1983) . 

[5] G r a t t , L. B . , e t a l . , R i sk A n a l y s i s Assessment G l o s s a r y , Rev. 1 , IWG 
C o r p . , IWG-FR-003-04 ( J u l y 18, 1984) . 

[6] U.S . Depar tment of Energy, Env i ronmenta l Assessment - Deaf Smith 
Cc i n ty S i t e , Texas : Volume I I , O f f i c e o f C i v i l i a n R a d i o a c t i v e Waste 
Management, DOE/RW-0069 (May 1986) . 

[7] G r a t t , L. B . , e t a l . , R i sk A n a l y s i s / A s s e s s m e n t G l o s s a r y . Rev. 2 , IWG 
Corp. ( June 18, 1 9 8 6 ) . 

Abatement - The r e d u c t i o n i n d e g r e e or i n t e n s i t y of p o l l u t i o n . [7] 

A b s o l u t e r i s k - An e x p r e s s i o n of exces s r i s k b a s e d on t h e a s s u m p t i o n 
t h a t t h e e x c e s s r i s k f rom r a d i a t i o n exposu re adds t o t h e u n d e r l y i n g 
( b a s e l i n e ) r i s k , by a c o n s t a n t i nc remen t dependen t on d o s e ; an a b s o l u t e 
r i s k t i m e - - r e s p o n s e model d i s t r i b u t e s t h e r a d i o g e n i c r i s k a f t e r e x p o s u r e 
i n d e p e n d e n t l y of t h e u n d e r l y i n g n a t u r a l r i s k . [2] 

A c c i d e n t - An unwanted ene rgy t r a n s f e r (an a c c i d e n t ) c a u s i n g p r o p e r t y 
damage a n d / o r human i n j u r y . [3] 

A c c i d e n t - Tha t o c c u r r e n c . i n a sequence of e v e n t s which u s u a l l y 
p r o d u c e s u n i n t e n d e d i n j u r y , d e a t h , o r p r o p e r t y damage. [5] 

Accuracy - The d e g r e e of agreement be tween a measured v a l u e and t h e t r u e 
v a l u e , u s u a l l y e x p r e s s e d a t + / - p e r c e n t of f u l l s c a l e . [5] 

A r t i f i c i a l v a r i a b i l i t y - V a r i a b i l i t y i n d u c e d by p r o c e d u r e s u s e d t o 
c o n v e r t raw d a t a i n t o model i n p u t s ; s o u r c e s i n c l u d e d a t a s e l e c t i o n , 
p r o c e s s i n g , l e v e l of a g g r e g a t i o n , e r g o d i c i t y , and i n t e r p r e t a t i o n . 
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A t t r i b u t a b l e r i s k - The r a t e of the d i s e a s e in exposed i n d i v i d u a l s t h a t 
can be a t t r i b u t e d t o t h e exposure . This measure i s d e r i v e d by 
s u b t r a c t i n g t h e r a t e ( u s u a l l y i n c i d e n c e or m o r t a l i t y ) of t he d i s e a s e 
among nonexposed pe r sons from t h e c o r r e s p o n d i n g r a t e among exposed 
i n d i v i d u a l s . [5] 

Bayes ian Framework ( S u b l e c t i v l s t Framework) - A schoo l of thought on t h e 
meaning of p r o b a b i l i t y which views p r o b a b i l i t y as an e x p r e s s i o n of an 
i n t e r n a l s t a t e of knowledge or c o n f i d e n c e e x p r e s s e d s u b j e c t i v e l y . This 
s choo l o f thought i s a s s o c i a t e d w i t h the s t a t i s t i c i a n Bayes, and i t s 
i n h e r e n t l o g i c a l r e a s o n i n g i s viewed as governed by Bayes ' Theorem. 

B e n e f i t - The degree t o which e f f e c t s a r e judged d e s i r a b l e . [5] 

Bes t a v a i l a b l e c o n t r o l t echno logy - An emiss ion l i m i t a t i o n ( i n c l u d i n g a 
v i s i b l e emiss ion s t a n d a r d ) based on the maximum degree of r e d u c t i o n f o r 
each p o l l u t a n t s u b j e c t t o r e g u l a t i o n under t h e a c t which would be 
e m i t t e d from any proposed ma jo r s t a t i o n a r y source o r major m o d i f i c a t i o n 
which t h e A d m i n i s t r a t o r , on a c a s e - b y - c a s e b a s i s , t a k i n g i n t o account 
ene rgy , env i ronmenta l and economic impac t s , and o t h e r c o s t s , de t e rmines 
i s a c h i e v a b l e f o r such source o r m o d i f i c a t i o n th rough a p p l i c a t i o n of 
p r o d u c t i o n p r o c e s s e s o r a v a i l a b l e methods, sy s t ems , and t e c h n i q u e s , 
i n c l u d i n g f u e l c l e a n i n g o r t r e a t m e n t or i n n o v a t i v e f u e l combust ion 
t e c h n i q u e s f o r c o n t r o l of such p o l l u t a n t . [5] 

Bias - Any d i f f e r e n c e between t h e t r u e v a l u e and t h a t a c t u a l l y o b t a i n e d 
due t o a l l c a u s e s o t h e r than sampl ing v a r i a b i l i t y . ;'5] 

C a s e - f a t a l i t y r a t e - A r a t i o of t h e number of d e a t h s due to a d i s e a s e t o 
t h e number of c a s e s of t h a t d i s e a s e i n a s p e c i f i e d p e r i o d of t ime . I t 
e x p r e s s e s t h e f r e q u e n c y w i t h which a f f e c t e d i n d i v i d u a l s d i e of t h e 
d i s e a s e . [7] 

C l a s s i c a l Framework ( F r e q u e n t l s t Framework) - A schoo l of though t on t h e 
meaning of p r o b a b i l i t y which views p r o b a b i l i t y a s something e x t e r n a l 
which i s a measure of t h e r e s u l t s of r e p e t i t i v e e x p e r i m e n t s . From t h i s 
p e r s p e c t i v e , p r o b a b i l i t y i s a measurable q u a n t i t y and t h e outcome of 
exper imen t s i n v o l v i n g r e p e a t e d t r i a l s and o b s e r v a t i o n s . 

Code - A q u a n t i t a t i v e p rocedure to s o l v e a p a r t i c u l a r ma themat ica l 
a b s t r a c t of t h e p h y s i c a l problem. [4] 

Code - A mathemat i ca l and l o g i c a l model t h a t ha s been t r a n s l a t e d t o 
computer l anguage . 

Common mode f a i l u r e s - S e v e r a l e r r o r s i n a t e c h n o l o g i c a l system 
o c c u r r i n g s i m u l t a n e o u s l y . [7] 

Comparat ive r i s k - An e x p r e s s i o n of t h e r i s k s a s s o c i a t e d w i t h two (or 
more) a c t i o n s l e a d i n g t o t h e same g o a l ; may be e x p r e s s e d q u a n t i t a t i v e l y 
(a r a t i o of 1 . 5 ) or q u a l i t a t i v e l y (one r i s k g r e a t e r t han a n o t h e r r i s k ) . 
[5] 
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Confidence I n t e r v a l - An i n t e r v a l e s t i m a t e of a s t a t i s t i c a l p a r a m e t e r , 
o b t a i n e d as a p a r t i c u l a r f u n c t i o n of observed v a l u e s of one o r more 
random v a r i a b l e s whose j o i n t d i s t r i b u t i o n depends upon t h a t p a r a m e t e r . 
The i n t e r v a l - v a l u e d f u n c t i o n i s so d e f i n e d t h a t , i n an i n f i n i t e l y 
i n c r e a s i n g number of independent r e p l i c a t i o n s of the exper iment y i e l d i n g 
the obse rved v a l u e s of the random v a r i a b l e s , the p r o p o r t i o n of t imes 
t h a t t h e i n t e r v a l c o n t a i n s the (unknown) pa ramete r v a l u e converges t o a 
number a t l e a s t as l a r g e as some p r e s e t v a l u e , c a l l e d t h e c o n f i d e n c e 
l e v e l of t h e i n t e r v a l . [2] 

Conf idence i n t e r v a l - A range of v a l u e s (ai<a<a2) de te rmined from a 
sample of i n d e f i n i t e r u l e s so chosen t h a t , i n r e p e a t e d random samples 
from t h e h y p o t h e s i z e d p o p u l a t i o n , an a r b i t r a r i l y f i x e d p r o p o r t i o n (1 -e ) 
of t h a t r ange w i l l i n c l u d e the t r u e v a l u e , x, n n e s t i m a t e d p a r a m e t e r . 
The l i m i t s , a l and a2, a r e c a l l e d c o n f i d e n c e l i m i t s ; t h e r e l a t i v e 
f r equency ( 1 - e ) wi th which t he se l i m i t s i n c l u d e a i s c a l l e d t h e 
c o n f i d e n c e l e v e l . As w i th s i g n i f i c a n c e l e v e l s , c o n f i d e n c e l e v e l s a r e 
commonly chosen as 0 .05 or 0 . 0 1 , t h e c o r r e s p o n d i n g c o n f i d e n c e 
c o e f f i c i e n t s b e i n g 0 . 9 5 , 0 . 9 9 . Conf idence i n t e r v a l s shou ld n o t be 
i n t e r p r e t e d a s implying t h a t t h e paramete r i t s e l f has a range of v a l u e s ; 
i t has on ly one v a l u e . On the o t h e r hand, the (LQ) c o n f i d e n c e l i m i t s 
( a l , a2) b e i n g d e r i v e d from a sample e i t h e r do or do n o t i n c l u d e the 
t r u e v a l u e , a , of t he p a r a m e t e r . However, i n r e p e a t e d samples , a 
c e r t a i n p r o p o r t i o n (namely 1 - e ) of t h e s e i n t e r v a l s w i l l i n c l u d e a , 
p rov ided t h a t t h e a c t u a l p o p u l a t i o n s a t i s f i e d the i n i t i a l h y p o t h e s i s . 
[5] 

Confounding f a c t o r s - V a r i a b l e s t h a t may i n t r o d u c e d i f f e r e n c e s between 
cases and c o n t r o l s which do no t r e f l e c t d i f f e r e n c e s i n t h e v a r i a b l e s of 
p r imary i n t e r e s t . [5] 

C o s t - b e n e f i t a n a l y s i s - A fo rmal q u a n t i t a t i v e p rocedure comparing c o s t s 
and b e n e f i t s of a proposed p r o j e c t or a c t under a s e t of p r e e s t a b l i s h e d 
r u l e s . To de te rmine a rank o r d e r i n g of p r o j e c t s t o maximize r a t e of 
r e t u r n when a v a i l a b l e funds a r e u n l i m i t e d , t he q u o t i e n t of b e n e f i t s 
d i v i d e d by c o s t s i s t he a p p r o p r i a t e form; t o maximize a b s o l u t e r e t u r n 
g iven l i m i t e d r e s o u r c e s , b e n e f i t s - c o s t s i s t he a p p r o p r i a t e form. [5] 

C r e d i b i l i t y i n t e r v a l - An ana logue of c o n f i d e n c e i n t e r v a l , i n te rms of 
s u b j e c t i v e p r o b a b i l i t y . I f o n e ' s i n f o r m a t i o n about t h e t r u e v a l u e of an 
unknown p a r a m e t e r can be summarized 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 f o r 
t h a t v a l u e , a c r e d i b i l i t y i n t e r v a l of a g iven p r o b a b i l i t y l e v e l f o r t h e 
pa ramete r i s an i n t e r v a l such t h a t t h e s u b j e c t i v e p r o b a b i l i t y 
d i s t r i b u t i o n , i n t e g r a t e d over t h e i n t e r v a l , i s n o t l e s s t han t h e g iven 
p r o b a b i l i t y l e v e l . [2] 

Damage - Damage i s t he s e v e r i t y of i n j u r y o r t h e p h y s i c a l , f u n c t i o n a l , 
or monetary l o s s t h a t cou ld r e s u l t i f c o n t r o l of a h a z a r d i s l o s t . [5] 

Danger - Expresses a r e l a t i v e exposure t o a h a z a r d . A h a z a r d may be 
present . , b u t t h e r e may be l i t t l e danger because of t h e p r e c a u t i o n s 
t a k e n . [5] 
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De minimus r i s k - From the l e g a l maxim "de minimus non c u r a t l ex" or 
" t h e law i s no t concerned wi th t r i f l e s . " [5] 

D i v e r s i t y - P e r t a i n i n g t o the v a r i e t y of s p e c i e s w i t h i n a g iven 
a s s o c i a t i o n of o rgan i sms . Areas wi th low d i v e r s i t y a re ' . a r a c t e r i z e d by 
a few s p e c i e s ; o f t e n r e l a t i v e l y l a r g e numbers of i n d i v i d u a l s r e p r e s e n t 
each s p e c i e s . [7] 

Dose - The amount or c o n c e n t r a t i o n of u n d e s i r e d m a t t e r o r energy 
d e p o s i t e d a t t he s i t e of e f f e c t . [5] 

D o s e - e f f e c t - The r e l a t i o n s h i p between dose ( u s u a l l y an e s t i m a t e uj. 
dose) and t h e g r a d u a t i o n of t he e f f e c t i n a p o p u l a t i o n , t h a t i s a 
b i o l o g i c a l change measured on a graded s c a l e of s e v e r i t y ; a l t h o u g h a t 
o t h e r t imes one may on ly be ab l e to d e s c r i b e a q u a l i t a t i v e e f f e c t t h a t 
occurs w i t h i n some range of exposure l e v e l s . [5] 

D o s e - e f f e c t ( d o s e - r e s p o n s e ) model - A ma themat i ca l f o r m u l a t i o n of t h e 
way i n which the e f f e c t , or r e sponse , depends on dose . [2] 

Dose- response - A c o r r e l a t i o n between a q u a n t i f i e d exposure (dose) and 
the p r o p o r t i o n of a p o p u l a t i o n t h a t demons t r a t e s a s p e c i f i c e f f e c t 
( r e s p o n s e ) . [5] 

Dose- response a s ses smen t - The p r o c e s s of c h a r a c t e r i z i n g t h e r e l a t i o n 
between t h e dose of an agen t a d m i n i s t e r e d o r r e c e i v e d and the i n c i d e n c e 
of an adve r se h e a l t h e f f e c t i n exposed p o p u l a t i o n s and e s t i m a t i n g t h e 
i n c i d e n c e of an adve r se as a f u n c t i o n of human exposure t o t h e a g e n t . 
[5] 

E f f e c t - A b i o l o g i c a l change caused by an exposu re . [5] 

E f f i c a c y - A measure of t he p r o b a b i l i t y and i n t e n s i t y of b e n e f i c i a l 
e f f e c t s . [5] 

Environmental pathway - A l l r o u t e s of t r a n s p o r t by which a t o x i c a n t can 
t r a v e l from i t s r e l e a s e s i t e to human p o p u l a t i o n s i n c l u d i n g a i r , food 
c h a i n , and w a t e r . [7] 

Exec s dea th s - The excess over s t a t i s t i c a l l y expec ted d e a t h s i n a 
p o p u l a t i o n w i t h i n a g iven t ime i n t e r v a l . At tempts a r e made t o r e l a t e 
excess d e a t h s to s p e c i f i c c a u s e s . Note t h a t s i n c e every pe r son can (and 
must) d i e on ly once , t h e r e can be no excess d e a t h s over a l l t i m e . [5] 

Expected - Assumed to be probable or certain on the basis of existing 
evidence and in the absence of significant evidence to the contrary. 
[ 6 ] 

Expected d e a t h s - The number of d e a t h s s t a t i s t i c a l l y expec t ed i n a 
p o p u l a t i o n i n a g iven t ime i n t e r v a l o b t a i n e d by summing t h e p r o d u c t of 
a g e - , sex , and r a c e - s p e c i f i c m o r t a l i t y r a t e s from a s t a n d a r d p o p u l a t i o n 
and p e r s o n - y r i r s i n each age , sex , and r a c e c a t e g o r y i n t h e s tudy 
p o p u l a t i o n . 



