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A b s tra e r

I’T IM IZA TIO N  OF R A D IA T IO N  P R O T E C T IO N  AS A SPECIAL CASI- OF DECISION 
IEORY.

Differential co s t -b e n e f i t  o p t im iza t ion  is p resen ted  as a special case o f  m ore  general 
ocedures of  decisión th eo ry  tha t  use probabilis tically  defined  uti l i ty  functions.  These  more 
neral p rocedures  can also be applied in cases where radiat ion  exposures  are only  po ten t ia l ,  to 
itimize the requ ired  level o f  safety features. It is show n tha t ,  for  disruptive events  o f  low 
obabil i ty  and  large resulting consequences ,  the concep t  o f  ‘e x p e c ta t io n ’ of  consequences  
nno t  be used in decisión making, but  tha t  the  use o f  probabilis tically  based u t i l i ty  func t ions  

m concep tual ly  assure a cons is ten t  a pp roach  in deciding the  requ ired  level of  safety .  The 
iper  explores the use o f  u t i l i ty  func t ions  o f  logari thmic fo rm  to assign weights to 
>nsequences involving d if feren t  losses o f  life.

IN T R O D U C T IO N

The id en t if ica t io n  and  in p a r t icu la r  th e  q uan ti l ' ica tion  o f  s to chas t ic  efl'ects has 
ad a very p ro n o u n c e d  in f luence  on  th e  p h i lo so p h y  o f  rad ia t io n  p ro te c t io n .  For 
id ia t ion  p ro te c t io n  pu rp o ses  it is assuined th a t  th e re  is a p ro p o r t io n a l  re la t ionsh ip  
e tw een  dose  and  the  p ro b ab i l i ty  o f  a s tochast ic  e f fec t  w ith in  th e  re levan t range 
■f doses.

A  co n seq u e n ce  o f  the  a s s u m p tio n  o f  p ro p o r t io n a l i ty  is th a t  p ro t e c t io n  is no t 
iken to  be abso lu te .  A rad ia t io n  source  alw ays im plies som e ‘d e t r im e n t ’ 
expec ta tion  o f  ha rm fu l  s toch as t ic  effee ts  in the  ex p o sed  p o p u la t io n  g roups).

The o p t im iz a t io n  req u i re m e n t  o f  rad ia t ion  p ro te c t io n  is th a t  all doses should  
e k ep t  ‘as low as reason ab ly  ach iev ab le ’ (A L A R A ) tak ing  in to  a c c o u n t  social and 
con om ica l  considera t ions .  This  r eq u i re m en t  consis ts  in lim iting the  d e t r im e n t  
rom  a given p rac t ice  o r  rad ia t ion  source  to  a valué such  th a t  fu r th e r  r e d u c t io n s  
re considered  less significant th an  th e  a d d i t io n a l  e f fo r ts  requ ired  to  achieve  such 
¿ductions.

O p t im iza t io n ,  th e re fo re ,  im plies m ak ing  a decis ión , and  th e re  is a w id e  range 
f possible te c h n iq u es  to  dec ide  w ha t  is ‘reaso nab ly  ach ievab le ’ in th e  c o n t ro l  o f  
id ia tion  exposures .  T he  use o f  any  given te c h n iq u e  im plies, e i the r  ex p lic i t ly  o r  

mplicitly , som e valué ju d g e m e n ts  a b o u t  the  several poss ib le  cri ter ia  th a t  inf luence  
he decis ión.
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D ifferen tia l  co s t -b e n e f i t  o p t im iz a t io n  h a s a l r e a d y  b ec o m e  es tab lished  in 
ra d ia t io n  p ro te c t io n  [1 ], and  a lte rna t ive  o p t im iz a t io n  te chn iq ues  are being devel- 
oped .  A parallel d ev e lo p m en t  in rad ia tion  p ro te c t io n  is ex p e c ted  to  in f luence  the  
o p t im iz a t io n  a p p ro ach .  T h is  d ev e lo p m en t  is th e  e x ten s ió n  o f  th e  pr inc ip ies  o f  
th e  dose  l im i ta t io n  sys tem  to  th e  case o f  ‘p robab i l is t ie  e x p o su re s ’, i.e. exposures  
th a t  w ou ld  result f rom  ra n d o m  d isruptive  events.

