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1.0 Introduction 
Lawrence Livermore Laboratory is developing a methodology for the 

generation of radiological performance objectives for the regulation of 
radioactive waste. Interim reports describing this work [1, 2] have been 
produced, ana a final report will become available by November, 197fc. As 
explained in LI] and [2], in order to measure the risk associated with 
raaioactive waste it is necessary to ascertain public opinion concerning 
the relative significance of the different possible health effects of 
radiation, and public attitudes towards uncertainty. 

Lawrence Livermore Laboratory has directed Decisions and Designs, 
Incorporated (DUI), to elicit such views from various members of the public. 
The purpose of this note is to give a brief account of some of the views 
so far obtained, provide some interpretation of these results, and briefly 
demonstrate how these results can be used to guide the crafting of regula
tions. Section 2.0 describes the views to be elicited and the procedure 
used in the elicitation. Section 3.U presents some of the preliminary 
results. Section 4.L1 contains comment and interpretation of these results 
and now they may be aggregated to produce a risk index for society. 
Section S.u briefly demonstrates how that risk index can be used in an 
example regulatory decision problem. Finally, Section 6.0 outlines work 
yet to be completed in the RPO development effort. 

While this note is intended only as a brief update of interim reports 
Ll] and [2], in order to orient the reader who has not read those reports, 
we include an extremely cursory review of the main points of the radio
logical performance objectives task: 
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The purpose of the task is to develop radiological performance objec
tives (RPO's) for guidance in the drafting of regulations for nuclear 
waste management. Those RPO's must be based on a risk index, a single 
number which describes the overall risk represented by a given waste man
agement repository. This index has three essential purposes: 
(1) To order alternative repository designs in terms of their degree 

of risk. A description of the risk of a repository involves several 
uncertain measures which must be combined into a single index before 
one repository can be identified as less risky than another. 

(2) To identify efficient repository designs in terms of the least risk 
possiMe for a given expenditure. 

(3) To measure the reduction in risk afforded by a proposed regulation 
or change in regulation, so that that reduction can be compared with 
the cost of achieving it. 
The methodology being exercised to produce this risk index is deci

sion analysis (see [3]). The basic advantages of this methodology over 
others are: 
(1) It provides a formally correct way to include attitudes toward un

certainty in the evaluation of the uncertain impacts of a waste 
management repository. This feature cai be used to assure that re
gulations concerning uncertain impacts are consistent with regula
tions on certain or routine impacts. 

(2) It incorporates the relevant social values in a structured, self-
consistent manner that allows the measurement and use of values 
external to the NRC. 

(3) It reduces large amounts of very complex risk analysis information 
into progressively more simple summary indices, and finally into 
a single risk index, in a manner that is consistent with the values 
measured. 
This memo should provide some insight into the "nuts and bolts" of 

how the decision analytic methodology employed in this task fulfills the 
purposes and achieves the advantages listed above. 
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2.u Public Values in a KisK Index for Radioactive Waste 
hiany approaches to measuring risk have concentrated on the potential 

fatalities associated with an activity and on the probabilities of occur
rence of those fatalities. This ignores, however, the many other delete
rious consequences that are of public concern and the fact that the cir
cumstances and timing of a death (or some other consequences) may alter 
its perceived importance. Categorizations of the consequences of a radia
tion dose which appear to be of public concern, and some circumstances 
in which the dose might arise, are outlined in Figures <J-1 and 2-2. 

In order to determine the relative significance of these effects, 
value judgments have to be made. Since in this context the source of such 
values should be the public, ODI has been sounding key segments of public 
opinion in these matters. The spectrum of effects is large and complex, but 
a characterization of those effects has been established that, in some sense, 
spans the gamut of possible effects. It is complex enough to capture the 
range of concerns yet simple enough for it to be possible, within reasonable 
resources, to elicit the tradeoffs involved from scores of different people. 

A second elicitation is the judgment of how much the government 
should pay to reauce these health effects, i.e., the judgment of how much 
we should expend to ensure adequate safety. Third, tradeoffs of the rela
tive significance of effects as a function of the type of raoiation expo
sure is necessary. Last, attitudes towards uncertainty are needed. 

The report form used by the UDI investigator as an aide-memoir in 
the procedure of eliciting views from the puDlic is enclosed here in 
tne Appendix. (Note that the investigator filled out these forms during 
each interview. This was done to ensure that the questions were presented 
in a standardized manner.) Several assumptions about the preference struc
tures have been made, and these are implicit in the form in which the views 
were sought. These include: 
(a) The relative importance of different health effects is independent 

of the levels of those effects or of the levels of any other health 
effects. 