85 

Expected l o s s - The q u a n t i t y o b t a i n e d by m u l t i p l y i n g t h e magnitude of 
h e a l t h o r env i ronmenta l e f f e c t l o s s by the p r o b a b i l i t y (o r r i s k ) of t h a t 
l o s s and add ing t h e p r o d u c t s . The expec ted l o s s i s t h e average l o s s 
over a l a r g e number of t r i a l s ; one must r e f l e c t on t h e a p p r o p r i a t e n e s s 
of i t s u se i n c a s e s f o r which t h e r e w i l l be only one, o r a few, t r i a l s . 
[51 

> > a s se s smen t , t h i s p r o c e s s e n t a i l s p o s t u l a t i n g a 
l.xabd on o b s e r v a b l e r e s p o n s e s and deve lop ing a 

.«... u u i model to d e s c r i b e t h i s r e a l i t y . The model may then be used 
t o e x t r a p o l a t e t o r e s p o n s e l e v e l s which cannot be d i r e c t l y observed . 
[5] 

F a i l u r e modes and e f f e c t s a n a l y s i s - A t o o l t o s y s t e m a t i c a l l y ana lyze 
a l l c o n t r i b u t i n g component f a i l u r e modes and i d e n t i f y t h e r e s u l t i n g 
e f f e c t s on t h e system. [5] 

F a l s e n e g a t i v e r e s u l t s - R e s u l t s which show no e f f e c t when one i s t h e r e . 
[5] 

F a l s e p o s i t i v e r e s u l t s - R e s u l t s which show an e f f e c t when one i s no t 
t h e r e . [5] 

F a u l t t r e e a n a l y s i s - A t e c h n i q u e by which many even t s t h a t i n t e r a c t t o 
produce o t h e r even t s can be r e l a t e d u s i n g s imple l o g i c a l r e l a t i o n s h i p s 
p e r m i t t i n g a me thod ica l b u i l d i n g of a s t r u c t u r e t h a t r e p r e s e n t s t h e 
sys tem. [5] 

Gauss ian d i s t r i b u t i o n model - I s exp re s sed by t h e f o r m u l a : 

f ( x ) 

XM 

1 exp 
?.it 

( x - x ) 2 

2 a 2 

where x i s t h e mean, i s t h e s t a n d a r d d e v i a t i o n . I t i s a l s o c a l l e d 
t h e normal d i s t r i b u t i o n . For example, a Gauss ian a i r d i s p e r s i o n model 
i s one i n which t h e p o l l u t a n t i s assumed t o sp r ead i n a i r a c c o r d i n g t o 
such a d i s t r i b u t i o n and d e s c r i b e d by t h e two p a r a m e t e r s x and of the 
normal d i s t r i b u t i o n . [5] 

Geometr ic mean - The geomet r i c mean of a s e t of p o s i t i v e numbers i s t h e 
e x p o n e n t i a l of t h e a r i t h m e t i c mean of t h e i r l o g a r i t h m s . The geometr ic 
mean of a lognormal d i s t r i b u t i o n i s t h e e x p o n e n t i a l of t h e mean of .he 
a s s o c i a t e d normal d i s t r i b u t i o n . [2] 

Geometr ic s t a n d a r d d e v i a t i o n (GSD) - The geomet r i c s t a n d a r d d e v i a t i o n of 
a lognormal d i s t r i b u t i o n i s t h e e x p o n e n t i a l of t h e s t a n d a r d d e v i a t i o n of 
t h e a s s o c i a t e d normal d i s t r i b u t i o n . The geomet r i c s t a n d a r d d e v i a t i o n i s 
n o t s t a n d a r d f o r s t a t i s t i c a l t e rminology b u t i s more commonly used by 
p h y s i c i s t s . [2] 
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Hazard - A c o n d i t i o n o r p h y s i c a l s i t u a t i o n wi th a p o t e n t i a l f o r an 
u n d e s i r a b l e consequence , such as harm t o l i f e o r l imb. [5] 

Hazard - A source of r i s k , p e r i l ; t he p o t e n t i a l f o r an wanted r e l e a s e 
of energy t o r e s u l t i n p e r s o n a l i n j u r y o r p r o p e r t y damage. [3] 

Hazard assessment - An a n a l y s i s and e v a l u a t i o n of t h e p h y s i c a l , 
chemica l , and b i o l o g i c a l p r o p e r t i e s of t h e h a z a r d . [5] 

Hazard i d e n t i f i c a t i o n - The p r o c e s s of d e t e r m i n i n g whether exposure t o 
an agen t can cause an i n c r e a s e i n t h e i n c i d e n c e of a h e a l t h c o n d i t i o n . 
[5] 

H e a l t h e f f e c t - A d e v i a t i o n i n the normal f u n c t i o n of t he human body. 
[5] 

H e a l t h e f f e c t a s sessment - The component of r i s k assessment which 
de t e rmines t h e p r o b a b i l i t y of a h e a l t h e f f e c t g i v e n a p a r t i c u l a r l e v e l 
o r r ange of exposure t o a h a z a r d . [5] 

H e a l t h r i s k - R i sk i n which an adve r se even t a f f e c t s human h e a l t h . [5] 

Hockey s t i c k r e g r e s s i o n f u n c t i o n - A d o s e - r e s p o n s e cu rve as f o l l o w s : 

For some X , 
f ( x ) 2 b f o r X s X 

- + B, X f o r X > X° o 1 o 
This means t h a t f o r a s u i t a b l e dose X , f (X) remains c o n s t a n t f o r any X 
l e s s t han X and i n c r e a s e s l i n e a r l y as X. i n c r e a s e s f o r any X more than 
X o . The dose Xq i s c o n s i d e r e d as a p h y s i o l o g i c a l t h r e s h o l d v a l u e . [7] 

Impact - The f o r c e of impres s ion of one t h i n g on a n o t h e r . [5] 

I n c i d e n c e - The number of new c a s e s of a d i s e a s e i n a p o p u l a t i o n over a 
p e r i o d of t i m e . [5] 

I n c i d e n c e or i n c i d e n c e r a t e - The r a t e of occu r r ence of a d i s e a s e w i t h i n 
a s p e c i f i e d p e r i o d of t i m e , o f t e n e x p r e s s e d as number of c a s e s p e r 
100,000 i n d i v i d u a l s p e r y e a r . [2] 

I n d i v i d u a l r i s k - The r i s k t o an i n d i v i d u a l r a t h e r t h a n t o a p o p u l a t i o n . 
[5] 

I n d i v i d u a l s u s c e p t i b i l i t y - The marked v a r i a b i l i t y i n t he manner i n 
which i n d i v i d u a l s w i l l respond t o a g iven exposure t o a t o x i c a g e n t . 
[5] 

L i n e a r (L) model - A l so , l i n e a r d o s e - e f f e c t r e l a t i o n s h i p ; e x p r e s s e s t h e 
e f f e c t ( e . g . , mu ta t i on o r c a n c e r ) a s a d i r e c t ( l i n e a r ) f u n c t i o n of dose . 
[2] 
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L i n e a r - q u a d r a t i c (LQ) model - Also , l i n e a r - q u a d r a t i c d o s e - e f f e c t 
r e l a t i o n s h i p ; e x p r e s s e s the e f f e c t ( e . g . , muta t ion or c ance r ) a s p a r t l y 
d i r e c t l y p r o p o r t i o n a l t o t he dose ( l i n e a r term) and p a r t l y p r o p o r t i o n a l 
t o t h e s q u a r e of the dose ( q u a d r a t i c t e r m ) . The l i n e a r term w i l l 
p redominate a t lower doses , t h e q u a d r a t i c term a t h i g h e r d o s e s . [2] 

Logi t model - A d o s e - r e s p o n s e model which, l i k e the p r o b i t model, l e a d s 
t o an S-shaped dose - r e sponse cu rve , symmetr ica l about t h e 50% re sponse 
c u r v e . The l o g i t model l e a d s t o lower "very s a f e doses" t han t h e p r o b i t 
model even when both models a r e e q u a l l y d e s c r i p t i v e of t h e d a t a i n t he 
o b s e r v a b l e r a n g e . [7] 

Lognormal d i s t r i b u t i o n - A d i s t r i b u t i o n of t he f r e q u e n c y of a v a l u e 
p l o t t e d on a l i n e a r s c a l e v e r s u s the va lue p l o t t e d on a l o g a r i t h m i c 
s c a l e , which r e s u l t s in a b e l l - s h a p e d cu rve . [1] 

Lognormal d i s t r i b u t i o n - I f t h e l o g a r i t h m s of a s e t of v a l u e s a r e 
d i s t r i b u t e d a c c o r d i n g to a normal d i s t r i b u t i o n they a r e s a i d t o have a 
lognormal d i s t r i b u t i o n , or be d i s t r i b u t e d " l o g n o r m a l l y . " [2] 

L o g - p r o b l t model - A dose - r e sponse model which assumes t h a t each animal 
has i t s own t h r e s h o l d dose , below which no re sponse occu r s and above 
which a tumor i s produced by exposure t o a chemica l . [7] 

Maximally exposed i n d i v i d u a l - A h y p o t h e t i c a l pe r son who i s exposed t o a 
r e l e a s e of r a d i o a c t i v i t y i n such a way t h a t he r e c e i v e s t h e maximum 
p o s s i b l e i n d i v i d u a l r a d i a t i o n dose or dose commitment. For i n s t a n c e , i f 
t h e r e l e a s e i s a p u f f of con tamina ted a i r , t h e maximally exposed 
i n d i v i d u a l i s a pe r son a t t h e p o i n t of t h e l a r g e s t g r o u n d - l e v e l 
c o n c e n t r a t i o n and s t a y s t h e r e d u r i n g t h e whole t ime t h e c o n t a m i n a t e d - a i r 
c loud remains above. This term i s no t meant to imply t h a t t h e r e r e a l l y 
i s such a p e r s o n ; i t i s used only t o i n d i c a t e t he maximum exposure a 
pe r son cou ld r e c e i v e . [6] 

Maximum p e r m i s s i b l e c o n c e n t r a t i o n - The average c o n c e n t r a t i o n of a 
r a d i o n u c l i d e i n a i r or wa te r t o which a worker o r member of t h e g e n e r a l 
p o p u l a t i o n may be c o n t i n u o u s l y exposed w i thou t exceed ing r e g u l a t o r y 
l i m i t s on e x t e r n a l or i n t e r n a l r a d i a t i o n d o s e s . [6] 

M i t i g a t i o n - (1) Avoiding t h e impact a l t o g e t h e r by no t t a k i n g a c e r t a i n 
a c t i o n o r p a r t s of an a c t i o n . (2) Minimizing impacts by l i m i t i n g t h e 
degree o r magnitude of t he a c t i o n and i t s imp lemen ta t ion . (3) 
R e c t i f y i n g t h e impact by r e p a i r i n g , r e h a b i l i t a t i n g , o r r e s t o r i n g t h e 
a f f e c t e d env i ronment . (A) Reducing or e l i m i n a t i n g t h e impact over t ime 
by p r e s e r v a t i o n and maintenance o p e r a t i o n s du r ing t h e l i f e of t h e 
a c t i o n . (5) Compensating f o r the impact by r e p l a c i n g or p r o v i d i n g 
s u b s t i t u t e r e s o u r c e s or env i ronments . [6] 

Model - A c o n c e p t u a l d e s c r i p t i o n and t h e a s s o c i a t e d ma themat i ca l 
r e p r e s e n t a t i o n of a sys tem, component, o r c o n d i t i o n . I t i s used t o 
p r e d i c t changes i n t h e sys tem, component, or c o n d i t i o n i n r e s p o n s e t o 
i n t e r n a l o r e x t e r n a l s t i m u l i a s w e l l a s changes over t ime and space . An 
example i s a h y d r o l o g i c model t o p r e d i c t g round-water t r a v e l o r 
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r a d i o n u c l i d e t r a n s p o r t from the waste-emplacement a r e a t o the a c c e s s i b l e 
environment . [6] 

Model - A s i m p l i f i e d r e p r e s e n t a t i o n of some a s p e c t of r e a l i t y ; e i t h e r 
c o n c e p t u a l , v i s u a l , v e r b a l , p h y s i c a l , ma themat ica l , and /o r l o g i c a l . 