In the  case o f  ‘p robab i l is t ie  e x p o su re s ’, th e  use o f  th e  e x p e c ta t io n  valúes 
(implicit  in c o s t -b e n e f i t  o p t im iz a t io n )  w ou ld  be invalid in the  case o f  the  
c o n t r ib u t io n s  o f  low p rob ab i l i ty ,  high c o n seq u e n c e  s i tu a t ion s  [2 | .  F u r th e rm o re ,  
the  use o f  collective doses w o u ld  be p rec luded  if high doses, b ey o n d  th e  range o f  
s to chas t ic  l ineari ty .  are possible.

!t th e r e fo re  seems in te res t ing  to  exam ine  th e  basic too ls  o f  decis ión 
analysis as a possib le  general p ro c ed u re  for  o p t im iz a t io n ,  ap p licab le  b o th  to  
n o rm al  s i tu a t io n s  and  to  ‘p robabilis t ie  e x p o su re s ’.

2. O P T IM IZ A T IO N  AS A C A SE  O F  D E C IS IO N  A N A L Y S IS

In the  case o f  ‘n o rm al s i tu a t io n s ’, the  co nseq u en ces  o f  th e  residual exposures  
at a given p ro te c t io n  level are s tochast ic  effee ts .  T h e  ac tua l  n u m b e r  w o u ld  alw ays 
be u nc e r ta in  (0, 1 , 2 , . . .  n), w ith  p robab ili t ies  d is t r ib u te d  in b in o m ia l  d is tr ib u t io n s  
w hich  in som e  cases cou ld  be a p p ro x im a te d  b y  a Poisson d is t r ib u t io n .  P robabili t ies  
w ould  be a fu n c t io n  o f  the  d is t r ib u t io n  o f  th e  effec tive  dose  equivalen ts ,  and  the 
m a th e m a t ic a l  e x p e c ta t io n  w o u ld  be p ro p o r t io n a l  to  the  collective dose.

In th e  case o f  e x p o su re s  th a t  w ould  result f ro m  r a n d o m  d is rup tive  events, a 
second  o rd e r  s to ch as t ic i ty  w ou ld  apply . Several even ts  cou ld  o c c u r  w ith  d if fe ren t  
p robabili t ies ,  an d  each w o u ld  lead to  a d is t r ib u t io n  o f  doses and  th us  an unce r ta in  
n u m b e r  o f  s toch as t ic  effeets,  plus som e no n -s to c h a s t ic  effee ts  if  th e  resu lt ing  doses 
are high enough .

B o th  p ro te c t io n  for  no rm a l  cases and  sa fe ty  fea tu res  to  a c c o u n t  fo r  proba- 
bil istic exp o su re s  w ou ld  involve decis ions in a s i tu a t io n  w here  th e  ac tua l 
con se q u en ce s  are unce r ta in ,  b u t  w here  p ro b ab i l i t ie s  can be assigned to  the  possible 
o u teo m es .  A typ ica l  a p p ro a c h  fo r  decis ions in such  s i tu a t io ns  can  be fo u n d  in the  
use o f  ‘u t i l i ty ’ fu n c t io n s  pro b a b ilis tica lly  based. O p t im iz a t io n  w o u ld  th e n  involve 
m in im iz ing  (o r  m ax im iz ing)  som e aggregate o f  p robab ili t ies .  This, a classical 
ap p ro a c h  w h ich  can be fo u n d  in decis ión analys is  te x tb o o k s ,  is su m m a r iz e d  in the 
fo l low ing  paragraphs, ad a p te d  to  the  case o f  rad ia t io n  p ro te c t io n  [3, 4].