(b) The relative importance of different health effects does not depend 
on whether the exposure is occupational or non-occupational, nor 
on the time at which the exposure occurs, even though the signifi
cance of a particular health effect may well depend critically on 
these circumstances cf dose. 
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Figure 2-1. Categorization of Health Effects. 
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Figure 2-2. Categorization of Types of Radiation Exposure. 
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That is, if a fatal cancer is felt to be J>0 times worse than a non-fatal 
cancer, that 5U:1 value does not change with the numbers of cancers or 
other health effects involved. Nor does it change with the circumstances 
of the dose: a current fatal cancer is SO times worse than a current non
fatal cancer and a future fatal cancer is 80 times worse than a future 
non-fatal cancer. Analytic approximations of this kind are essential if 
public values are to be incorporated into a risk measure. Justification 
of these approximations is contained in [1]. 

As can be seen from a study of the Appendix, when interviewing people 
the investigator first set this project in context and then endeavored to 
discover whether the subject had any general views on nuclear energy. 

The relative importance of different health effects as perceived by 
the subject was discovered by first ranking the five typical effects (as 
specified on the card) in order of seriousness. Then for each adjoining 
pair on this list, the subject was asked how many cases of one effect was 
as bad as one case of the effect above it in the list. As a cross-check, 
the first and third and second and fifth effects were independently as
sessed in this way. inhere there was inconsistency, the subject was asked 
to modify his assessments until they were consistent and he was satisfied 
that they represented his judgments. (Many of the subjects felt that a 
range ot numbers, rather than a single number, would adequately represent 
their judgments of relative harm. This effect will be discussed in the 
final report of this study; in this note we will just present single 
numbers for the tradeoffs.) 

Next the subject was asked how much money he felt the Government 
should be prepared to spend to prevent one case of a particular health 
effect. This was done for two different effects, again as a cross-check. 
The difference in importance of these effects, depending on the circum
stances of the radiation dose that caused them, was then assessed by con
centrating on one particular effect (a fatal cancer). First, the time 
dependency was investigated by asking how many deaths one thousand years 
from now were as bad as a death thirty years from now and a similar trade
off was made between deaths ten and one thousand years into the future. 
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The next step was to explore the occupational/non-occupational ques
tion. Again restricting attention to fatal cancers, the subject was asked 
how many such cancers caused by radiation to workers who knew and accepted 
the risk they were running, was as bad as a single fatal cancer inflicted 
on a member of the public. 

Last, attitudes to uncertainty were explored by asking for indifference 
judgments between one sure death (fatal cancer) and a 1% and 5u% chance of 
some number of deaths. 

3.L) Some Preliminary Results 
One of the sets of people interviewed was the advisory group, whose 

members were selected because of their knowledge of the problems of radia
tion and the respect that they enjoy in the community at large. This 
group of thirteen people was composed of eight members of the National 
Council on Radiation Protection Working Group on Acceptable Risk (Nuclear 
Waste), three members of a relevant government agency (not NRC), and two 
recognized authorities in fields relevant to nuclear safety. Their judg
ments (kept anonymous) are presented in Tables 3-1 to 3-5. The tradeoffs 
between health effects have been presented in Table 3-1 by expressing the 
significance of each effect as a multiple of the significance of the least 
important effect. Notice that this does not give any meaning to the absolute 
numbers in that table; it is only the ratios between effects that can be 
compared between subjects. 

Table 3-2 presents judgments as to the amount of money that the Govern
ment should expend (in today's dollars) to avoid an instance (statistical) 
of one of these effects. The underlined figures in this table were obtained 
by direct elicitation (adjusted by the subject for consistency where neces
sary), while the other figures are inferred from Table 3-1. 

Tables 3-3 and 3-4 present the tradeoffs as to the circumstances of 
the dose causing the effects. Table 3-3 deals with the time at which the 
dose is received and Table 3-4 with whether or not the exposure is occupa
tional. Questions were only asked about one health effect, namely, a fatal 
cancer. Our methodoiogy assumes that these tradeoffs between the circum
stances of a dose will be the same no matter which health effect is con
sidered; where this assumption was tested, it was shown to hold. 
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tjuick Fatal Nonfatal Mental 

Subject No. Death Cancer Cancer Subnormal S t e r i l i t y 

1 1UU 200 10 1,400 1 
Z 1 12 3.0 2.0 1.4 
3 30 430 no 36 1 
4 60 60 1 15 10 
b 90 20 1 30 2.0 
b 13 11 1.4 20 1 
7 52 100 26 120 1 
b 23,000 28,000 100 33,000 1 
9 250 160 1 52 7.5 

10 16 its 5.5 25 1 
11 4b 77 1 24 3.1 

1Z 43 36 12 8.3 1 
13 11,000 33,000 1,100 67 1 

Table 3-1. Relative Importance of Health Effects. 