Morb id i ty - A d e p a r t u r e from a s t a t e of p h y s i c a l or mental w e l l - b e i n g , 
r e s u l t i n g from d i s e a s e or i n j u r y . F requen t ly used only i f the a f f e c t e d 
i n d i v i d u a l i s aware of the c o n d i t i o n . Awareness i t s e l f connotes a 
degree of measurable impact . F requen t ly , bu t no t a lways, t h e r e i s a 
f u r t h e r r e s t r i c t i o n t h a t some a c t i o n has been t aken such as r e s t r i c t i o n 
of a c t i v i t y , l o s s of work, seek ing of medica l a d v i c e , e t c . [7] 

M o r t a l i t y ( r a t e ) - The r a t e a t which people d i e from a d i s e a s e , e . g . , a 
s p e c i f i c type of cance r , o f t e n expressed as number of d e a t h s per 100,000 
p e r y e a r . [2] 

Mor ta l i ty r a t e - The number of dea ths t h a t occur i n a g iven p o p u l a t i o n 
du r ing i g iven t ime i n t e r v a l ; u s u a l l y d e a t h s p e r 10^ or 105 peop le pe r 

?ar. Can be age, sex , r a c e , and cause s p e c i f i c . [7] 

Normal d i s t r i b u t i o n - A random v a r i a b l e X i s s a i d t o be normally 
j i s t r i b u t e d i f , f o r some number fi and some p o s i t i v e number a, Y - (X-pi/a 
has a s t a n d a r d normal d i s t r i b u t i o n wi th p r o b a b i l i t y d e n s i t y f u n c t i o n 

*(y) - (2*)"1/2 exp (-Y2/2) [2] 

One-h i t model - The dose - response model based on the concept t h a t a 
tumor can be induced by a s i n g l e r e c e p t o r t h a t has been exposed to a 
s i n g l e quantum or e f f e c t i v e dose u n i t of a chemica l . [7] 

P o p u l a t i o n a t r i s k - A l i m i t e d p o p u l a t i o n t h a t may be unique f o r a 
s p e c i f i c d o s e - e f f e c t r e l a t i o n s h i p ; the un iqueness may be w i t h r e s p e c t t o 
s u s c e p t i b i l i t y t o t h e e f f e c t or wi th r e s p e c t t o t h e dose or exposure 
i t s e l f . [5] 

P o p u l a t i o n dose ( p o p u l a t i o n exposure) - The summation of i n d i v i d u a l 
doses r e c e i v e d by a l l those exposed to t h e source or event be ing 
c o n s i d e r e d . [7] 

P r e c i s i o n - A measure of how e x a c t l y t h e r e s u l t i s de termined wi thou t 
r e f e r e n c e to any " t r u e " v a l u e . [5] 

P r e c i s i o n - A measure of how c o n s i s t e n t l y the r e s u l t i s determined by 
r e p e a t e d d e t e r m i n a t i o n s wi thou t r e f e r e n c e t o any " t r u e " v a l u e . [7] 

Premature dea th - A dea th t h a t occurs b e f o r e s t a t i s t i c a l e x p e c t a t i o n , 
u s u a l l y a t t r i b u t a b l e t o a s p e c i f i c cause , and u s u a l l y r e f e r r i n g to 
d e a t h s s t a t i s t i c a l l y e s t i m a t e d i n a p o p u l a t i o n r a t h e r t han to 
i n d i v i d u a l s . [7] 

P reva lence - The number of e x i s t i n g cases i n a p o p u l a t i o n who have t h e 
d i s e a s e a t a g iven p o i n t (or dur ing a g iven p e r i o d of t i m e ) . [7] 
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P r o b a b i l i t y - A p r o b a b i l i t y ass ignment i s a numer i ca l encoding of a 
s t a t e of knowledge. [5] 

P robab le e r r o r - The magnitude of e r r o r which i s e s t i m a t e d t o have been 
made i n d e t e r m i n a t i o n of r e s u l t s . [5] 

P r o b i t a n a l y s i s - A s t a t i s t i c a l t r a n s f o r m a t i o n which w i l l make t h e 
cumula t i ve normal d i s t r i b u t i o n l i n e a r . I n a n a l y s i s of d o s e - r e s p o n s e , 
when t h e d a t a on r e sponse r a t e as a f u n c t i o n of dose a r e g iven a s 
p r o b i t s , t h e l i n e a r r e g r e s s i o n l i n e of t h e s e d a t a y i e l d s t h e b e s t 
e s t i m a t e of t h e d o s e - r e s p o n s e c u r v e . The p r o b i t u n i t Y-5+Z(p) , where p 
— p r e v a l e n c e of r e sponse a t each dose l e v e l and Z(p) — co r r e spond ing 
v a l u e of t h e s t a n d a r d c u m u l a t i v e normal d i s t r i b u t i o n . [5] 

P r o p o r t i o n a t e m o r t a l i t y r a t i o (PMR) - The f r a c t i o n of a l l dea th s from a 
g iven cause i n the s t u d y p o p u l a t i o n d i v i d e d by the same f r a c t i o n from a 
s t a n d a r d p o p u l a t i o n . A t o o l f o r i n v e s t i g a t i n g c a u s e - s p e c i f i c r i s k s when 
only d a t a on d e a t h s a r e a v a i l a b l e . I f d a t a on t h e p o p u l a t i o n a t r i s k 
a r e a l s o a v a i l a b l e , SMRs a r e p r e f e r r e d . [7] 

Q u a l i t y a s s u r a n c e - A l l t he p lanned and s y s t e m a t i c a c t i o n s n e c e s s a r y t o 
p r o v i d e adequa te c o n f i d e n c e t h a t a s t r u c t u r e , sys tem, o r component i s 
c o n s t r u c t e d t o p l a n s and s p e c i f i c a t i o n s and w i l l pe r fo rm s a t i s f a c t o r i l y . 
[6] 

Q u a l i t y c o n t r o l - Q u a l i t y - a s s u r a n c e a c t i o n s t h a t p r o v i d e a means t o 
c o n t r o l and measure t h e c h a r a c t e r i s t i c s of an i t em, p r o c e s s , or f a c i l i t y 
t o e s t a b l i s h e d r e q u i r e m e n t s . [6] 

Random e r r o r - I n d e f i n i t e n e s s of r e s u l t due t o f i n i t e p r e c i s i o n of 
expe r imen t . Measure of f l u c t u a t i o n i n r e s u l t a f t e r r e p e a t e d 
e x p e r i m e n t a t i o n . [5] 

Rate - I n ep idemio log i c usage , t h e f r e q u e n c y of a d i s e a s e o r 
c h a r a c t e r i s t i c e x p r e s s e d p e r u n i t of s i z e of t h e p o p u l a t i o n or group i n 
which i t i s obse rved . The t ime a t or d u r i n g which t h e c a s e s a r e 
obse rved i s a f u r t h e r s p e c i f i c a t i o n . [7] 

RAU - Risk a n a l y s i s u n i t . [7] 

Reasonably a c h i e v a b l e - M i t i g a t i o n measures o r c o u r s e s of a c t i o n shown 
to be r e a s o n a b l e c o n s i d e r i n g t h e c o s t s and b e n e f i t s i n accordance w i t h 
t h e N a t i o n a l Environmenta l P o l i c y Act of 1969. [6] 

R e l a t i v e r i s k - The r a t i o of t h e r a t e of t he d i s e a s e ( u s u a l l y i n c i d e n c e 
or m o r t a l i t y ) among t h o s e exposed t o the r a t e among t h o s e n o t exposed. 
[5] 

R e l a t i v e r i s k - An e x p r e s s i o n of exces s r i s k r e l a t i v e t o t h e u n d e r l y i n g 
( b a s e l i n e ) r i s k ; i f t h e e x c e s s equa l s t h e b a s e l i n e r i s k t h e r e l a t i v e 
r i s k i s 2. [2] 



90 

R e l e a s e l i m i t - A r e g u l a t o r y l i m i t on t h e c o n c e n t r a t i o n o r amount of 
r a d i o a c t i v e m a t e r i a l r e l e a s e d t o the envi ronment . [6] 

R e l i a b i l i t y - The p r o b a b i l i t y a system pe r fo rms a s p e c i f i e d f u n c t i o n o r 
m i s s i o n under g iven c o n d i t i o n s f o r a p r e s c r i b e d t i m e . 

R e s i d u a l u n c e r t a i n t y - Those i n h e r e n t u n c e r t a i n t i e s i n d a t a , model ing, 
and assumed f u t u r e c o n d i t i o n s t h a t canno t be e l i m i n a t e d . [6] 

Response - The p r o p o r t i o n or a b s o l u t e s i z e of a p o p u l a t i o n t h a t 
d e m o n s t r a t e s a s p e c i f i c e f f e c t . May a l s o r e f e r to t he n a t u r e of t h e 
e f f e c t . [7] 

R i sk - The p o t e n t i a l f o r r e a l i z a t i o n of unwanted, a d v e r s e consequences 
t o human l i f e , h e a l t h , p r o p e r t y , o r t h e envi ronment ; e s t i m a t i o n of r i s k 
i s u s u a l l y based on t h e expec ted v a l u e of t h e c o n d i t i o n a l p r o b a b i l i t y of 
t he e v e n t o c c u r r i n g t imes t h e consequence of t he even t g iven t h a t i t has 
o c c u r r e d . [5] 

R i sk - M a t h e m a t i c a l l y , expec t ed l o s s ; t h e p r o b a b i l i t y of an a c c i d e n t 
m u l t i p l i e d by t h e consequence ( l o s s c o n v e r t e d i n t o d o l l a r s ) of t he 
a c c i d e n t . [3] 

R i sk a n a l y s i s - A d e t a i l e d examina t ion per formed t o u n d e r s t a n d t h e 
n a t u r e of unwanted, n e g a t i v e consequences t o human l i f e , h e a l t h , 
p r o p e r t y , or t he env i ronment ; an a n a l y t i c a l p r o c e s s t o p r o v i d e 
i n f o r m a t i o n r e g a r d i n g u n d e s i r a b l e e v e n t s ; t h e p r o c e s s of q u a n t i f i c a t i o n 
of t h e p r o b a b i l i t i e s and expec ted consequences f o r i d e n t i f i e d r i s k s . 
[5] 

R i sk a n a l y s i s - The q u a n t i f i c a t i o n of t h e degree of r i s k . [3] 

R i sk a n a l y s i s - An a n a l y s i s t h a t combines o r u s e s an u n c e r t a i n t y 
a n a l y s i s a long w i t h t h e p r o b a b i l i t y t h a t t h e s t a t e e v a l u a t e d i n t h e 
a n a l y s i s ( g e o l o g i c , b i o l o g i c , e t c . ) e x i s t s . [4] Note t h a t a r i s k 
a n a l y s i s u s e s a s an i n t e g r a l p a r t an u n c e r t a i n t y a n a l y s i s and an 
u n c e r t a i n t y a n a l y s i s s i m i l a r l y c o n t a i n s a s e n s i t i v i t y a n a l y s i s . [4] 

Risk a s se s smen t - The p r o c e s s , i n c l u d i n g r i s k a n a l y s i s , r i s k 
e v a l u a t i o n , and r i s k management a l t e r n a t i v e s , of e s t a b l i s h i n g 
i n f o r m a t i o n r e g a r d i n g t h a t r i s k and l e v e l s of r i s k f o r an i n d i v i d u a l , 
g roup , s o c i e t y , o r t h e env i ronment . [5] 

Risk assessment - The combined functions of risk analysis and 
evaluation. [3] 

Risk c o e f f i c i e n t - A f i t t e d c o n s t a n t i n an e q u a t i o n t h a t d e s c r i b e s how 
an e f f e c t depends on dose . [2] 

R i sk e s t i m a t i o n - The s c i e n t i f i c d e t e r m i n a t i o n of t h e c h a r a c t e r i s t i c s of 
r i s k s , u s u a l l y i n as q u a n t i t a t i v e a way as p o s s i b l e . These i n c l u d e t h e 
magni tude , s p a t i a l s c a l e , d u r a t i o n and i n t e n s i t y of a d v e r s e 



91 

Risk e s t i m a t e - Abso lu te - Risk e s t i m a t e based on the assumpt ion t h a t 
t h e r e i s some a b s o l u t e number of d e a t h s i n a p o p u l a t i o n exposed a t a 
g iven age p e r u n i t of dose . [1] R e l a t i v e - Risk e s t i m a t e ba sed on t h e 
assumpt ion t h a t the annua l r a t e of r a d i a t i o n - i n d u c e d exces s cance r 
d e a t h s i s p r o p o r t i o n a l t o t h e ambient r a t e of occu r r ence of f a t a l 
c a n c e r . [1] 

Risk e v a l u a t i o n - A component of r i s k a s ses smen t i n which judgments a r e 
made about t h e s i g n i f i c a n c e and a c c e p t a b i l i t y of r i s k . [5] 

Risk e v a l u a t i o n - The a p p r a i s a l of t h e s i g n i f i c a n c e or consequences of a 
g iven q u a n t i t a t i v e measure of r i s k . [3] 

Risk i d e n t i f i c a t i o n - Recogniz ing t h a t a h a z a r d e x i s t s and t r y i n g t o 
d e f i n e i t s c h a r a c t e r i s t i c s . Of t en r i s k s e x i s t and a r e even measured f o r 
some t ime b e f o r e t h e i r adve r se consequences a r e r e c o g n i z e d . I n o t h e r 
c a s e s , r i s k i d e n t i f i c a t i o n i s a d e l i b e r a t e p rocedure to rev iew and, i t 
i s hoped, a n t i c i p a t e p o s s i b l e h a z a r d s . [5] 

Risk management - The p r o c e s s , d e r i v e d th rough system s a f e t y p r i n c i p l e s , 
whereby management d e c i s i o n s a r e made concern ing c o n t r o l and 
m i n i m i z a t i o n of h a z a r d s and accep tance of r e s i d u a l r i s k s . [3] 

Rulemaking - P rocess of f o r m u l a t i n g s p e c i f i c r e g u l a t i o n s govern ing a 
p a r t i c u l a r m a t t e r . [6] 

S a f e t y - R e l a t i v e p r o t e c t i o n from adverse consequences . [5] 

Scena r io - A p a r t i c u l a r c h a i n of h y p o t h e t i c a l c i r c u m s t a n c e s o f t e n u sed 
i n per formance a n a l y s i s t o model p o s s i b l e e v e n t s . [6] 

Scenar io a n a l y s i s - A n a l y t i c a l p r o c e s s t h a t a t t e m p t s to q u a n t i f y t h e 
p r o b a b i l i t i e s and consequences of a p o s t u l a t e d sequence of e v e n t s . [6] 

S e n s i t i v i t y a n a l y s i s - An a n a l y s i s t h a t d e f i n e s q u a n t i t a t i v e l y o r semi-
q u a n t i t a t i v e l y the dependence of a s e l e c t e d per fo rmance as sessment 
measure (o r an i n t e r m e d i a t e v a r i a b l e ) on a s p e c i f i c pa ramete r or s e t of 
p a r a m e t e r s . [4] 

S tandard d e v i a t i o n - A measure of d i s p e r s i o n or v a r i a t i o n , u s u a l l y t a k e n 
as t h e s q u a r e r o o t of t h e v a r i a n c e . [5] 