Prov ided  th a t  the  re q u i re m e n t  on  indiv idual risk l im ita t io n  is satisfied, the  
r e q u i re m e n t  o f  o p t im iz a t io n  o f  p ro te c t io n  im plies  the  ex a m in a t io n  o f  available 
p ro te c t io n  o p t io n s  w hich  w ou ld  reduce  th e  risks bu t  w ould  also involve social 
costs.

T hese  p ro te c t io n  o p t io n s  m ay  be listed as 0 ¡  ( 0 1; 0 2, . . . O m ), and  m us t be 
analysed  in c o n n e c t io n  w ith  all th e  possible o ccu r re n c es  o f  r a n d o m  events



-  (E ] ,  E 2, . . . En ), n am ely  th e  n u m b e r  o f  e ffec ts  caused by th e  source . the
>robabilities o f  whicli m ay  be d e n o te d  by  P¡ (P , ,  P 2, . . . Pn ). O bviously  ZP¡ = 1.

J
t" th e  n o n -o ccu r ren ce  o f  effec ts  is also listed as an event and  if the  o c c u r re n c e  o f  
>ne event p rec lu des  the  o thers .

If a p a r t icu la r  p ro te c t io n  o p t io n  O, is se lected , th is  involves a given social 
j o s t ’, inc lud ing  m o n e ta ry  costs, re s tr ic t ion s  and  inconveniences, in o rd e r  to  
educe  the  p ro b a b i l i ty  o f  the  possib le  even ts  E , . . . En . If o n e  assum es tha t  a 
^articular event Ej a c tu a l ly  occ u rs  in sp i te  o f  the  risk-reducing  e f fo r ts  im plied  by 
Jj, alI u n c e r ta in ty  is rem oved  fro m  the  p ro b lem  an d  a d e f in i te  c o n seq u e n ce  is 
íssocia ted  w ith  th e  se lec ted  p ro tec t iv e  o p t io n .  Since the  p ro tec t ive  o p t io n  0 ¡  
lot o n ly  has in f luen ced  the  p ro b ab i l i ty  o f  o c cu r ren ce  o f  event Ej bu t  a lso involves 
given social cost ,  th e  ‘c o n s e q u e n c e ’ will d ep en d  o n  b o th  0 ¡  and  Er  T h e  

o m p o n e n t s  o f  th is  co n se q u en ce  C¡j are no t  necessarily  am en a b le  to  aggregation  
n to  a single q u a n t i ty .

However,  it is co n c e p tu a l ly  possible to  rank  all th e  possible c o n se q u en ce s  as 
lefined above (i.e. C¡j for all valúes o f  i and  j )  in o rder ,  from  the best to  th e  worst ,  
iccording to  the  p re fe rences  o f  th e  decis ión  m aker .  T he  rank ing  m us t  be co h eren t, 
n th e  sense th a t  if  a co nseq u e n c e  C , is p re fe rred  to  C 2 and C 2 is p re fe rred  to  C 3. 
h en  C] m ust also be p re fe rred  to  C 3. It is conce ivab le  th a t  tw o  c o n seq u en c es  may 
ie equa lly  des irab le  (o r  undesirab le ) .

In o rd e r  to  assign a p robab ilis t ica lly  based u t i l i ty  valué to  each con seq u en ce  
>f th e  rank ing  it is possib le  to  design a co n c e p tu a l  r a n d o m  game. F o r  th is  
lu rpose  tw o  re fe rence  co n seq uen ces ,  C B and  C\y, are  p o s tu la ted ,  such th a t  C B is 
se t te r  than  the  ‘b e s t ’ o f  the  c o n se q u en ce s  in the  ranking , o r  at least is equally  
iccep tab le ,  and  th a t  no  c o n se q u en ce  is ‘w o rse ’ th an  C \y . In the  designed 
con c ep tu a l  r a n d o m  gam e C B and  Cw are the  o n ly  possib le  o u tc o m e s  o f  th e  game, 
w ith  p robab ili t ies  U and  1 -  U respectively , w hich  can be se lec ted  at will.