Quick Fatal Nonfatal Mental 
Subject No. Death Cancer Cancer Subnormal Sterility 

1 loo 200 10 1,400 I 
2 20 WO 60 40 28 
3 7 1UU 2b ISO 4 
4 360 360 6 90 60 
5 bid 180 9 270 IB 
6 360 300 38 540 26 
7 150M 300M 77M 370H 2.9M 
b 10B 12B 43M 14B 500 
9 3.5M 2.2M is 740 100 
10 330 3bO 110 510 22 
11 380 610 8 190 24 
12 8.6M 7.2H 2.4M 1.6M 200 
13 1_M 3H 100 6 I 

Table 3-2. 

Dollar values for preventing one instance of the effect occurring 30 years 
from now, as a result of a non-occupational r isk. 

(Thousands of dol lars, except: ri = mil l ion 
8 = b i l l ion) 

Underlined figures are direct judgnents. Other figures are implied using 
Table 3-1. 
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30 Years 1,UU0 Years lu.uuu Years 
SuDject No. Fror- Now From Now From Now 

1 

No. 

1 1 
1 3U.WJU l.ouu 
3 luo.uoo l.UUU 
4 luu 33 
!> 16 1.& 
6 1 10 \Z 
7 1U 1 
« 5,UUU b 
9 1.2 1.1 
1U 1 1 
11 50 1.6 
U 14 1.4 
13 2&,UU0 luu 

Table 3-3. 

Relative importance of fatal cancers occurring at different times. 
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Subject No. Non-Occupational Occupational 

1 1 
£ 1.2 

S S 

4 2 
5 B 
6 1.4 
7 10 

8 4 
9 1.4 

10 5 

11 12 
12 5 

13 3 

Table 3-4. 

Relative importance of occupational vs. non-occupational fatal cancers. 
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Finally, Table 3-5 presents attitudes toward uncertainty. Recog
nizing that many people do not view the expected number of a particular 
health effect to be an adequate risk measure (in that one death for sure 
may be judged worse than, say, a }% chance of one hundred deaths), the 
subjects were asked for their own views on uncertainty. Specifically, 
they were asked how many deaths occurring with a ]% probability were as 
baa as one aeath occurring for sure, and the same question was asked 
when the probability was 5U«>. 

4.U Comment and Interpretation 
These results are of interest just as they stand. For example, 

Taole 3-1 shows that, contrary to the usual assumptions, some people do 
not view death as the principal cause for concern about the effects of 
radiation. Note that subject 1 feels that a mutation leading to mental 
subnormality is fourteen times as significant as a r-jick death. However, 
our more specific aim here is to exercise the methodology being adopted 
in this study for measuring risk. 

As indicated in [1], the oata on judgments collected from members 
of the public are to be used to construct a risk index for a nuclear 
waste repository. This involves the following steps: 
(a) Construction of a value function. 

In our representation of the consequences of a radioactive waste 
repository, every eventuality can be described by just twenty variables. 
These dre the numbers of cases of the five different health effect 
measures of Figure 2-1, for non-occupational exposure in each of the 
three possible time periods (near future, during deposition - effects 
caused in the first two thousand years and effects caused after the 
first two thousand years) and for occupational exposure in the depo
sition phase. The value function for a single person is merely a 
weighted sum of these twenty variables, weighted according to the 
tradeoff assessments that he gave, 

(o) Construction of a utility function. 
The next step is to create a utility function for each indivi

dual which captures his attitudes towards uncertainty and his judg
ment as to the relative importance of consequences of different 
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NUMBER OF FATAL CANCERS 
OCCURRING. WITH PROBABILITY X, 

JUDGED EQUIVALENT TO 
ONE SURE FATAL CANCER 

Coefficient of 
Uncertainty Aversion 

Corresponding to 
SuDject No. X = V« X = bO'i Y» Response* 

1 1UU 2 0 
2 1UU l.y U 
3 7UU 2 .010 
4 2UU 3 .UUHU 
b 50U 3 .010 
D 100 2 0 
7 100 1 u 
8 3b 1U -.053 
y 100 1.9 0 
iu 2SU 4 .UU90 
n 100 2 u 
12 120 1.5 .0032 
13 l.uoo 4 .010 

Table 3-5. Attitudes Toward Uncertainty. 

*This variable will be explained in Section 4. 



- 1 4 -

severity. This is essentially a modification of the scale of the 
value function, designed so that an uncertain situation can be 
evaluated by i ts expected u t i l i t y , the expectation over the u t i l i 
ties of the possible outcomes (as opposed to the expected value, 
the expectation over un-rescaled values of the possible outcomes). 
This u t i l i t y function incorporates aversion or preference for un
certainty in a logically self-consistent manner, as explained in [ 3 ] . 