S tandard geomet r i c d e v i a t i o n - Measure of d i s p e r s i o n of v a l u e s about a 
geomet r i c mean; t h e p o r t i o n of t he f r equency d i s t r i b u t i o n t h a t i s one 
s t a n d a r d geomet r i c d e v i a t i o n t o e i t h e r s i d e of the geomet r i c mean; 
accoun ts f o r 68% of t h e t o t a l samples . [5] 

S t a n d a r d i z e d m o r t a l i t y r a t i o (SMR) - The r a t i o of observed d e a t h s i n a 
p o p u l a t i o n t o t h e expec ted number of d e a t h s as d e r i v e d from s t a n d a r d 
p o p u l a t i o n r a t e s w i t h a d j u s t m e n t of age and p o s s i b l y o t h e r f a c t o r s such 
as sex o r r a c e . [7] 
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Standa rd normal d e v i a t i o n - Measure of d i s p e r s i o n of v a l u e s about a mean 
v a l u e ; t h e p o s i t i v e s q u a r e r o o t of t h e ave rage of t h e s q u a r e s of t h e 
i n d i v i d u a l d e v i a t i o n s from the mean. [5] 

S t a t i s t i c a l s i g n i f i c a n c e - The s t a t i s t i c a l s i g n i f i c a n c e d e t e r m i n e d by 
u s i n g a p p r o p r i a t e s t a n d a r d t e c h n i q u e s of m u l t i v a r i a t e a n a l y s i s w i t h 
r e s u l t s i n t e r p r e t e d a t t h e s t a t e d c o n f i d e n c e l e v e l and based on d a t a 
r e l a t i n g s p e c i e s which a r e p r e s e n t i n s u f f i c i e n t numbers a t c o n t r o l 
a r e a s t o p e r m i t a v a l i d s t a t i s t i c a l compar ison w i t h t h e a r e a s b e i n g 
t e s t e d . [5] 

S t o c h a s t i c - A s t o c h a s t i c p r o c e s s i s one i n which t h e sys tem 
i n c o r p o r a t e s an e lement of randomness, a s opposed t o a d e t e r m i n i s t i c 
sys tem. For example, i n r a d i o b i o l o g y s t o c h a s t i c e f f e c t s a r e t h o s e i n 
which t h e p r o b a b i l i t y of an e f f e c t o c c u r r i n g r a t h e r t han i t s s e v e r i t y i s 
a f u n c t i o n of d o s e , w i t h o u t t h r e s h o l d . [2] 

S t o c h a s t i c model - A model whose i n p u t s a r e u n c e r t a i n and whose o u t p u t s 
a r e t h e r e f o r e a l s o u n c e r t a i n and must be d e s c r i b e d by p r o b a b i l i t y 
d i s t r i b u t i o n s . [6] 

S u r r o g a t e - Something t h a t s e r v e s as a s u b s t i t u t e . I n r i s k a n a l y s i s , 
s u r r o g a t e s a r e o f t e n u s e d when d a t a on t h e i t em of i n t e r e s t (a c h e m i c a l , 
an i n d u s t r y , an exposure , e t c . ) i s l a c k i n g . As an example, underground 
mining of c o a l and h a r d r o c k m i n e r a l s can be used as a s u r r o g a t e f o r 
underground o i l s h a l e min ing . [7] 

S y s t e m a t i c e r r o r - A r e p r o d u c i b l e i n a c c u r a c y i n t r o d u c e d by f a u l t y 
equipment , c a l i b r a t i o n , o r t e c h n i q u e . [5] 

Th re sho ld - A p o l l u t a n t c o n c e n t r a t i o n below which no d e l e t e r i o u s e f f e c t 
o c c u r s . [7] 

Th re sho ld dose - The minimum a p p l i c a t i o n of a g i v e n s u b s t a n c e r e q u i r e d 
t o p roduce an o b s e r v a b l e e f f e c t . [7] 

To t h e e x t e n t p r a c t i c a b l e - The degree t o which an i n t e n d e d c o u r s e of 
a c t i o n i s c a p a b l e of b e i n g e f f e c t e d i n a manner t h a t i s r e a s o n a b l e and 
f e a s i b l e w i t h i n a framework of c o n s t r a i n t s . [6] 

U n c e r t a i n t y - A l a c k of c e r t a i n t y abou t a q u a l i t y , q u a n t i t y , o r model 
due t o i n h e r e n t randomness , a r t i f a c t u a l v a r i a b i l i t y , a n d / o r i ncomple t e 
knowledge. 

U n c e r t a i n t y a n a l y s i s - A d e t a i l e d e x a m i n a t i o n of t h e s y s t e m a t i c and 
random e r r o r s of a measurement or e s t i m a t e ; an a n a l y t i c a l p r o c e s s t o 
p r o v i d e i n f o r m a t i o n r e g a r d i n g t h e u n c e r t a i n t y . [5] 

U n c e r t a i n t y a n a l y s i s - The a n a l y s i s t h a t d e f i n e s t h e dependence of a s e t 
of s e l e c t e d pe r fo rmance assessment measures on t h e s e t of u n c e r t a i n 
i n p u t p a r a m e t e r s . I t i n c l u d e s the c h a r a c t e r i z a t i o n of u n c e r t a i n t y I n 
(1) t h e i n p u t p a r a m e t e r s ; (2) t he e v a l u a t i o n methodology; and (3) t h e 
o u t p u t pe r fo rmance a s s e s s m e n t measures . [4] 
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Uncertainty assessment - The process of identifying, characterizing, 
analyzing, and evaluating the implications of uncertainties that are 
inherent to risk analysis. 

Validation of computer codes and models - The process of obtaining 
assurance that a model as embodied in a computer program is a correct 
representation of the process or system for which it is intended. 
Ideally, validation is a comparison of predictions derived from the 
model with empirical observation. However, as this is frequently 
impractical or impossible owing to the large physical and time scales 
involved in HLW disposal, short-term testing supported by other avenues 
such as peer review are used to obtain this assurance. [4] 

Verification of computer codes and models - Testing a code with 
analytical solutions for idealized boundary-value problems. A computer 
code will be considered verified when it has been shown to solve the 
boundary-vilue problems with sufficient accuracy. [6] 

Worst-case analysis - An analysis based on assumptions and input data 
selected to yield a "worst impact" statement. [6] 

Zero order analysis - The simplest approach to quantification of a risk 
with a limited treatment of each risk component (e.g., source terms, 
transport, health effects, etc.). [7] 



APPENDIX A 

Proposed Procedure for Elicitation of Expert Judgments 
on Uncertain Quantities in a Risk Analysis 
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1.0 Introduction 

As part of the ORP's approach to uncertainty analysis, those 
factors of the risk analysis having sufficient levels of uncertainty to 
warrant treatment as probability distributions in the analysis are 
identified. As a first step to developing judgmental uncertainty 
distributions for these parameters, expert judgements are obtained to 
establish lower and upper bounds on the parameter values. This first 
step can be viewed as the first-order a priori judgment on the current 
state of certainty about these parameters. If the state of knowledge on 
a parameter were such that all we knew about it were its bounds, then 
the appropriate uncertainty characterization would be a uniform 
probability distribution between those bounds. (Thus, the primal 
uncertainty distribution is uniform between negative and positive 
infinity.) As more information and understanding about the parameter is 
included in the uncertainty judgment process, the uniform distribution 
may be upgraded to perhaps a 3-point subjective distribution, wherein 
the median value is specified as well as the bounds. There may even be 
enough knowledge to represent the parameter's uncertainty by a specific 
type of distribution, such as normal or lognormal. Ultimately, enough 
information and understanding of the parameter might become available to 
reduce the range of its distribution to the extent that it may be 
treated as a point value (as known with 100% uncertainty). 

It is important to assure high cuality in the input parameter 
uncertainty distributions used in an uncertainty analysis. The validity 
of the results depends directly on the quality of the input uncertainty 
characterizations and the results are quite sensitive to the type of 
distributions assumed. Careful consideration must be given to the 
implications of using a particular probability distribution to represent 
a measure of the state of knowledge. Accordingly, one approach to 
uncertainty analysis utilizes formal techniques for eliciting 
quantitative judgments of uncertainty from experts. There are 
substantial psychological and practical problems encountered in 
eliciting considered technical opinions from experts. These problems 
with judgmental error have been well-documented [Kahneman et al., 1982], 
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and methodologies for elicitation have been developed which attempt to 
counter these biases produced by common heuristics [Morgan et al., 
1981]. The formal elicitation procedure proposed below is based upon 
consideration of these methodologies. 

2.0 Elicitation Session Protocol 

Elicitations are usually done in day long sessions with experts or 
surrogate experts. The protocol of the elicitation session is as 
follows: 

1. introductory discussion of problem and objectives, 

2. discussion of heuristics and biases involved in making subjective 
judgments, 

3. discussion of technical issues and structural uncertainties, 

4. structuring of elicitation questions, and 

5. elicitation of judgmental probability distributions for specified 
uncertain parameters. 

In order to provide a clearer understanding of each of these 
phases, a brief description of each phase, as performed for a real 
application, is given below. The problem was to elicit expert model 
structures and key parameter uncertainties in estimating annual average 
long-range sulfur budgets for the plumes of large coal-fired power 
plants [Morgan et al., 1984]. 

PHASE 1: Introductory Discussion 

Each elicitation session began with a discussion of the risk 
problem being addressed. It was explained that the primary objective 
was to obtain from the experts their best current professional judgments 
about the average oxidation rate of sulfur dioxide and the average 
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f r a c t i o n of s u l f u r e m i t t e d as pr imary s u l f a t e in the plumes of l a r g e 

c o a l - f i r e d power p l a n t s l o c a t e d i n the N o r t h e a s t e r n Un i t ed S t a t e s . I t 

was f u r t h e r e x p l a i n e d t h a t whi le the i n t e r v i e w e r s were u l t i m a t e l y 

i n t e r e s t e d i n u s i n g t h e s e judged p a r a m e t e r s in a model to e s t i m a t e 

annua l ave rage i m p a c t s , they d i d no t want t o impose any s t r u c t u r e upon 

t h e e x p e r t ; so t h a c i f he d e s i r e d to d i s c u s s t h e s e p a r a m e t e r s as a 

f u n c t i o n of t ime of day, season of y e a r , o r any o t h e r a p p r o p r i a t e 

v a r i a b l e s he was encouraged t o do so . 

PHASE 2: D i s c u s s i o n of H e u r i s t i c s and B iases 

The second phase of t h e e l i c i t a t i o n s e s s i o n i n v o l v e d d e s c r i b i n g t o 

t h e e x p e r t t h e t y p e s of h e u r i s t i c s and b i a s e s which a r e l i k e l y to be 

i nvo lved i n making s u b j e c t i v e judgments i n t h e f a c e of u n c e r t a i n t y . 

This d i s c u s s i o n was o r g a n i z e d around a b r i e f i n g book which was p r e p a r e d 

c o n t a i n i n g key c o n c e p t s and ev idence from e x p e r i m e n t a l psychology 

s t u d i e s documenting the e x i s t e n c e and n a t u r e of t h e s e h e u r i s t i c s and 

b i a s e s . I n f o r m i n g t h e e x p e r t about t h e s t a t e of t h e e l i c i t a t i o n f i e l d 

c o n t r i b u t e s t o t h e e s t a b l i s h m e n t of r a p p o r t between t h e e x p e r t and t h e 

e l i c i t o r . While t h e r e a r e doubts t h a t t h i s b r i e f i n g s i g n i f i c a n t l y 

a f f e c t s t h e e x p e r t ' s answers , t h e e x p e r t b e t t e r u n d e r s t a n d s t h e approach 

t a k e n t o t h e e l i c i t a t i o n , and t h e e l i c i t a t i o n s e s s i o n assumes a more 

p r o f e s s i o n a l p o s t u r e . 

PHASE 3: D i s c u s s i o n of T e c h n i c a l I s s u e s and S t r u c t u r a l U n c e r t a i n t i e s 

The t h i r d phase of t h e s e s s i o n was an ex tended t e c h n i c a l d i s c u s s i o n 

by t h e e x p e r t s of how they viewed t h e h i s t o r y and c u r r e n t s t a t u s of t h e 

plume s u l f u r p r o c e s s f i e l d , t h e i r p r imary s o u r c e s of i n f o r m a t i o n , what 

f a c t o r s they viewed as c o n t r o l l i n g plume s u l f u r p r o c e s s e s , and t h e 

p h y s i c a l and chemica l mechanisms i nvo lved and t h e i r r e l a t i v e i m p o r t a n c e . 

I f t h e e x p e r t s t a t e d something which i n some way c o n f l i c t e d w i th 

ev idence from t h e l i t e r a t u r e , r e f e r e n c e would be made t o t h e p a r t i c u l a r 

s t u d y and t h e e x p e r t s were asked to e l a b o r a t e . 
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It was during this phase of the session that much qualitative 
information was obtained from the experts reflecting their judgments 
about the structural uncertainties Involved in plume sulfur modeling. A 
picture began to form of the expert's conceptual model of plume sulfur 
processes. 

PHASE 4 : S t r u c t u r i n g of E l i c i t a t i o n Q u e s t i o n s 

The o b j e c t i v e of t h i s phase of t h e s e s s i o n was t o s t r u c t u r e t h e 

q u a n t i t a t i v e e l i c i t a t i o n of j u d g m e n t a l p r o b a b i l i t y d i s t r i b u t i o n s on t h e 

s u l f u r d i o x i d e o x i d a t i o n r a t e s and t h e f r a c t i o n of p r i m a r y s u l f a t e 

e m i s s i o n . T h i s i n c l u d e d d e t e r m i n i n g which v a r i a b l e s t h e e x p e r t s ' 

answers would b e c o n d i t i o n a l upon ( t ime-of -dc»y , s e a s o n , t e m p e r a t u r e , 

e t c . ) , t h e u n i t s i n which t h e p a r a m e t e r would be e l i c i t e d ( p e r c e n t p e r 

h o u r , c o n c e n t r a t i o n v e r s u s t r a n s p o r t t i m e , e t c . ) , and how t h e answers 

e l i c i t e d s h o u l d be combined t o p roduce a n n u a l a v e r a g e r e s u l t s . 

FHASE 5: E l i c i t a t i o n of Judgmen ta l P r o b a b i l i t y D i s t r i b u t i o n 

Dur ing t h e l a s t phase of t h e s e s s i o n j u d g m e n t a l p r o b a b i l i t y 

d i s t r i b u t i o n s were e l i c i t e d f rom t h e e x p e r t s on a v e r a g e s u l f u r d i o x i d e 

o x i d a t i o n r a t e s u n d e r e x p e r t - s p e c i f i e d c o n d i t i o n s and o f a n n u a l a v e r a g e 

f r a c t i o n of s u l f u r e m i t t e d as s u l f a t e . J u d g m e n t a l p r o b a b i l i t y 

d i s t r i b u t i o n s were e l i c i t e d i n t h e form of p o i n t s on a c u m u l a t i v e 

p r o b a b i l i t y d i s t r i b u t i o n f o r t h e u n c e r t a i n p a r a m e t e r i n q u e s t i o n . 