T h is  p a r t icu la r  valué o f  U, U(C¡j), is th e  u t i l i ty  o f  co nseq u e n c e  C¡j. As defined  
u ti l i ty  can be  used  in p robab ilis t ic 'éxp ress ion s .  U n der  the  equal p re fe rence  
co n c ep t ,  it  is equ iva len t to  the  co n d i t io n a l  p ro b ab i l i ty  o f  o b ta in in g  th e  best 
o u tco m e  C B given b o th  th e  p ro te c t iv e  o p t io n  0 ¡  and  th e  ac tua l o ccu r ren ce  o f  the  
event Ej!

As the  events  Ej are  m u tu a l ly  exclusive, an d  again u n d e r  the  equal 
p re fe rence  c o n c e p t ,  fo r  a given p ro tec t iv e  o p t io n  0 ¡  th e  p ro b a b i l i ty  o f  th e  best 
o u tc o m e  C B is

U(Cjj) = P ( C B | 0 ,  and  Ej) ( 1)



w here P¡j is th e  p ro b ab i l i ty  o f  even t Ej i f  p ro te c t iv e  o p t io n  0 ¡  has been  
im p lem en ted .

O p t im iz a t io n  o f  p ro t e c t i o n  involves th e  se lec tion  o f  a p ro tec t iv e  o p t io n  0¡ .  
T h e  iarger P(CrB10¿) and ,  as a necessary  co n se q u e n c e ,  th e  sm aller  P (C W |0 ¡ ) ,  the  
b e t te r  is th e  p ro te c t io n  o p t io n  O r  ju d ged  in the  f r am ew o rk  o f  p re fe ren ces  
involved in the  ass ignm ent o f  u t i l i ty  valúes. O p t im iz a t io n  o f  p ro t e c t io n  shou ld  
th e re fo re  be achieved w ith  an o p t io n  0 ¡  su ch  th a t

T h ere  is an  a p p a re n t  e lem en t  o f  arb i tra r iness  in such  an o p t im iz a t io n  
p ro cedu re ,  because  there  is in d e te rm in a t io n  in selecting Cg and  Cyj o f  th e  
pre fe rence  r a n d o m  game. H ow ever ,  p rov ided  th a t  they  are ‘b e t t e r ’ a n d  ‘w o rse ’ 
th an  all ac tua l possible con seq uen ces ,  it can  read i ly  be sh o w n  th a t  th e  de ter-  
m in a t io n  o f  th e  o p t im iz e d  p ro te c t io n  o p t io n  is in d e p e n d e n t  o f  th e  valúes o f  
Cg and  .

3. N O R M A L  S IT U A T IO N S  A N D  D IS R U P T IV E  E V E N TS

Assigning p robab ilis t ic  Utilities, as well as rank ing  co n seq uen ces ,  is basically 
the resu lt  o f  social v a lua t ions  in trinsic  in th e  c o n c e p t  o f  pre fe rence .  It  sh ou ld  be 
n o te d  th a t  ju d g e m e n ts  o f  th is  ty p e  are in h e ren t  in all p ro c e d u re s  o f  rad ia t io n  
p ro te c t io n  o p t im iza t io n .  F o r  exam ple ,  in th e  c o s t -b e n e f i t  o p t im iz a t io n  for  
no rm al  s i tua t ions ,  social va lua t ions  are involved in selecting the  valué o f  a ,  th e  
m o n e ta ry  valué assigned to  th e  u n i t  o f  collec tive  dose.

As th e  collective dose  in n o rm al s i tu a t io n s  is p ro p o r t io n a l  to  th e  m a th e m a t ic a l  
ex p e c ta t io n  o f  con seq u en c e  (e x p e c te d  n u m b e r  o f  s to chas t ic  effec ts) ,  the  se lec tion  
o f  a valué o f  a  implies th e  ass ignm ent o f  a m o n e ta ry  cos t  p e r  s ta tis t ica l  life, 
v = a /R ,  w here  R is th e  risk o f  s tochast ic  e f fec ts  p e r  u n i t  e f fec tive  dose  equivalen t.  
T he  se lec tion  o f  a valué o f  a  th e re fo re  im plies a ju d g e in en t  o f  equa l  p re fe rence  
for  co nseq u e n c es  o f  e i th e r  on e  m o re  s ta tis t ica l  d e a th  o r  o n e  e x tra  e x p e n d i tu r e  o f  
a valué v.