(c) Aggregation of u t i l i t y functions from different subjects. 
To establish a u t i l i t y function which represents public opin

ion, individual u t i l i t y functions must be aggregated. There are 
many d i f f i c u l t methodological issues here which have not yet been 
fu l ly resolved; these w i l l be addressed in the f inal reports on this 
study. For exemplification of our methods here, however, we shall 
use asi approach involving a weighted sum of u t i l i t i e s . The weights 
are adjusted so that the contribution to overall u t i l i t y from a 
single instance of the west signif icant effect ( in the judgment of 
any subject) is the same across subjects. 

(d) Calculation of risk index. 
The risk inuex can now be calculated by multiplying the u t i l i t y 

for any particular outcome ( i . e . , a set of values for the twenty 
descriptive variables) by the probability of that outcome and sum
ming over a l l probability-outcome products. 

To carry out the calculations outlined above, we must f i r s t calculate 
the value function for each subject. For example, consider subject number 5. 
Arbi t rar i ly setting to 1 the weight associated with his most signif icant 
effect (Quick Death), his weights for Fatal Cancer, Non-Fatal Cancer, Men
tal Sub-Normality, and Ster i l i t y cases are (from Table 3-1) .22, .011, 
.33, .022, respectively. Relative to a non-occupational health effect 
30 years from now, the weights for subject 5 of an occupational health 
effect, an effect 1,000 years from now, and an effect 10,000 years from 
now are (from Tables 3-3 and 3-4) .20, .10, and .062, respectively. Thus, 
the value function for subject S i s : 
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\M X n + .^2X 1 2 + .011X13 + .33X ] 4 + -U22X15 

+ .WX,, + -U44X22 + .0U22X23 + .Ob7X24 + .UU44X^b 

+ .1UX;J1 + .U22X3i, + .UU11X33 + .033X34 + .0022X3fa 

+ .U62X41 + -OHX^ + .uUUb9X43 + .021X44 + .0014X45 

(1) 

where X.. is the number of health effects of type j caused by radiation 
' J exposure type i, for: 

= 1 
= 2 
= 3 
= 4 

30 years, non-occupational 
3u years, occupational 

1,00U years froin now 
10,00u years from now 

j = 1 : quick Death 
2 : Fatal Cancer 
3 : Non-Fatal Cancer 
4 : Mentally Sub-Normal Child 
b : S ter i l i t y 

The next step is to f i t a u t i l i t y function to each subject's judg
ments about uncertainty. The general form for this functon to be used in 
this study is a simple rescaling of the value function. For the k subject: 

uk(x) 

uk<x) II 
II 100 -

vk(x) 

1 -e 
- V k ( x ) 

uk(x) 

uk<x) II 
II 100 -

vk(x) 

1 -e - l o u v 
T 

a k * 0 

0. 
(2) 

This function is normalized to be zero when * k ( x ) is zero, and to be 
luu when v. (x) is luu. The single parameter, a f c , is f i t t ed in this 
case to each subject's 1% uncertainty response as reported in Table 3-5. 
That parameter is the person's coefficient of uncertainty aversion. I f 
a is negative, u^(x) is convex, downward {on v(x)) and so models 
aversion to uncertainty. That i s , such a function w i l l discount uncertain 
outcomes to ref lect the attitude of a person who would, for example, prefer 
lu fa ta l i t i es for sure to a b% chance at 200 fa ta l i t i es . A positive a 
indicates preference for uncertainty. A zero a. indicates indifference 
to uncertainty, wnere a l l a person cares about is the expected value of the 
outcome. 
For subject number b, then: 

l-e-'U'V*) 

These values for a. are listed in the last column of Table 3~b. 

u 6(x) = 100 
1-e" (3) 
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Note that, of the thirteen people reported on here, six are averse to 
uncertainty, six are indifferent to uncertainty, and one prefers uncer
tainty (among choices of equal expected value). 

The third step is to aggregate these utility functions across people 
to achieve a single, group utility function. The method employed in this 
memo for calculating an aggregated utility for a group of subjects involves 
adding utility functions across subjects. This ensures that a scenario 
giving just one instance of the health effect viewed as most significant 
by each subject has the same effect on the public utility. This property 
holds because of the way the utility and value functions have been con
structed. Using the Table 3-b and Equation (2), we can define the ag
gregate utility function, u(x): 

-.u1v,(x) -.0U8v.(x) 
U(x) = v^x) + v 2(x) + 15S(l-e 3 } + 1 Bl (1 -e H ) 

-.O032v1;,(x) -.Ulv,,(x) < 4 ) 

+ ... + 3bB(1-e ) + 158(l-e l v ). 
One criticism of this aggregation scheme is that it may seem to give 

unequal influence to the views of various subjects. Any method for ag
gregating values will have some difficulties. The problem is a classic 
one in the field of social choice (see [4] and [5J). The method for aggre
gation of utility functions that will be recommended in the final report 
on this study may differ from the simple sum used here. The final aggre
gation method is currently being developed for Lawrence Liversiere Laboratory 
by Stanford Research Institute, International. 