F i g u r e A - l shows an example of a s e t of e l i c i t e d d i s t r i b u t i o n s . The 

e x p e r t s were r eminded t h a t a l l q u e s t i o n s p e r t a i n e d t o a v e r a g e v a l u e s of 

t h e p a r a m e t e r , and n o t t o v a l u e s which c o u l d o c c u r a t a g i v e n i n s t a n t 

unde r c e r t a i n c o n d i t i o n s . 

As an a t t e m p t t o overcome an e l i c i t a t i o n b i a s known a s " a n c h o r i n g , " 

w h e r e i n t h e e l i c i t e e c e n t e r s on h i s " b e s t e s t i m a t e , " t h e e x p e r t was 

f i r s t a sked f o r h i s a b s o l u t e maximum and minimum l i m i t s on t h e v a l u e of 

t h e p a r a m e t e r i n q u e s t i o n . The e x p e r t s were t h e n a s k e d f o r 

j u s t i f i c a t i o n of t h e s e l i m i t s , and f o r c o n v i n c i n g a rgumen t s a s t o t h e i r 
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F i g . A - l . Example of e l i c i t e d j udgmen ta l p r o b a b i l i t y d i s t r i b u t i o n s . 
P o i n t s i n d i c a t e d i n t h e uppe r p l o t a r e o r i g i n a l e l i c i t e d 
d a t a p o i n t s ; numbers i n d i c a t e t h e o r d e r i n which t h e y 
were o b t a i n e d . Source : Morgan e t a l . , 1982. 
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a b s o l u t e n e s s . The e x p e r t was asked t o Imagine t h a t he was s e p a r a t e d 

f rom t h e f i e l d e n t i r e l y f o r t e n y e a r s , and t h a t upon r e t u r n i n g he found 

t h a t i t had been p roven t h a t t h e a c t u a l v a l u e of t he p a r a m e t e r was 

g r e a t e r or l e s s t h a n h i s l i m i t s . Could he t h i n k of any e x p l a n a t i o n t h a t 

migh t j u s t i f y such f i n d i n g s ? 

Th i s done, t h e i n t e r v i e w e r s began t o e l i c i t a c t u a l p o i n t s on t h e 

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

p o i n t s were e l i c i t e d i n a r b i t r a r y o r d e r , and were k e p t h i d d e n f rom t h e 

e x p e r t . 

I n t h e b e g i n n i n g of t h e s e s s i o n s i t was a t t e m p t e d , a s t h e d e c i s i o n 

a n a l y s i s l i t e r a t u r e s u g g e s t s , t o e l i c i t p o i n t s by h a v i n g t h e e x p e r t make 

c h o i c e s be tween s e t s of t h e two l o t t e r i e s shown i n F i g u r e A-2 f o r 

d i f f e r e n t s e t s of odds ( P ' s ) g i v e n a v a l u e N of t h e p a r a m e t e r . 

When t h e e x p e r t i s p r e s e n t e d w i t h a s e t of odds where h e i s 

i n d i f f e r e n t be tween t h e two l o t t e r i e s , t h e n P i s e q u a l t o h i s o r h e r 

j u d g e d p r o b a b i l i t y t h a t the v a l u e of t h e p a r a m e t e r i n q u e s t i o n i s l e s s 

t h a n o r e q u a l t o t h e g i v e n v a l u e , N. T h i s c o m b i n a t i o n of P and N 

r e p r e s e n t s a p o i n t of t h e c u m u l a t i v e p r o b a b i l i t y d i s t r i b u t i o n . 

I n o r d e r to a s s i s t t he e x p e r t i n t h i n k i n g a b o u t t h e q u e s t i o n s a sked 

and a s a m o t i v a t i o n t o t h i n k c a r e f u l l y abou t h i s or h e r answer s , a 

" p r o b a b i l i t y wheel" was u t i l i z e d . Th i s i s a c i r c u l a r background of two 

c o l o r s , r e d and g r e e n , which has a s p i n n e r a f f i x e d t o i t . The p o r t i o n 

o f t h e background which i s r e d o r g r een i s a d j u s t a b l e , t h u s shown i n 

F i g u r e A-3 . 

The l o t t e r y f o r m u l a t i o n of e l i c i t a t i o n seemed t o c o n f u s e t h e 

e x p e r t s . They p r e f e r r e d t o s imply a d j u s t t h e s i z e of t h e g r e e n p o r t i o n 

o f t h e wheel so t h a t i t r e p r e s e n t e d t h e p r o b a b i l i t y t h a t t he p a r a m e t e r 

i s l e s s t han o r e q u a l t o t h e g i v e n v a l u e , N. 
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Fig . A-2. L o t t e r y p r e s e n t e d t o e x p e r t s t o e l i c i t p o i n t s on t h e i r cumula t ive 
p r o b a b i l i t y d i s t r i b u t i o n s f o r an u n c e r t a i n pa ramete r , N. 
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SPINNER ON WHEEL 
LANDS IN GREEN 

SPINNER ON WHEEL 
LANDS IN RED 

LOSE ONE MONTH'S 
SALARY 

OR 

WIN ONE MONTH'S 
SALARY 

PARAMETER 
IS < N 

PARAMETER 
IS > N 

LOSE ONE MONTH'S 
SALARY 

o -p-

WIN ONE MONTH'S 
SALARY 

Fig . A-3. A l t e r n a t i v e l o t t e r y p r e s e n t e d t o e x p e r t s based upon the use of a p r o b a b i l i t y wheel . 
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The e x p e r t s were a s k e d t o t h i n k about each q u e s t i o n s e p a r a t e l y 

w i t h o u t b e i n g conce rned abou t c o n s i s t e n c y w i t h p r e v i o u s answers by 

k e e p i n g t h e e l i c i t e d p o i n t s h i d d e n and randomiz ing t h e o r d e r in which he 

was a s k e d f o r p o i n t s . A f t e r encod ing t h e e n t i r e d i s t r i b u t i o n , t h e 

e x p e r t was c o n f r o n t e d w i t h any i n c o n s i s t e n c i e s and he was a s k e d t o 

e x p l a i n them w i t h r e s p e c t t o h i s o r i g i n a l r e a s o n i n g b e h i n d t h e p o i n t s . 
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Error Propagation for Large Errors 

F r i t z A. Sel ler 

Inhalat ion Toxicology Research I ns t i t u te 

Lovelace Biomedical and Environmental Research I n s t i t u t e 

P. 0. Box 5890 

Albuquerque, NM 87185 

An essential facet of a r i sk assessment is the correct evaluation of 

uncertaint ies Inherent 1n the numerical resu l ts . Some uncertaint ies in the 

f i n a l resul ts ar ise from errors 1n the input , others from def ic iencies 1n the 

models used. I f the ca lcu lat ion 1s based on an e x p l i c i t algebraic expression, 

an analy t ica l treatment of er ror propagation Is possible, usually as an 

approximation va l id fo r small e r rors . In many Instances, however, the errors 

are large and uncertain. I t Is the purpose of t h i s paper to demonstrate that 

despite large er rors , an ana ly t ica l treatment 1s possible 1n many Instances. 

These cases can be Iden t i f i ed by an analysis of the algebraic structure and a 

deta i led examination of the errors In Input parameters and mathematical 

models. From a general formula, e x p l i c i t formulae for some simple algebraic 

structures that occur often 1n r isk assessments are derived and applied to 

prac t ica l problems. 

KEY WORDS: Error Propagation, Analyt ical Treatment, Large Errors. 
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1. INTRODUCTION 

Estimating uncertaint ies Inherent in measurements or theoret ica l 

calculat ions 1s an integral part of sc ien t i f i c invest igat ions. Depending on 

the type of calculat ion leading to the f i na l resu l t , numerical or analyt ical 

methods are indicated to determine the propagation of errors from input to 

resu l t . Whereas some numerical methods can accomodate errors of any size, 

ana ly t ica l methods are usually rest r ic ted to quant i t ies wi th small re la t i ve 

er rors . In th i s paper 1t w i l l be shown, that 1n a considerable number of 

problems 1n r isk assessment, an analy t ica l treatment can be used even i f the 

errors are re la t i ve l y large. 

The theory of error propagation by analy t ica l methods 1s based on the 

algebra of stochastic variables, an area which has received increasing 
n 

at tent ion 1n the second half ov t h i s century For the general case, 

integral transform methods are used to calculate the d i s t r i bu t i on function for 

the resul t of algebraic operations on random variables. Although th is 

approach 1s somewhat complex and often results 1n considerable numerical 

computations, 1t has the advantage of providing the f i na l p robab i l i t y 

d i s t r i bu t i on as a data base for s t a t i s t i c a l tests and confidence l i m i t s . 

In r isk assessments, interest 1s often l imi ted to an estimate of the 

mean and I t s standard er ror . Then, a more d i rec t method may be used, based on 

the Taylor series expansion of the r isk function involved. A necessary 

condit ion for th is approach 1s the existence of a l l the derivat ives required 

1n the expansion. Normally, t h i s condit ion is met, since the functions most 

often used are well behaved and have derivat ives which are e i ther nonzero up 

to a cer ta in order only, or converge rapidly to zero wi th increasing order. 
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To keep the formalism simple, symmetric p robab i l i t y d i s t r i bu t ions are 

assumed for the input parameters. The consequences of t h i s decision are not 

as serious as might appear at f i r s t , especia l ly 1f the errors are large. A 

large error Implies not only that the sample mean is not wel l known, but also 

that the character of the d i s t r i bu t i on 1s even less precisely determined by 

the experimental data. In such a s i t ua t i on , the select ion of e i ther a normal 
/ 

or lognormal d i s t r i bu t i on 1s a reasonable approximation. Lognormal 

d i s t r i bu t ions can e i ther be treated d i r e c t l y or transformed in to logarithmic 

space and treated l i k e normal d i s t r i bu t i ons . 

On the basis of these assumptions, i t is the purpose of th i s paper to 

apply general analy t ica l formulae derived elsewhere ^ fo r mean and 

standard error of the resul t of algebraic operations on random var iables. 

2. DISCUSSION OF ERRORS 

Random and Systematic Errors 

In discussing errors and the i r propagation through a ca lcu la t ion, one of 

the most Important d is t inc t ions 1s the one between random and systematic 

errors This character izat ion governs the methods by which errors are 

treated and may a f fec t the numerical values of the uncerta int ies. 

Random or s t a t i s t i c a l errors of a measured quant i ty ar ise from many 

possible causes, the size and sign of the deviat ion cannot be predicted, -or 

can they be prevented. They can be decreased, however, by increasing the 

number of measurements taken. Systematic e r ro rs , on the other hand, i f they 

are recognized at a l l , usually have one i den t i f i ab le cause, a f fec t every 

measurement by the same mechanism, o.id, i f properly Invest igated, can often be 
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avoided or corrected f o r . They cannot, however, be decreased by increasing 

the number of measurements taken. 

A typ ica l example for random or s t a t i s t i c a l errors are the f luc tuat ions 

1n the count-rate of a radiat ion counter exposed to a constant pa r t i c l e f l ux . 

Typical systematic errors are those caused by a defect in a scale, resu l t ing 

1n the measurement of uniformly high masses, or by the use of a model that 

does not take in to account a pert inent e f fec t and, therefore, y ie lds 

systematical ly d is tor ted values. Errors encountered 1n pract ice, however, are 

often not as c lear ly random or systematic as those mentioned above. They 

require considerable thought and special treatment, such as an attempt at 

separating the systematic and random components of an e r ro r . This is possible 

only i f the data are wel l documented. 

I t 1s of considerable Importance to analyze the o r i g i n , magnitude, and 

sign of systematic errors as thoroughly as possible, since the log ica l course 

of act ion demands tha t , rather than quoting a systematic e r ro r , an appropriate 

correct ion be applied to the resul t whenever enough information is avai lab le. 

The uncertainty of that correct ion can then be treated mainly as a s t a t i s t i c a l 

e r ro r . 

Large systematic uncerta int ies often ar ise when the values of cruc ia l 

constants in a model are only poorly known. In t r y i ng to predict fu ture 

levels of toxicants in the atmosphere, fo r instance, the projected energy 

consumption plays a c r i t i c a l role and Influences the f i n a l resul t in a 

systematic manner. I t may then be advantageous to declare th is quant i ty a 

model or decision parameter without e r ro r , and the ca lcu la t ion is performed 

fo r d i f f e r e n t values of the parameter, covering the presumable range of 

va r i a t i on . In th i s manner, the uncertainty is t ransferred from the parameter 
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I t s e l f to the decision of how to t rea t the resul t a f te r the calculat ion has 

been done. In many ways that decision may be easier to make than the decision 

of which value and uncertainty to enter Into the ca lcu la t ion. 

Total Uncertainty 

In r isk assessments 1t 1s desirable to determine a value for the t o ta l 

uncertainty of a quant i ty . There i s , however, no accepted mathematical 

procedure fo r combining random and systematic errors in to a t o ta l 

uncerta inty. Indeed, one school of thought contends that two quant i t ies of 

such d i f f e ren t character should not be combined at a l l , whereas another school 

disputes the d i s s im i l a r i t y and advocates the combination of the two quant i t ies 

as a matter of course 

In pract ice, there 1s yet another d i f ference between s t a t i s t i c a l and 

systematic errors. This arises from the fact that the magnitude of a 

s t a t i s t i c a l error 1*, a calculated value, however approximate, whereas the size 

of a systematic error 1s usually no more than an educated guess. Despite the 

di f ferences between the two types of e r ro r , combinations can be made in a way 

that y ie lds an interpretable resu l t . The lack of an accepted combination 

procedure suggests the necessity of g iv ing both errors separately as wel l as 

1n a c lear l y stated combination. A step in th is d i rec t ion was taken in the 

las t few years in the journal "Physical Review Let ters , " by giv ing estimates 

fo r both s t a t i s t i c a l and systematic errors together wi th the resu l ts . 

Among the many suggestions fo r ways to combine systematic and random 

er rors , two procedures stand out One 1s the separate propagation of 

both errors through the ca lcu la t ion and subsequent quadratic combination 

according t o : 
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S t o t = S s ta t + Ssyst • ™ 

The other one advocates f i r s t the combination of both systematic and 

s t a t i s t i c a l errors according to Eq. (1) and then the simultaneous propagation 

through the ca lcu la t ion . Ei ther way. the quant i ty calculated has again the 

character of a standard e r ro r . 