If  decis ión  analysis is app lied  to  o p t im iz e  p ro te c t io n  fo r  n o rm a l  s i tua t io ns ,  
using Eq. (3) ,  Utilities m u s t  be assigned to  c o n seq u en ces  involving a t  leas t th e  
n u m b e r  o f  s to ch as t ic  e f fec ts  (0 , 1, 2, . . .  n )  a n d  th e  cos t  o f  th e  p r o t e c t i o n  o p t io n  
O j, n am e ly  X¡. Tire p robab i l i t ie s  P¡j o f  the  d i f fe re n t  c o n seq u en ces  are a fu n c t io n  
o f  the d is t r ib u t io n  o f  doses  resu lt ing  f ro m  p r o t e c t i o n  o p t io n  0 ¡ ,  and  are in t u m  
binom ia l ly  d is tr ib u ted ,  o r  in so m e  cases Poissonian.

I f  the criteria selected  fo r  assigning Utilities are  linear w ith the actual n u m b e r  
o f  s to c has t ic  effec ts  in the  range o f  interest, and if  it  is poss ib le  to  aggregate this

(3)



>art o f  th e  c o n se q u en ce  w ith  th e  cos t  oí' the p ro te c t io n  o p t io n  as X¡/v, then  
,q. (3 )  can easily be m an ip u la te d  to  give the ob jec t ive  fu n c t io n  o f  c o s t -b e n e f i t  
ip t im iza t ion :

Xj + «Sj = min. (4)

irov ided  no  o th e r  p re fe ren ce  cr i te r ia  are tak en  to  app ly .
T he  s i tu a t io n  is m o re  co m p le x  in th e  case o f  o p t im iz a t io n  o f  sa fe ty  fea tu res  

or p o te n t ia l  d is rup tive  events. In th e  case o f  a r a n d o m  acc iden ta l  even t th e  risk 
o an individual d ep en d s  on  the  p ro b ab i l i ty  o f  th e  ev en t  and  o n  th e  resu lt ing  dose. 

F or  rad ia t ion  e ffec ts  one  deais , th e re fo re ,  w ith  e f fec ts  o f  second  o rd e r  s tochast ic i ty .  
c o r  exam p le ,  the  p ro b ab i l i ty  o f  dy ing  (risk) as a resu lt  o f  a given p o te n t ia l  
iisruptive event can  be expressed  as P = P i P 2, w here  P is th e  ‘r isk ’, P, is the 

■jrobability o f  o cc u r ren ce  o f  the  event w h ich  w o u ld  resu lt  in a given dose ,  and 
is the  co n d it io n a l  p ro b a b i l i ty  o f  d ea th  given th a t  dose. F o r  P 2, fo r  rad ia t ion  

p ro tec t io n  purpo ses ,  the  p ro b ab i l i ty  o f  s to chas t ic  e f fec ts  (n am ely  fatal cán ce r  
m d  serious g en e tic  e f fec ts)  is tak en  to  be o f  th e  o rd e r  o f  10~2 p e r  sievert o f  
jf fec t ive  dose  equ iva len t  [5]. O n th e  o th e r  h an d ,  th e  p ro b ab i l i ty  o f  no n -s toch as t ic  
effects, above th e  th resho ld ,  increases fro m  zero  to  o n e  over a usual ly  small range 
of doses. F o r  ex am p le ,  fo r  m o r ta l i ty  d ue  to  the  a c u te  rad ia t ion  s y n d ro m e  
resulting f ro m  w hole  body  i r rad ia t io n ,  the  p ro b ab i l i ty  a t  less th a n  2 gray  is 
prac t ica l ly  ze ro ,  while it is nearly  one  above 6 gray.