The last step is to apply the utility function of Equation (4) to 
measure the risk of a repository. The risk index of a repository is 
simply the expected utility of the uncertain outcomes caused by the reposi
tory. That is, the risk of repository D , R(D ), is: 

R(oQ) =2pU iiu q) • u(x.), (5) 
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wnere p(x.|L> ) is the proDability that the set of health effects x. 
will occur given that repository I) is built. This risk index is on an 
arbitrary scale, so it is not possible to provide units for it. but it has 
buen calculated in such a way that (i) any other repository with the same 
value for the risk index should be viewed as equally bad by our group of 
subjects, and (ii) any repository with a higher value for the index is more 
risky (and conversely any repository with a lower value is less risky) than 
tne repository we have been considering. 

We can, however, interpret the value of this risk index in terms of 
a repository of a standard (although unrealistic) kind. Imagine a repository, 
U , which is absolutely safe, in the sense that no health effects of any 
kind occur at any ti.ne, except for a one in a hundred thousand chance of a 
number of quick deaths to workers during the deposition phase. What is the 
nunmer of such deaths produced by this hypothetical repository such that its 
risk indnx is equal to the risk index of the repository being evaluated? 
That numoer represents a rescaling of the risk index in mors meaningful 
terms: equivalent current occupational fatalities, xj,. In mathematical 
terms, JUi is such that: 

or: 

or: 

R(0QU.^)) = R(D q) (6) 

ltT b • U(0,L),0,U,xzl,0,l>, ...,U) =2p(xn- lDq) U(x.) (7) 

= U - 1[10 5?p(x,lD„) U(x.)], (8) A 

where U" is the inverse function of U into its x„, argument, all other 
arguments zero. 

In order to illustrate this evaluation procedure, we will step through 
a hypothetical numerical example, evaluating a repository, U , characterized 
by the very simple (and purely hypothetical) probability distribution given 
in the D columns of Table 4-1. [It is simple since in reality there will 
be a joint probability distribution over all 2U variables for each repository. 
In fact this example may create some confusion which we ought to attempt to 
avoid. It is normal when thinking of risk to consider the chances that a 
particular event has of occurring, such as the probability that a meteorite 



Repository D q Repository V 
Probab i l i t y that t h i s Par t icu Scenario A Scenario B Scenario Scenario 

l a r Set of Consequences 
Scenario) w i l l Occur 

(or A 
I D " 6 

B 

10" S 

C 
lo- 6 

D 

io- y 

Occupational Effects 
yuick Death 0 2 4 10 

Fatal Cancer 3 5 c 30 

Non-Fatal Cancer 2 10 4 20 

Mentally Sub-Normal Chi ld 4 20 1 b 

S t e r i l i t y 10 2b 6 2ft 

Non-Occupational Effects 

During Deposition 
guick Death 0 1 0 4 

Fatal Cancer 0 2 1 a 
Non-Fatal Cancer 1 5 1 6 

Mentally Sub-Normal Chi ld 2 6 0 1 

S t e r i l i t y 3 10 1 7 

In the F i r s t 2,000 Years 
Ouick Death 0 1 0 0 

Fatal Cancer 0 6 0 20 

Non-Fatal Cancer 3 10 0 15 

Mentally Sub-Normal Chi ld 10 25 0 5 

Ster i 1 i ty 20 50 0 22 

Af ter 2,000 Years 
i/uick Death 0 0 0 0 
Fatal Cancer 20 30 1 50 
Non-Fatal Cancer 20 40 1 40 
Mentally Sub-Normal Chi 1 d 100 70 0 10 
Ster i1 i ty 30 100 0 4b 

Table 4-1. Characterization of the Consequences of Two Alternative Repositories. 

*To be discussed in the next section. 
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wi l l h i t the repository. The probabilit ies in Table 4-1 however are at
tached to whole scenarios of possible events that may befall a waste repo
si tory; these wi l l be compounded of several different events, each with 
their consequent health effects. Thus, even with only a few events possi
bly occurring in each of the different time phases very many scenarios w i l l 
result. To keep the example simple, however, we have only included two 
such scenarios for each repository described in Table 4 -1 ; but we stress 
that this does not imply that we are imagining some one event (with proba-
b i l i t y 1U~ or lo" ) which w i l l causally lead to a l l the effects l is ted 
in one of the columns in Table 4-1.] 

tfecause the numbers in Table 4-1 are purely hypothetical, these ex
ample calculations w i l l only use the values of the f i r s t f ive subjects. 
The f i r s t step in evaluating repository D is the calculation of v. {x.) 
for each subject ana each scenario. Using Equation (1) , subject b is 
found to have values of 4.U for Scenario A and 9.0 for Scenario B. Similar 
calculations for each of the subjects result in the figures for the value 
functions displayed in the D rows of Table 4-2. Mow the u t i l i t y for 
each subject for each scenario car. be calculated, using functions of the 
form of Equation (2) with the parameters a. given in Table 3-5, and the 
arguments v, of Table 4-2. These u t i l i t i e s are displayed in the D rows 
of Table 4-3. 