3. PROPAGATION OF ERRORS 

Selection of Appropriate Probab i l i t y D is t r ibu t ions 

In a discussion of errors and of er ror propagation, the assumption of a 

p robab i l i t y d i s t r i b u t i o n fo r a stochastic var iab le 1s a decisive step, since 

i t determines a l l propert ies of the p robab i l i s t i c behavior of t h i s quant i ty . 

However, the choice 1s usually made without much fu r ther thought and resul ts 

mostly in the adoption of e i ther a normal or a lognormal d i s t r i b u t i o n . 

D is t r ibu t ions of experimental data, which could be used to decide which 

d i s t r i b u t i o n to apply, have general ly one aspect i n common: Evidence i s 

abundant in the regions of high p robab i l i t y where the di f ferences between 

d i s t r i bu t i ons are smal l , but scant In the low p robab i l i t y areas, the t a i l s , 

where the various d i s t r i bu t i ons have widely d i f f e r e n t numerical values. Even 

experimental evidence 1s, therefore, of ten not conclusive. 

As a consequence, 1t 1s much safer to perform mathematical operations in 

the high p robab i l i t y areas than 1n the t a i l s of the d i s t r i b u t i o n . Means and 

standard deviat ions can be determined to a good approximation, whereas 

calculat ions of 95% confidence levels or other operations invo lv ing the t a i l s 
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are often questionable. In the evaluation of large uncerta int ies in 

experimental data and a possible discussion of confidence l i m i t s , t h i s aspect 

should be borne 1n mind. 

Functions of stochastic Variables 

The use of a stochastic variable in a mathematical funct ion leads to a 

funct ion value that 1s also a stochastic quant i ty . I t s p robab i l i t y 

d i s t r i b u t i o n does not usual ly remain the same as that of the var iab le, but is 

changed by the funct ion. The values of most functions of normally d i s t r i bu ted 

var iables, fo r example, are no longer normally d i s t r i bu ted . In Fig. 1, t h i s 

re la t i on 1s shown graphica l ly for a simple funct ion y = f ( x ) . The stochastic 

var iable x is normally d i s t r i bu ted and characterized by i t s mean xQ and i t s 
2 

standard er ror AX. Here, the funct ion y = x is usei as an i l l u s t r a t i o n . 

The change 1n the d i s t r i b u t i o n of the funct ion value y is caused by the change 

1n the slope or , more prec ise ly , the second der iva t ive of the funct ion. The 
consequence is a non-normal d i s t r i b u t i o n wi th a mean y chat is d i f f e r e n t 

* 

from the funct ion value yQ = f ( x Q ) . Thus a correct ion 4y = y - yQ 

has to be applied to the value yQ. The same conclusion is reached in an 

examination of most functions fo r one or several var iables. 

For functions of more than one var iab le , the aspect of independence has 

to be considered. In t h i s paper, 1t w i l l be assumed that a l l variables are 

independent of each other, i . e . that the var ia t ions in one stochastic var iab le 

do not prejudice the var ia t ions in any other var iab le . This is in agreement 

wi th the s i tua t ion fo r the major factors in a r i sk assessment. In a 

pa r t i cu la r fac to r , however, such as the health r isk fo r a given exposure, 

corre la t ions between two or three of the parameters are the norm, fo r instance 
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1f ti<e values were obtained 1n a f i t to the same data. This s i tua t ion has 

been dealt wi th extensively 1n the l i t e r a t u r e and 1s discussed b r i e f l y 

1n the next sect ion. In the fo l lowing, 1t w i l l be assumed that such 

corre la*" ys w i th in a ca lcu la t ion have been taken in to account. 

The Gaussian Approximation For Small Errors 

One algebraic approach to error propagation Involves the expansion of 

the funct ion y = f ( x ) = f ( x 1 , xn) in the neighborhood of point xQ 

/ g ) 

1n a mult i-dimensional Taylor series . Termination of the series a f t e r 

the f i r s t order terms resul ts in the Gaussian formula for the propagation of 

er rors . I t i s a good approximation as long as the re la t i ve errors are small , 

i . e . , as long as (Ax^/x^) « 1. The standard error Ay of tho mean 

is then given by 

(Ay)2 - Z ( H ^ 1 ) ! <ax.)2 . (2) 
1=1 a x 1 0 1 

The Index o denotes the numerical value of the der ivat ives evaluated at 

x = xQ. In th is approximation, the s h i f t of the mean 1s zero, that is 

«y = y* - y 0 - o . ( 3 ) 

The formulae fo r some simple algebraic structures which are encountered 

r e l a t i v e l y often such as sums, d i f ferences, products, quot ients, and products 

of power are given in Table I . The series jsed 1n t h e i r der ivat ion terminates 

wi th the f i r s t term for sums, di f ferences or a l inear mixture of the two. For 

these cases the Gaussian approximation 1s exact, and therefore va l id 

independent of the size of the er rors . The formulae fo r a l l the other 

functions l i s t e d are appl icable fo r small errors only. 

The basic s t ruc ture of a l l the formulae 1n Table I 1s s im i l a r . The 

square of the absolute er ror Af fo r sums and di f ferences i s the sum of the 
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squares of the errors over a l l the terms. The square of the re la t i ve error 

Ay/y of products and quotients 1s equal to the sum of the squares of the 

re la t i ve er rors , and 1n the case of power functions each term Is mul t ip l ied by 

the square of the exponent. 

In pract ica l s i tua t ions , th i s "sums of squares" st ructure affords an 

easy way of s impl i fy ing the expressions to be evaluated numerical ly. The 

t yp i ca l terms in the sums on the right-hand side are essent ia l l y the squares 

of the absolute or r e l a t i ve er rors . I f one of the errors 1s 3 times smaller 
2 

than the others, fo r example, i t s contr ibut ion to (Ay) Is an order of 

magnitude less than those of the others and i t s cont r ibut ion to the standard 

error Ay even smaller. This var iable can therefore of ten be treated as a 

constant without er ror . For many variables the approximate range of errors is 

known 1n advance and the error formulae can be s imp l i f i ed accordingly. 

For expressions more complex than those i n Table I , the formulae can be 

assembled by parts as long as the l a t t e r are independent. As an example, the 

er ror of the funct ion 

X X ty "" Xq 
f(x, X ) = ~ ~ i c * <4> i n x4x5 

can be calculated as that of a quotient between a d i f ference and a product. 

The error of the f i r s t term 1n the di f ference can be calculated separately 

according to the las t formula 1n Table I fo r the product of powers. Note that 

t h i s method 1s not appl icable when any var iable appears more than once, since 

some of the parts are then no longer Independent. In these cases the general 

Gaussian formula (2) has to be applied. 

Also, that formula is only appl icable for Independence of a l l variables 

x^. For correlated var iables, a formula given 1n the l i t e r a t u r e must be 
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( A Q V 
used fo r the standard er ror Ay x ' ' . I t can be w r i t t en as the usual 

Gaussian terras plus a set of cor rect ion terms fo r the co r re la t i ons . 

n n 3 a f (x ) 
+ 2 I I ( 

1=1 j = 1 + i 
(5) 

2 
Here, the parameters s ^ are the elements of the covariance matr ix ; 

2 
the diagonal elements s ^ are the variances of the parameters, the o f f -

2 
diagonal elements s . , are the covariances, a measure of the co r re la t ions . 

In pract ice t h i s descr ip t ion is usual ly s u f f i c i e n t , since experimental 

cor re la t ions between three var iables ( t r i p l e cor re la t ions) are e i ther un l i ke ly 

or then rare ly invest igated wel l enough to be Included in an e r ro r ca lcu la t ion . 

4. ERROR PROPAGATION IN FORMULAE TYPICAL OF BIOLOGY AND HEALTH RISK 

ASSESSMENT 

Appl icat ion of the General Formalism 
( 3 ) 

In a report published elsewhere , general ana ly t i ca l formulae f o r 

the propagation of large errors have been derived under the assumption of 

normal d i s t r i b u t i o n s for the Independent input parameters. The f i r s t terms of (Q) 

the mult i-dimensional Taylor series used fo r t h i s purpose * ' are given in 

Eq. ( A . l ) of the appendix and the corresponding s h i f t Ay of the mean is 

presented i n Eq. (A.2) . In discussing these formulae from a p rac t i ca l point 

o f view, 1t 1s Important to understand that the Taylor series 1s as much a 

ser ies i n higher order d i f f e r e n t i a l s as a power series in the e r ro rs . 

Convergence 1s thus as much a question of the decrease of the higher order 

d i f f e r e n t i a l s as of the powers of the errors themselves. 
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A good example are the funct ions occurlng In r i sk assessment. They are 

usual ly wel l behaved and the pa r t i a l der ivat ives ex is t to any order of 

d i f f e r e n t i a t i o n needed. Indeed, many der ivat ives go i d e n t i c a l l y to zero at 

r e l a t i v e l y low orders. A notable exception are functions containing 

exponentials which regenerate at every d i f f e r e n t i a t i o n . However, 1n these 

cases the numerical values usual ly converge rap id ly to zero. 

The equations 1n the appendix are, therefore, given only to four th order 

in the der ivat ives and to s i x th order in the er ro rs . I f higher order terms 

are neded, they can be obtained from r e f . 3, but i t should be borne 1n mind 

that the complexity of the formula increases rap id l y , making the ana ly t i ca l 

approach and i t s convergence somewhat questionable. 

In t h i s sect ion, the app l ica t ion of the general formulae 1n the appendix 

to some typ ica l algebraic structures w i l l be discussed: 

l inear combinations, 

powers of one var iab le , 

. - products l i nea r in the normally d i s t r i bu ted var iables, 

products of powers of lognormally d i s t r i bu ted var iables, 

more complex composite forms. 

For lognormally d i s t r i bu ted var iab les, 1t is always possible to 

transform the funct ion In to logari thmic space and perform the er ror 

ca lcu la t ion for the normal d i s t r i bu t i ons resu l t ing there. For the f i n a l 

r e s u l t , a transformation back to normal space 1s needed. This procedure is 

general, although sums and di f ferences may lead to problems as they have to be 

transformed as a whole. As a p rac t i ca l example, the treatment of a product of 

powers of lognormally d i s t r i bu ted variables w i l l be given here. 
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Linear Combinations 

Many operations such as the combination of intermediate resul ts and the 

ca lcu la t ion of weighted means lead to l inear combinations of the kind 

n 
y = f ( h - Z a^R, . ( 6 ) 

1=1 1 1 

I f the coe f f i c i en ts a^ are known accurately and only the factors R̂  have 

appreciable er rors , the Gaussian approximation (Table I ) y ie lds an exact 

equation 

(ay)2 - X (a.AR,)2 . (7) 
1=1 1 1 

I f both the factors a^ and R̂  have large errors Aa^ and AR^, 

respect ive ly , formula (A . l ) in the appendix gives the exact so lut ion 

[ A y ] 2 = I ( a ^ ) 2 + ( R ^ a p 2 + ( a a ^ ) 2 . (8 ) 
1=1 

The f i r s t two terms are the Gaussian approximation; the t h i r d 1s the 

cor rect ion term. I t 1s always pos i t i ve , thus increasing the f i n a l e r ro r . 

Powers of One Variable 

The er ror propagation formulae fo r one var iable are given in Eqs. (A.3) 

and (A.4) of the appendix. For pos i t i ve , negative and f rac t iona l powers of 

one var iable special ized formulae have been published and discussed elsewhere 

The resul ts w i l l be summarized here b r i e f l y , because powers of a 

var iab le appear r e l a t i v e l y of ten 1n r i sk assessments. They are usual ly 

discussed w i th in the framework of the funct ion y = f ( x ) in which they appear. 

In some cases, however, i t 1s of In teres t to discuss the power of that 

var iab le a l l by I t s e l f . 
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Exact fc-mulae can be derived fo r pos i t i ve powers m. They are given i n 

Table IV-2 and t h e i r numerical consequences are discussed in Table IV-5 of 

reference 3. I t 1s shown that over a large range of e r ro rs , the Gaussian 

approximation Is su rp r i s ing ly accurate. This Is not t rue f o r negative powers, 

which resu l t 1n an er ror propagation formula which is an i n f i n i t e ser ies . Due 

to the proximi ty of the pole at x = 0, r e l a t i ve errors of 20-30% begin to 

resu l t 1n a series of doubt fu l convergence or ou t r igh t divergence (Tables IV-3 

and IV-6 of r e f . 3 ) . This is an expression of the fact that f o r a large e r ro r 

1n the denominator, the d i s t r i b u t i o n of the argument Includes the value zero, 

leading to an Indeterminate r esu l t . 

Products of Linear. Normally Dis t r ibuted Factors 

Products of l i nea r factors are of ten encountered in p rac t i ca l problems. 

The p a r t i a l der iva t ives of the funct ion 

y = f ( x ) = x ] x2 . . . xm , (9) 

terminate the ser ies rap id l y . A general formula i s given in Eq. I I1-27 of 

reference 3; f o r up to four fac to rs , e x p l i c i t formulae are given in Table I I . 

The expressions are exact and the s h i f t of the means are found to be zero. 