A ctual c o n se q u en c es  o f  d is rup tive  events  c ou ld  inc lude  c o m p o n e n t s  w hich  
are very d if f icu l t  to  express  in a single q u a n t i ty  ( n u m b e r  o f  n o n -s to ch as t ic  and 
s tochastic  effec ts ,  land c o n ta m in a t io n ,  cos t  o f  th e  p ro tec t ive  o p t io n ,  etc .) .
However, rank ing  by p re fe ren ce  and  u t i l i ty  a ss ignm ent can be carr ied  o u t  by 
the decis ión  m aker ,  ensur ing  c o n s is te n t  decis ions.

R egarding on ly  the  n u m b e r  o f  lives lost, a d if fe ren t ia l  decrease o f  u t i l i ty  
w ith  an increase o f  n u m b e r  can be assum ed  to  d ep e n d  o n  th e  ac tua l n u m b e r  
involved. In fact ,  acc iden ts  killing 1 o r  100 p e op le  w o u ld  be co n s ide red  o f  qu i te  
d if fe ren t  m agn i tud es ,  while a cc iden ts  killing 10 001 o r  10 100 p e o p le  w o u ld  be 
ludged q u i te  similar,  a l th o u g h  the  abso lu te  d if fe ren ce  is the  same in b o th  cases.

U til ity  in these  cases cou ld  be ta k e n  to  be an increasing fu n c t io n  o f  th e  to tal 
n u m b e r  o f  ind iv iduáis  n o t  a f fec ted  by th e  even t,  U (N  -  n), w here  N is th e  to ta l  
n u m b e r  o f  ind iv iduáis  involved in th e  eva lua t ion  and  n is th e  n u m b e r  killed in the 
event. It sh ou ld  be n o te d  th a t  th e  se lec tion  o f  ‘b e s t ’ a n d  ‘w o r s t ’ c o n seq u en ce s  for 
assigning U t i l i t i e s  w ould  im ply  n = 0 and  n = N respectively .

T he  rela tive p e rcep t io n  o f  th e  m ag n i tu d e  o f  acc iden ts ,  im p ly in g  a ju d g e m e n t  
o f  logar i thm ic  n a tu re  fo r  the  ‘d is u t i l i ty ’ (1 -  U), to g e th e r  w ith  an a s su m p tio n  o f  
c o n s ta n t  r isk aversión  in assigning Uti l i t i es  over  th e  e n t i r e  range, leads to  a u t i l i t y  

fu n c t io n  o f  the  ty p e

i _  - k ( N  - n )

U (N  -  n )  = --------------—
1 - e " k N



w here  k is a c o n s ta n t .  I f  in th e  o p t im iz a t io n  analysis it  is a ssum ed  th a t  the  cost  
o f  p ro t e c t io n  can  be aggrega ted  to  th e  n u m b e r  o f  dea th s ,  as X¡/'v, th e n  n shou ld  
be s u b s t i t u te d  by n + X¡/v.

A final re m a rk  is necessary .  O p t im iz a t io n  o f  p ro te c t io n  involves decis ions,  
an d  several o th e r  aggregative te c h n iq u e s  a nd  m u l t i - a t t r ib u te  m e th o d s  will p ro b a b ly  
be increasing ly  used  in a d d i t io n  to  c o s t -b e n e f i t  o p t im iz a t io n  in r a d ia t io n  p ro te c t io n  
decis ions. In  all cases th e re  are exp lic i t  o r  im plic it  a s su m p tio n s  a n d  social judge- 
m en ts  involved  in th e  decis ión. T h e  use o f  decis ión  analysis te c h n iq u es  m akes  
these  a s s u m p tio n s  and  ju d g e m e n ts  m o re  exp lic it  and  o ffe rs  a c o h e re n t  a p p ro a c h  
w hich  can  lead  to  co n s is ten t  decisions.
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