Now the group u t i l i t y for each scenario can be calculated, using the 
aggregation method adopted for this report, by simply taking the row sums 
of Table 4-J. This yields a u t i l i t y of 142.1 for Scenario A, and 198.4 
for Scenario B. I t may seem that subject number 1 has been given a greater 
weight because of that person's larger u t i l i t y values in Table 4-3, caused 
largely by that person's lack of time discounting and occupational risk 
discounting. However, what matters to any analysis is not the absolute 
value of the u t i l i t i e s , but the differences between alternative options, 
how note that in fact, i f Scenario A were being compared with Scenario B, 
subject 1 would have a difference in u t i l i t y between the two that is less 
than that of two of the f ive subjects. 

Now the risk index for repository D , R(u ), can be calculated 
by simply taking the expected u t i l i t y : 

1U~6 • 142.1 + l ( f 8 • 198.4 = 1.44 ' 10" 4 . (9) 



-20-

Scenario A 119.6 
Repository D 

Scenario B 127.9 

Scenario C 2.45 
Repository 0 

Scenario D 37.76 

Table 4-2. Evaluation cf the Value Functi 
Repositories D and Ds 

1 

Scenario A 119.b 
Repository U 

Scenario B 127.y 

Scenario C 2.45 
Repository D 

Scenario 0 37.76 

Subject No. 
2 3 4 S 

b.3 1.2 6.5 4.0 

17.2 5.8 23.2 9,0 

9.32 7.67 11.94 b.B9 

49.17 3b.61 60.79 21.90 

ons for Each Subject and Each Scenario, 

Subject No. 
__2 3 ft 5__ 

5.3 1.9 9.2 6.2 

17.2 U.9 30.« 13.6 

9.32 11.70 16.56 9.04 

49.17 50.72 69.96 31.09 

Table 4 -3 . U t i l i t y Values for Each Subject and Each Scenario, Repositories U and D, 
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As explained before, this index is useful in that it can rank repositories 
in terms of risk, but it cannot scale risk or changes in risk in meaning
ful terms. To do that involves the assessment of equivalent current oc
cupational fatalities (or some other single dimension), using the reference 
repository D as presented before. It turns out that, for a scenario 
in which there are 12 occupational fatalities but absolutely no other 
health effects of any kind, the group utility is 14.2. A reference D 

-b with a lu chance at that scenario land no other accident scenarios) 
would have a risk index of 1.42 * 1U" , approximately equal to 8(0 ). 
Consequently, the equivalent current occupational fatalities measure for 

-5 D is 12 with a probability 10 . 
Note that the expected number of fatalities for repositories D and 

U differs. For repository 0 , it is 23 * 10" 6 + 47 • 10 _ t >, i.e., 
2,3b ' lu ; for the standard repository D 0 it is 12 ' 10 - The risk 
indices are the same, however, indicating that despite the expectation 
that the standard repository will produce over five times the deaths of 
the other repository, they are evaluated as equally dangerous by this 
group of subjects. The reasons for this are: (a) effects other than 
fatalities are held to be very significant, (b) occupational deaths are 
not thought to be as serious as non-occupational deaths, and (c) the sub
ject's are not indifferent between prospects at different probabilities 
but the same expected result (as inaicated by Table 3-b). 

A risk index constructed in the way outlined above can now be used 
to compare repositories as to risk, or to determine whether a proposed 
repository exceeds a pre-aetermined risk level. When rescalea in terms 
of equivalent current occupational fatalities (or any other single dimen
sion), the risk index can be used to measure the magnitude of a risk 
reduction brought about by a proposed regulation in terras that can be 
meaningfully compared with the incremental cost of the regulation. 

b.u An Example Decision Analysis of a Regulatory Decision 
The previous sections have presented some preliminary data and ex

plained the simple math that goes into the evaluation process. This 
section will step through a brief hypothetical example to illustrate how 
tne risk index can be used in regulatory decisions. 
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Suppose a new regulation is beirj considered that would require an 
increased waste packaging effort over what would happen otherwise. The 
point of this new regulation would be to reduce long term social risk. 
However, a comprehensive risk analysis might show that the new regulation 
has safety implications for the pre-seal phase that might be important. 
Suppose that the risk analysis found that the new regulation would ensure 
that any repository to be built would have a probability distribution 
over consequences like the extremely simple one of repository 0 presented 
in Table 4-1. If the new regulation were not implemented, the existing 
regulations would result in a repository like D in Table 4-1. It bears 
repeating that the actual probability distributions over outcomes to be 
produced in a risk analysis would be far more complex than the two-scenario 
hypothetical numbers of Table 4-1. 