Because the complexity of the correct ion terms increases rap id ly wi th 

the number of fac to rs , ca lculat ions using t h i s formula should be l im i ted to as 

few factors as possib le. This can be achieved read i ly due to the "sums of 

squares" s t ruc ture of the formulae. A l l factors wi th smaller er rors can be 

contracted in to a s ing le fac to r whose er ro r is then computed w i th an 

appropriate approximation. I f the e r ro r 1s considerably smaller than the 

larger ones, i t s con t r ibu t ion can even be neglected. 
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Product of Factors wi th Lognortnal Dis t r ibut ions 

Factors with lognormal d is t r ibu t ions are often used when large 

uncertaint ies ranging over orders of magnitude have to be deal t w i th . For 

th is d i s t r i bu t i on , the logarithm of a product of powers 

m. m. m 
y - f (x) = x1

 1 x2
 i . . . xn

 n . (10) 

1s a weighted sum of normally d is t r ibu ted terms, 

n 

log f ( x ) = I m, log x^ , (11) 
1=1 1 1 

and 1s, therefore, also normally d is t r ibu ted . In the Gaussian approximation 

(Table I ) , which is exact in th is case, the er ro r In logarithmic space is 

2 n 2 2 
s ~ I m. s / , (12) 

1-1 . 

where s^ 1s the standard error of log x^. A transformation back to l inear 

coordinate space y ie lds unequal standard error l i m i t s given by the product of 

y and an exponential factor 

4»+ = y exp [± ( X m ^ s ^ ) 1 ' 2 ] , (13) 
1*1 

where and 4>_ represent the upper and lower error l i m i t s , 

respect ively. The re la t i ve errors are given by 

= ± {exp [± ( I m 2 s 2 ) 1 / 2 ] -1} . (14) 
y * 1=1 1 1 

I t should be noted 1n th i s context, that other basic operations such as 

sums and di f ferences of lognormally d is t r ibu ted quant i t ies cannot be performed 

exact ly In a simple ana ly t i ca l way The a p p l i c a b i l i t y of the equations 

in t h i s section fo r fu r ther calculat ions 1s therefore res t r i c ted . 
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In addi t ion, s i tuat ions involving both normally and lognormally 

d is t r ibu ted factors should be avoided 1f possible, since operations on 

parameters wi th d i f f e ren t d i s t r i bu t i ons , some symmetric, some asymmetric, 

Introduce d i f f i c u l t i e s in to an analy t ica l treatment which l i e beyond the scope 

of th is paper. In th i s case the algebra of random variables ^ or 

numerical methods such as Monte Carlo techniques or Latin Hypercube 

Sampling ^ ^ should be used. 

More Complex Algebraic Structures 

A typ ica l example of a more complex algebraic st ructure that occurs 1n 

r isk assessments 1s the number H of health e f fects expected 1n a population 

exposed to a toxic agent wi th a nonlinear dose-effect re la t ionship. For these 

cases, the elegant and convenient person-dose (e .g . , person-rem) concept 

appropriate for l inear dose-effect relat ionships 1s not va l i d , and the number 

of health e f fec ts has to be approximated by averaging over many 

sub-populations wi th nearly the same dose. This resul ts in a general 

algebraic structure 

H = F1 F 2 Fm ^ X1 y i - z i ' < 1 5 ) 

For a quadratic dose-effect re lat ionship and a group with a dose D̂  

the r isk fo r an Indiv idual r^ 1s 

^ - aQ . (16) 

As an example, the expected number H of health e f fects w i l l be wr i t ten as 

H - F1 F 2 " l a 0 D l 2 



124 

= a 0 F 1 F 2 £ n 1 D 1 2 

" a 0 F 1 F 2 S ' ( 1 7 ) 

where n^ 1s the number of Individuals 1n group 1, and 

N 2 
S = I n . D, . (18) 

1=1 1 1 

According to Eq. (A.2) 1n the appendix, the asymmetry of the d i s t r i bu t i on of H 
* 

resul ts 1n a re la t i ve s h i f t iH between the mean H of the d i s t r i b u t i o n and 

the calculated value HQ given by the exact expression 

iu . H* - Hn N AD. 2 
h s h — = * f i < n > • ( 1 9 ) 

0 0 1=1 1 D1 

where 

n 1 ° i 
f 1 s " V • < 2 0 ) 

The re la t i ve error AH/H^ 1S obtained from Eq. ( A . l ) . An elementary but 

somewhat lengthy ca lcu lat ion yields 

ah ? A F i 2 A F ? 2 A a 0 2 

( r > - ( < - r ) + < n r > + < T ) + 
0 F1 2 a0 

N An. 2 AD, 2 
+ I V [ ( V " ) + 4 ( - g 1 ) ] } + 

1=1 1 n1 1 

Aan 2 AF. 2 AF, 2 
+ [ ( - E 1 ) + ( p ) 3 + 

a 0 F 1 2 

Aa_ 2 AF 2 AF 2 
+ [ i + ( - i i ) T ( - r ) ( ~ r ) + 

a 0 F1 2 
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n AD. 2 Aa. 2 Aa_ 2 AF. 2 AF 2 
+ 2 M i ( - Q 1 ) ( + 1 i + < — > ] [ (~r) + ( f ) 3 + 

1-1 1 D i a 0 a 0 F1 2 

AF, 2 AF, 2 
+ ( " c 1 ) ( p ) > + 

7 2 

n , AD. 4 An. 2 AD. 2 Aan 2 AF, 2 
+ I f / I 2 ( - / ) • [ (—1-) + 4 ( -Q 1 ) ] I + (- jH-) + 

1=1 1 D1 n 1 U1 a 0 h l 

AF 2 AF 2 AF, 2 Aaft 2 AF 2 Aan 2 AF 2 
+ ( " j r ) + ( p ) ( - r ) + ( "T" ) + ( - r 2 ) 3 + 

2 F1 2 a 0 F1 a 0 2 

An. 2 AD. 2 Aan 2 aF 2 AF 2 
+ 6 < n > ( D > t 1 + ( a > + < F > + < F > ] + 

1 D1 a 0 F 1 2 

AD. 4 Aan 2 AF, 2 AF9 2 An, 2 
+ 3 n ) t < a > + < f ' + < F > + < n > ] + > + 

U1 a 0 h l V2 " i 

+ . . . . ( 21 ) 

The f i r s t t h ree terms and the f i r s t sum are the usual Gaussian 

approx imat ion , the next terms the h igher order c o r r e c t i o n s . Due to the "sum 

of squares* s t r u c t u r e , t h i s equat ion can be s i m p l i f i e d cons ide rab ly , once 

numerical values are known. A l o t depends on the number n of dose groups 

because the f r a c t i o n s f ^ are roughly p r o p o r t i o n a l t o 1/n and the second sum 

t o Eq. (21) 1s thus rough ly equal t o the average term 1n the sum. I n the 
2 

t h i r d sum, however, f ^ appears, which gives a sum of roughly 1 /n t imes the 

average term. With a value f o r n t h a t 1s u s u a l l y ten or more, t h i s se r ies 

expansion can thus be expected to have on ly a few s i zeab le terms of h igher 

o rde r . 



126 

The complete se r ies 1n Eq. (21) a l so has nonzero terms of e i gh th and 

t e n t h o rder 1n the e r r o r s and o f up t o s i x t h order 1n the d e r i v a t i v e s . A 

sho r t I nspec t i on shows t h a t a l l the corresponding terms 

1 
AD. 4 AX. 2 Ax. 2 

<-K1> '1 k l 

AD 
( - I T ) (-T-) ( v ) 

AO 

AD 

AD 

4 Ax. 2 ax 

2 Ax 2 
) ( X1 

AX 

4 Ax. 2 AX 

2 AaQ 2 AF 
<-sr> <-r> (-r-) <-r> 

2 AX 2 
) ( " f ) 

m 

2 Ax 2 
> m 

2 AF2 2 An1 2 

2 "1 

where the Ind ices k , 1, and m stand f o r parameters o the r than D^, are very 

s m a l l , even f o r r e l a t i v e e r r o r s of 0 .5 o r so. 

Another Important aspect of c a l c u l a t i n g the u n c e r t a i n t y of the number H 

o f h e a l t h e f f e c t s accord ing t o Eq. (17) i s the f a c t t h a t the u n c e r t a i n t i e s o f 

n^ and are connected, but not n e c e s s a r i l y c o r r e l a t e d . I f the 

popu la t i on 1s subdiv ided I n t o groups w i t h a narrow dose range, the group 

popu la t ions n^ are going t o have l a rge e r r o r s ; 1f the group doses have l a r g e 

e r r o r s , the popu la t ions n^ are less u n c e r t a i n . An Inspec t i on of Eq. (21) 

shows t h a t 1t 1s p r e f e r a b l e t o have as many dose groups w i t h nar rowly de f ined 

doses as poss ib l e , g iven the q u a l i t y o f the data base. 

The u n c e r t a i n t y of the expected number of hea l t h e f f e c t s can thus be 

c a l c u l a t e d f o r any reasonably l a rge e r r o r s 1n the Input data and the 

s e n s i t i v i t y f o r each parameter Is es tab l i shed d i r e c t l y In a n a l y t i c a l form. 
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5. DISCUSSION 

Exact formulae o r s u f f i c i e n t l y accurate approximat ions can be der ived 

f o r the propagat ion of la rge e r r o r s i n some simple a lgeb ra i c forms which occur 

f r e q u e n t l y i n r i s k assessment. For se r ies t ha t do not te rm ina te a n a l y t i c a l l y , 

enough terms can be given to a l l o w a s u f f i c i e n t approx imat ion f o r most e r r o r 

s i zes . As shown 1n the l a s t s e c t i o n , the number of terms g iven in the 

appendix 1s u s u a l l y s u f f i c i e n t . I f more terms are needed, they can be der ived 

( 3 ) 

f rom the general formula * . This dec i s i on Invo lves a judgment of the 

convergence o f the ser ies ( A . l ) . Conven t iona l l y , convergence can be 

es tab l i shed by es t ima t i ng the remainder of the Tay lor se r ies ^ and 

i n s e r t i n g 1t i n t o the e r r o r propagat ion formula . This procedure would, 

however, r e s u l t 1n a h i g h l y complex form f o r the remainder o f the e r r o r 

s e r i e s . In most r i s k assessments, t h i s procedure i s not necessary because the 

f unc t i ons are we l l behaved and t h e i r h igher order d e r i v a t i v e s q u i c k l y become 

n e g l i g i b l y s m a l l , i f not i d e n t i c a l l y zero. 

An example was g iven 1n the l a s t s e c t i o n , where the l a s t terms decrease 

r a p i d l y , not on ly because of the h igh powers of the r e l a t i v e e r r o r s 

(AX-j/x-|), but a lso because of the small values of the h igher order 2 

d e r i v a t i v e s which con ta in the small f a c t o r f^ . I f the se r i es does not 

converge p rompt ly , the numerical s i t u a t i o n should be I nves t i ga ted f o r an 

e x t r a o r d i n a r y environment such as the neighborhood of the pole [ I . e . , f ( x ) i s 

I n f i n i t e ] a t x = 0 In the f u n c t i o n f ( x ) = 1 / x . In t h i s case, non-convergence 

could mean t h a t the upper e r r o r l i m i t 1s indeterminate due t o the p r o x i m i t y of 

the po le . 

The formulae presented can be s i m p l i f i e d cons iderab ly by app ly ing some a 

p r i o r i knowledge about the r e l a t i v e s i ze and nature of the e r r o r s and 
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r e t a i n i n g on ly those terms t ha t c o n t r i b u t e no t i ceab ly t o the f i n a l e r r o r . 

Because o f the "sums of squares ' s t r u c t u r e of the e r r o r formulae, r e l a t i v e l y 

small f a c t o r s between e r ro r s can lead t o the e l i m i n a t i o n of the smal le r ones 

w i thou t s i g n i f i c a n t loss o f accuracy. 

An a n a l y t i c a l f o rmu la t i on o f e r r o r propagat ion o f f e r s e s s e n t i a l l y th ree 

advantages and two disadvantages. Advantages a re : One, the numerical 

c a l c u l a t i o n s are r a the r modest once the a lgebra has been done. Two, the 

In f luence of var ious c o n t r i b u t i o n s t o the f i n a l e r r o r can be discussed 

e x p l i c i t l y . Three, the range of a p p l i c a b i l i t y f o r the Gaussian approximat ion 

can a lso be judged e x p l i c i t l y . Numerical I n v e s t i g a t i o n s show t h a t over an 

o f t en s u r p r i s i n g range of e r r o r s i z e s , 1t s t i l l y i e l d s s u f f i c i e n t l y accurate 
(3) 

r e s u l t s . Disadvantages a re : One, a r ap id increase i n the a lgebra ic 

e f f o r t as the complex i ty o f the f u n c t i o n Increases. Two, the standard e r r o r s 

thus determined do not a l l ow an accurate c a l c u l a t i o n of upper and lower l i m i t s 

a t 95% conf idence l e v e l , because the d i s t r i b u t i o n of the r e s u l t i s no longer 

normal. These l i m i t s a re , t h e r e f o r e , j u s t approx imat ions, a l though f o r l a rge 

e r ro r s t h a t i s a l esse r problem of the u n c e r t a i n t y a n a l y s i s . 

Contrary t o I n t u i t i v e judgement, the a n a l y t i c a l d i scuss ion o f e r r o r 

propagat ion can thus be used t o advantage even f o r l a rge e r r o r s , complementing 

the more t r a d i t i o n a l numerical methods. I n a l l cases i n v e s t i g a t e d e x p l i c i t l y , 

the c o r r e c t i o n terms t o the usual Gaussian approximat ion were p o s i t i v e , i . e . 

the Gaussian approx imat ion underest imated the e r r o r . Thus, as e r r o r s grow 

l a r g e r , the method developed here becomes i n c r e a s i n g l y impor tan t i n es t ima t i ng 

e r r o r s r e a l i s t i c a l l y . 

The formulae given f o r t h a t purpose are o f t en exact o r very good 

approx imat ions. I n d iscuss ions i n v o l v i n g the r e s u l t i n g e r r o r s and t h e i r 
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meaning, however, 1t should be remembered t h a t the assumption of a c e r t a i n 

p r o b a b i l i t y d i s t r i b u t i o n f o r a s tochas t i c v a r i a b l e 1s 1n I t s e l f an 

approx imat ion , o f t e n only tenuous ly supported by exper imental data . I t w i l l 

thus be the u n c e r t a i n t i e s 1n the d i s t r i b u t i o n s and the standard e r r o r s of the 

Inpu t parameters t h a t l i m i t the de te rm ina t i ve power of the e r r o r a n a l y s i s . 

I t 1s 1n t h i s area t h a t the most d i f f i c u l t problems of an e r r o r 

c a l c u l a t i o n must be so lved. Carefu l examinat ion of the s ize and nature of the 

e r r o r f o r each v a r i a b l e and the assignment of an appropr ia te p r o b a b i l i t y 

d i s t r i b u t i o n are c r u c i a l t o the success of the a n a l y s i s . The propagat ion of 

these c h a r a c t e r i s t i c s through the numerical c a l c u l a t i o n and the es t ima t i on of 

the f i n a l mean and I t s e r r o r are then accomplished r e a d i l y , us ing the most 

app rop r i a te method. 
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APPENDIX 

Derivat ion of Error Formulae 

The error propagation formulae used in th i s paper have been derived in a 
(3) report published elsewhere x . They are based on the multidimensional Taylor 

(9) -» -» series for the funct ion y = f ( x ) , where the vector x = ( x ^ x 2 , . . . . xn) 

1s associated wi th a s t a t i s t i c a l e r ror vector Ax = (ax^, ax^, . . . . Axn). 
Unless stated otherwise, the components of the er ror vector are assumed to be 

Independent of each other and d is t r ibu ted normally. The general formulae and 

some tables fo r the construct ion of e x p l i c i t formulae have been given in the 
(31 

or ig ina l report . In th i s paper, the f i r s t terms of the series are given 

fo r the case of one and several var iables. 