The first question to ask is: Which repository is more safe? That 
is: Does the new regulation increase safety? It seems like a very simple 
question, but an examination of Table 4-1 will show that the answer to 
that question must involve value tradeoffs and a particular attitude 
toward uncertainty. If these value inputs are not stated explicitly, 
then they are implicit within the judgment of which repository is safer. 
The new regulation does seem to reduce long term risk, but by increasing 
the pre-seal handling of nuclear waste, it causes an increase in short 
term risk. A further confusing factor is the difference in probabilities 
of the various scenarios. The only way to decide which repository is 
more safe is to reduce the risk evaluation down to a scalar (a single 
number), either implicitly or explicitly. That, of course, is the pur
pose of the risk index methodology explained previously in this note. 

Applying the individual value and utility functions to scenarios 
C and D yields the numbers in the D rows of Tables 4-2 and 4-3. The 
utilities sum across people to 49.1 for Scenario C, and 239 for Scenario D. 
This leads to the risk index R(D ): 

TO"5 • 49.1 + 10" 9 • 239 = 4.91 . 10" 4. (10) 
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This is much higher than the risk inaex for repository D : 1.44 • 10" . 
This evaluation shows that, using the aggregated values of these five peo
ple, the proposed regulation decreases tt.e overall safety of the repository. 
This analysis would recommend against the adoption of the new regulation. 

But now suppose that we have a new regulation that does manage to 
decrease risk. Perhaps without the new regulation repository 0 results, 
and with it D results. Now the question becomes: Does the regulation 
reduce risk enough tc justify its incremental cost? That question can be 
answered by calculating the equivalent current occupational fatalities 
associated with each repository. For D that number is 12 occupational 

-5 " 
fatalities at a 10 probability. For 0, we calculate 43 such fatalities 

5 -5 
at a 10 probability. That is a difference of 31 lives saved at a 10 
prcbability. Similar calculations show that 12 • 10 occupational fatali-

_c ties for certain yields a risk index equal to R(D ), and 41 • 10 such 
fatalities for certain yields an index equal to R(D ). Either mode of -5 measurement yields about 30 • 10 equivalent occupational lives saved 
by the new regulation. At 310 per occupational life saved that makes the 
emulation worthwhile if it costs less than S300 per repository to implement. 

Note that the D repository has 12 • 10 expected fatalities (of 
S E 

all tyres), while D h.s 2.4 • 10 such expected fatalities, taking 
straight expectation., without using the value model. That yields about 
lu * 10" expected lives saved by the new regulation, a number quite -5 different from the 30 • 10 equivalent occupational lives saved using 
the value model. That difference reflects the importance of non-fatal 
health effects, the discounting of occupational lives, and attitudes toward 
uncertainty. 

This example may have overemphasized a "plug and crank" use of the 
decision analytic evaluation methodology. It should be stressed that the 
methodology is best used as a means for condensing very large and complex 
sets of risk analysis data into summary indices. These indices can provide 
guidance and support in the drafting of regulations in a way that can be 
shown to be consistent with the aggregate values of the people elicited. 

I 
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6.0 Future Work 
Three main sections of work remain to be completed in the course of 

the current contractual effort, to be completed by November, 1978. First, 
the final method of aggregation of values must be decided upon and imple
mented. Second, the data from the advisory group, the polarized group, 
and the general group (already collected) must be processed into risk 
indices in the manner described in this report, and then developed into 
radiological performance objectives. Finally, the entire evaluation 
methodology will be exercised on example repositories, described in terms 
cf probability distributions over outcomes, in a demonstration of the 
interaction between the RPO work and the rest of the Lawrence Livermore 
risk analysis effort. 

Looking beyond the current contractual period, more work needs to be 
done on the elicitation and aggregation of values. While the current work 
succeeded in eliciting values from the appropriate people, much more work 
needs to be done to increase the soundness and defensibility of the values 
elicited. The question of how to elicit well-considered and stable value 
information remains a central problem with any approach that seeks to evalu
ate social risk. 

A second major future effort should be directed at the meshing of 
this evaluation methodology with the process of regulation development. 
This effort would be directed at taking advantage of the power of the 
methodology to process large amounts of information into a smaller set 
of decision-focused indices, so that the decision makers could have a more 
manageable and structured data base upon which to base their decisions. 
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APPENDIX A 



A-l 
Decis ions Hiid des igns I n c . ('WO. 80.13) 

Purpose: To f ind out ho-.v the ceoole Ilame 
of t h i s country fee l about; h e a l t h 
dangers of r a d i a t i o n from n u c l e a r Date 
w a s t e . Gov't i s sponsor ing t n i s 
s tudy so d e c i s i o n s or, iicv; t o handle Home place 
n u c l e a r waste w i l l r e f l e c t the va lues 
and p r i o r i t i e s of th.3 American p u b l i c . AG 

You were asked t o p a r t i c i p a t e because ET 

-> occur 
(General panel:) Picked up information? Where? What? 
(P or P panel:) How did you get interested 
in nuclear waste policies? How become involved 
in group? 

First u 0. about your gen. views on nuclear energy: On the whole, 
do you favor or oppose nuciear energy development, or have you net 
yet decided? Favor Ornose Undecided 

"' & 
Are you undecided "because you have not »ivcn it ouch thought 
or because the advantages and disadvantages seem about equal? 

Little thought +-- about equal 
Though y;.u haven't yet decided, are you presently leaning 
slightly tv.oard favoring or opposing nuclear energy development? 

Favor oppose Neither 
The rest of jay Qs deal only with nuclear waste storage and health. 
Hope public values will also be studied in broader decisions. 
GIVE CARD r/aSGRlblUG- HSALTH EFFECTS 
These are sonic of the serious health effects that could result... 
I v.-ill ask for your personal views about how bad each one is. and 
how much effort should r,o into avoiding each effect. Hot techn. 
knotfledp;e, so no ri;;ht or wrong answers, just your opinions. 
Unknown persons; ̂ ov't decisions; what should gov't do. 
Consider effects en victim personally, friends, farciiy, society; 
rceifth. all these together 

Ask me Qs any time—change your answers any ti.-ce. 
At the end, your iv.-jct.ions to mat we are doinr. H'-'fcdy? 

http://iv.-jct.ions


Decisions & Designs Inc . ('!.'.O- 80.13) 
A-2 

Assuae these radiation effects 
are to people who just happen 
to live in the area. 
Which of these 5 effects is worst? 

Name 

Reasons l.(Worst) 1. 
1 \f-Y~l 

'. 2. 

• 5. 

. 4. 

: ' 5. 

Suppose only 2 reasonable plans for storing rad.waste. One costs 
more but would save 10 more lives in the next 50 years. After 
that the plans are equally safe. How much more should the country 
pay to save 10 more lives? 

Prompts: 
Questions 
Seasons 

Death in: 30 yrs 
worse 

Ik yrs 

) ( 

10k yrs 

Death of: Person living 
in area , 

worse 

Employee who knows 
risks 

(pers, fam 
& society) 

One sure death 1% chance of deaths 

50# chance of deaths 
100QD 25 yrs from now 
at one tine and place 

r 
1C03.D at d i f ferent t incs 
& places spread over 
the next 50 y r s . 

\ 
J 

(equal nedia 
exposure « 
public 
awareness; 

file:///f-Y~l


A 

Card Describing Poss ib le Health Effects and 
Presented to E l i c i t e e s 

EYJLV.PLiT, C? 1'OKSi:-.'!^ hK/VL/TH ?J??fcCT3 0? EXPOSURE TO HADIATIC" 

Qjr. ct: dentil , "Vaste r c u a t i o n causes quick dea th (v . i th in 50 days) 
t o a pe r s Ja a t a^e 40 . 

F a t a l c-ir..:';?. The v ic t im g e t s e cancer a t age 40 , i s somewhat 
i l l fuifior p;dn ana d iscomfor t ) f o r 5 y e a r s , then very i l l for 
on.; yea r , •cr.sn d i e s . 

Kon-^j.tnl c;.iic»r. 1'he v i c t i r . (sf^e 40) i s moderately i l l v;i tfa 
so:a-s iwiii , «.iscojaforS an-.: v-orry fo r 5 y e a r s , though func t ion ing 
noriaaily most of the t ime , then r ecove r s completely and l i v e s 
a normal l i f e t h e r e a f t e r . 

Me-A a.] ly rpibno-r-.?.! c h i l d . The r a d i a t i o n causes a ger .s t ic nu t a t i on 
i n ;i ziiTc~L.z~":;:.o, as a r e s u l t , has a c h i l d who i s below normal 
EencaLly, Al l h i s / h e r l i f e the c h i l d needs sone s p e c i a l c a r e , 
har. t o P;O t o a s p s c i a l school , car. only hold a paying job t h a t 
i s s i n g l e manual v.ork; but can do most e t h e r r o u t i n e l i f e a c t i v i 
t i e s adequa t e ly . The criiid doss not marry so t he r e i s no e f f ec t 
on f u t u r e g e n e r a t i o n s . 

S t e r i l i t y . The r a d i s c i c n causes a younr; woman t o becoise 
pi-rr.iiiKT.tl7 s t e r i l e so she csn have no ch i lu r s r - . thou?-i "he 
would l i k e t o hHvs had c h i l d r e n . " 

http://pi-rr.iiiKT.tl7