A. 1. Functions of Several Variables 

The series for the f i na l error Ay of the funct ion y = f ( x ) with terms 

of up to s i x th order 1n the errors AX. and using der ivat ives of up to 

four th order i s 

(Ay)2 = I (f*-)2 ( A X ) 2 + 1 I ( f ^ ) 2 ( A X J 4 + 

1=1 3*i 1 2 1=1 axi2 i 

n n a2f ? ? ? 
+ I I ( a x ax > <AX1> <Axi> + 

i=i axi3 axi i 

n n a3 f af 2 2 + i i ( — h — ) ( — ) (AX )z ( a x y + 
1=1 j = 1 axi^ axj axj i j 
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+ fr X ( r % > 2 (ax) 6
 + 12 i=i axiJ 1 

n n n 3, ? _ 
+ X I I ( a x L ax > <ax1 A1 V + 

1=1 j = i + i k=1+2 3 X1 3 x j k ^ 

+ 7 X X ( 3 ! f , )2 (Ax . ) 4 (*x ) z + 
4 i = i j = i 9xi axj i j 

1 n n n a 3f a3f 2 
+ J X X X ( % a ) ( V ) (Ax Ax Ax ) + 
4 1=1 j=1+1 k=1+2 3 x 1 ? a*j 3xk a*j 1 J k 

+ ^ * ( r i ? ) ( r f 2 ) ( A X / + 2 1=1 3X1* 3X1' 1 

n " n a 4f a 2f 2 
+ X X X ( - y r — ) < * ! > (Ax AX AX ) z + 

1=1 j = i + i k=1+2 3 * i z » x j »*k 3*k i j k 

n n 4 f _2f . _ 
+ x x ( — Y — ) ( ) (A X r ( A X y + 

1=1 j = i a x i 3 axj axi axj i j 

1 n n a 4 f a 2f 4 7 + 7 X X ( T ? ) i1-1?) (Ax ) 4 (Ax ) z + . . . (A. 2 i = 1 j = U i ax,2 3XiZ 1 J 

I t should be kept 1n mind that i n a l l of the formulae der iva t ives are 

evaluated numerical ly at the point xQ. 

The asymmetry in the d i s t r i b u t i o n of the funct ion y = f ( x ) leads to a 

mean y which i s d i f f e r e n t from the funct ion value yQ = f (x Q ) ca lculated 

d i r e c t l y . The s h i f t i s given by 

* 1 " a2f o 
«y = y - y = 7 X (7-%) (AX r + 

O 2 1=1 3X1« 1 
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l n a 4f 4 
• I I ( 7 - 4 ) (Ax ) 4 • 8 i«i axi« 1 

. n n 4 f . 
+ * * Z < H — ? ) (Ax + ... (A.2) 4 i « i ax i 2 axj« 1 j 

Note that the formula for the s h i f t of the mean is l inear 1n the 

der iva t i ves . 

A.2. Functions of One Variable 

The formulae derived fo r an n-d1mens1ona1 funct ion s imp l i f y considerably 

f o r one dimension. The standard er ror Ay of the funct ion y = f ( x ) 1s then 

given by 

(Ay)2 = ( f ) 2 (AX)2
 + 1 (AX)4

 + 
dx 2 dx* 

• ( A ) (AX)4 • (AX)6 + 
dx3 dx 12 dx3 

• 1 (AX)6 • ... (A.3) 
2 dx dx 

An asymmetry In the d i s t r i b u t i o n of the funct ion value y = f ( x ) resul ts i n a 

nonzero f i r s t moment of the quant i ty 6y 

2 4 
Ay - 1 ( ^ 4 ) (Ax)2 + 1 (Ax)4 + ... (A.4) 

2 dx 8 dx 

Again, a l l der ivat ives are evaluated at the point x 0 . 
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Table I . Gaussian Approximat ion f o r E r r o r Propagat ion 1n Simple A lgebra ic S t r u c t u r e s 3 

v « f ( x ) b E r ro r Formula Level of Approximat ion 

y = X1 ± X2 ± . . . ± XN (Ay) 2 = (AX^2 + (A x ? ) 2 + ... + (AX r ) 2 exact 

2 AX. 2 AX_ 2 AX 2 
y = x1 x2 x3 . . . xn (®J) = + ( - 7 ) + . . . • ( — ) va l id for small ( A X ^ ) 

1 2 n 

X. X, ... X. 2 AX, 2 Axk 2 Ax 2 
y = 7 — * r ^ O « (-r1) +... + ("T) + . . . + ( • — ) va l i d f o r small (AX./X.) 

k+l *n y X1 \ n 1 1 

m. m9 m A 2 9 Ax. 2 5 Ax 2 
1 - £ " n TO = m ^ + . . . + mn [ - f - ) v a l i d f o r smal l ( A x ^ ) 

* 1 n OJ 

y x* xa *»* x_ 1 2 n 

aNote: The symbols x^ do not denote variables, but stand fo r t he i r numerical values. 

% = arb i t ra ry 



Table I I . Exact Formulae fo r the Relative Error of a Product of Linear Fac to rs a , b , c 

m 
Gaussian 

Approximation Correction Term fo r Exact Expression 

2 ax. 2 
I (-71) 

1=1 X1 

3 AX. 2 
I (-y1) 

1=1 X1 

4 AX. 2 
I (-71) 

1=1 1 

Ax, 2 AX, 2 

AX, 2 AX, 2 AX, 2 AX_ 2 AX- 2 AX„ 2 Ax. 2 Ax, 2 Ax, 2 
< * > ( - 7 ) + ( , ) < * > + < « ) ( x > + < n r > ( * > ( x J *1 2 1 3 2 3 1 2 3 

Ax, 2 Ax, 2 AX. 2 Ax, 2 Ax. 2 Ax. 2 Ax, 2 Ax, 2 Ax, 2 Ax. 2 
( 7 ) ( — ) + (-7-) (^p) + (-71) (-V1) + m + + 

2 • 3 I 4 2 3 2 4 

AX- 2 AX. 2 AX. 2 AX, 2 AX- 2 Ax. 2 AX, 2 Ax. 2 Ax. 2 Ax, 2 AX. 2 
+ <-=*) t-;4) + (-T1) i - r ) <-=*> + ( - r ) ( — ) <-r> + < * > ( x } ( x > + 

3 4 x i 2 3 1 2 4 1 3 4 

AX, 2 Ax, 2 AX. 2 AX. 2 AX, 2 Ax, 2 Ax. 2 
+ ( p < x > ( p + ( T ) ( X > ( X > • 2 3 4 *1 2 3 4 

Note: The symbols x^ do not denote variables, but t h e i r numerical values. 

For l inear factor 

cFormulae fo r m=2: 

bFor l inear factors , no correct ion of the mean t-s necessary 

the table y ie lds : 

2 
y = n x. = x. x , , 

1=1 1 1 £ 

. 0 2 AX. 2 AX. 2 AX, 2 
= I • (-71) y i= 1 xi x] x2 
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2 
Fig. 1. Composite p lo t of the funct ion y « x , a normally d is t r ibu ted 

var iable x (XQ * 0 .8 , a = 0.2) and the d i s t r i b u t i o n of the resu l t 
* 

which i s asymmetric and has a mean y larger than yQ = 0.64. 



139 



ORNL/TM-10746 

INTERNAL DISTRIBUTION 

1 . L. W. Barnthouse, 1505, MS-6036 11. P. S. Rohwer, 4500S, MS-6102 
2. B. A. Berven, 7509, MS-6383 12. A. L. Sjoreen, 7509, MS-6383 
3. S. J . Cotter, 4500S, MS-6102 13. E. D. Smith, 1505, MS-6036 
4. R. H. Gardner, 1505, MS-6036 14. ORNL Central Research Library 
5. F. 0 . Hoffman, Jr., 1505, MS-6036 15. Y-12 Technical Library 
6. S. V. Kaye, 4500S, MS-6124 16. ORNL Patent Section 
7. D. C. Kocher, 7509, MS-6383 17-21. Laboratory Records Department 
8. F. R. O'Donnell, 4500S, MS-6102 22. Laboratory Records, ORNL-RC 
9. D. C. Parzyck, 4500S, MS-6103 23. RSIC Library 
10. C. R. Richmond, 4500n, MS-6253 

EXTERNAL DISTRIBUTION 

24. Office of Assistant Manager, Energy Research and Development, DOE-ORO, 
Oak Ridge, TN 37831 

25. L. R. Anspaugh, Lawrence Livermore Laboratory, P.O. Box 808, Livermore, 
CA 94550 

26. D. A. Baker, Battelle-Pacific Northwest Laboratories, P.O. Box 999, 
Richland, WA 99352 

27. Wayne Bliss, Director, Office of Radiation Programs, Las Vegas Facility, 
U.S. Environmental Protection Agency, P.O. Box 18416, Las Vegas, NV 89114 

28. E. F. Branagan, Office of Nuclear Reactor Regulation, Mail Stop P-712A, 
U.S. Nuclear Regulatory Commission, Washington, DC 20555 

29. Gary Briggs, M.D. 80, National Oceanic and Atmospheric Administration, 
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711 

30. Jon Broadway, Eastern Environmental Radiation Facility, U.S. Environmental 
Protection Agency, P.O. Box 3009, Montgomery, AL 36193. 

31. Byron Bunger, Office of Radiation Programs, ANR461, U.S. Environmental 
Protection Agency, Washington, DC 20460 

32. F. J. Congel, U.S. Nuclear Regulatory Commission, Washington, DC 20555 

33. T. V. Crawford, Savannah River Laboratory, Aiken, SC 29801 

34. Philip Cuny, Office of Radiation Programs, ANR461, U.S. Environmental 
Protection Agency, Washington, DC 20460 

35. Ray Dickson, National Oceanic and Atmospheric Administration, 550 Second 
Street, Idaho Falls, ID 93401 

141 



142 

36. G. G. Eicholz, School of Nuclear Engineering, Georgia Institute of 
Technology, Atlanta, GA 20332 

37. Floyd Galpin, Office of Radiation Programs, ANR460, U.S. Environmental 
Protection Agency, Washington, DC 20460 

38. James Hardin, Office of Radiation Programs, ANR460, U.S. Environmental 
Protection Agency, Washington, DC 20460 

39. J. L. Heffter, National Oceanic and Atmospheric Admlnistration/ARL, 
8060 13th Street, Silver Springs, MD 20910 

40. Bruce Hicks, Director, Air Resources Atmospheric Turbulence and 
Diffusion Laboratory, National Oceanic and Atmospheric Administration, 
Oak Ridge, TN 37831 

41. Rayford Hosker, Air Resources Atmospheric Turbulence and Diffusion 
Laboratory, National Oceanic and Atmospheric Administration, Oak Ridge, 
TN 37831 

42. Chen-Tang Hung, Office of Radiation Programs, ANR460, U.S. Environmen-
tal Protection Agency, Washington, DC 20460 

43. Bernd Kahn, Environmental Resources Center, 205 Old Civil Engineering 
Building, Georgia Institute of Technology, Atlanta, GA 30332 

44. Tom Kirchner, Natural Resource Ecology Laboratory, Colorado State 
University, Fort Collins, CO 80521 

45. H. M. Mardis, Office of Radiation Programs, ANR461, U.S. Environmental 
Protection Agency, Washington, DC 20460 

46. Terrence McLaughlin, Office of Radiation Programs, ANR460, U.S. Envi-
ronmental Protection Agency, Washington, DC 20460 

47-51. C. B. Nelson, Office of Radiation Programs, ANR461, U.S. Environmental 
Protection Agency, Washington, DC 20460 

52. Neal Nelson, Office of Radiation Programs, ANR461, U.S. Environmental 
Protection Agency, Washington, DC 20460 

53. Y. C. Ng, Biomedical and Environmental Research Division, Lawrence 
Livermore Laboratory, P.O. Box 808, Livermore, CA 94550 

54. Barry Parks, Office of Radiation Programs, ANR460, U.S. Environmental 
Protection Agency, Washington, DC 20460 

55. H. T. Peterson, Jr., Health Effects Branch, Office of Nuclear Regu-
latory Research, U.S. Nuclear Regulatory Commission, Washington, DC 
20555 

56. Charles Phillips, Eastern Environmental Radiation Facility, U.S. 
Environmental Protection Agency, P.O. Box 3009, Montgomery, AL 36193 



143 

57. Jerome Puskiri, Office of Radiation Programs, ANR461, U.S. Environmental 
Protection Agency, Washington, DC 20460 

58. R. P. Reed, Radiological Health, Tennessee Valley Authority, 401 Union 
Planters Bank Building, Chattanooga, TN 37401 

59. Allen Richardson, Office of Radiation Programs, ANR460, U.S. Environmental 
Protection Agency, Washington, DC 20460 

60. Madalyn Ronca-Battista, Office of Radiation Programs, U.S. Environmental 
Protection Agency, Washington, DC 20460 

61. J. M. Smith, Eastern Environmental Radiation Facility, U.S. Environmental 
Protection Agency, P.O. Box 3009, Montgomery, AL 36193. 

62. D. L. Strenge, Pacific Northwest Laboratories, Battelle Memorial Institute, 
Richland, WA 99352 

63. W. L. Templeton, Ecosystems Department, Battelle-Pacific Northwest Labora-
tories, Richland, WA 99352 

64. Marilyn Varela, Office of Radiation Programs, ANR461, U.S. Environmental 
Protection Agency, Washington, DC 20460 

65. James Walker, Office of Radiation Programs, ANR461, U.S. Environmental 
Protection Agency, Washington, DC 20460 

66. C. G. Welty, Jr., Office of Environmental Guidance (Room 3G-091), U.S. 
Department of Energy, 1000 Independence Avenue, SW, Washington, DC 20585 

67. F. W. Whicker, Department of Radiology and Radiation Biology, Colorado 
State University, Fort Collins, CO 80521 

68. Christopher Whipple, Electric Power Research Institute, P.O. Box 10412, 
Palo Alto, CA 94303 

69. W. H. Wilkie, Carolina Power and Light Company, Harris EficE Center, Route 1, 
Box 327, New Hill, NC 27562 

70. Anthony Wolbarst, Office of Radiation Programs, ANR460, U.S. Environmental 
Protection Agency, Washington, DC 20460 

71-80. Office of Scientific and Technical Information, 
P.O. Box 62, Oak Ridge, TN. 37831 


