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ABSTRACT

As part of the NRC-sponsored program to study the implications of Generic
Issue 57, “Effects of Fire Protection System Actuation on Safety-Related
Equipment,” a subtask was performed to evaluate the applicability of
formal decision analysis methods to generic issues cost/benefit-type
decisions and to apply these methods to the GI-57 results. In this
report, the numerical results obtained from the analysis of three plants
(two PWRs and one BWR) as developed in the technical resolution program
for GI1-57 were studied, For each plant, these results included a
calculation of the person-REM averted due to various accident scenarios
and various proposed modifications to mitigate the accident scenarios
identified. These results were recomputed to break out the benefit in
terms of contributions due to random event scenarios, fire event
scenarios, and seismic event scenarios. Furthermore, the benefits
assoclated with risk (in terms of person-REM) averted from earthquakes at
three different seismic ground motion levels were separately considered.
(This was done to allow differentiation between potential retrofits that
affect the risk arising primarily from earthquake levels below the design
basis earthquake from those potential retrofits that affect risk
resulting primarily from earthquakes well beyond the design basis.)

Given this data, formal decision methodologies involving decision trees,
value functions, and utility functions were applied to this basic data.
1t is shown that the formal decision methodology can be applied at
several different levels. [Examples are given (based on assumed NRC
decision-maker preferences) in which the decision between several
retrofits is changed from that resulting from a simple cost/benefit-ratio
criterion by virtue of the decision-makinger’s expressed (and assumed)
preferences., The examples given in this report demonstrate that the
application of formal decision-;aking methodology to the NRC decision-
making process can potentially make such decisions more consistent,
transparent and referenceable as well as allowing for explicit inclusion
of the decision-maker's preferences. In addition, it allows for explicit
inclusion of uncertainties associated with modelling issues (which are
usually treated in terms of sensitivity studiss in a probabilistic risk
assessment) directly in the decision-making process. Recommendations for
further work in this area are included.
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EXECUTIVE SUMMARY

As part of the NRC-sponsored program to study the implications of Ceneric
Issue 57, "Effects of Fire Protection System Actuation on Safety-Related
Equipment,” a subtask was performed to evaluate the applicability of
formal decision analysis methods to generic issues cost/benefit type
decislons and to apply these methods to the GI-57 results. Following a
literature review, it was determined that the concept of "utility" of a
consequence as first developed by von Neumann and Morgenstern, and later
extended to "multivariate utilities" in the work of Keeney and others was
potentially applicable to the US NRC's decision-making role associated
with deternining backfits arising from generic issue studies.

To provide concrete examples of the application of the formal decision-
making methods, the numerical results obtained from the analysis of three
plants (two PWRs and one BWR) developed in the technical resolution
program for GI-57 were studied. For each plant, these results included a
calculation of the person-REM averted due to various accident scenarios
and various proposed modifications to mitigate the accident scenarios
identified. These results were recomputed to break out the benefit in
terms of contributions due to random event scenarios, fire event
scenarios, end srismic event scenarios. Further, the benefits associated
with risk averted (in terms of person-REM) from earthquakes at three
different seism.c ground motion levels were separately considered. This
was done to allow differentiation between potent al retrofits which
affect the risk arising primarily from earthquake levels below the design
basis earthquake from those potential retrofiis which affect risk
resulting primarily from earthquakes well beyond the design basis.

In the initial sections of the report, the use of a cost benefit analysis
approach to identifying viable (i.e., cost-effective) retrofits by
comparing the cost benefit ratio (CBR) to a numerical criterion of
$1000/person-REM was reviewed. It was shown that, using the current
definition of the cost benefit ratio, a different decision would be
reached if one computes the CBR based on a mean value of the cost (in the
numerator) divided by the mean value of the benefit (in the denominator)
than would result from an exact calculation of the mean value of the cost
benefit ratio itsel?. This follows from the fact that the uncertainty in
the denominator (i.e., in the benefit in terms of risk averted) is orders
of magnitude greater than the uncertainty in the numerator (i.e., in the
cost). A simple fix is demonstrated to remove this inconsistency in the
application of the cost benefit ratio.

Following this, a review of formal decision-making methodologies is

presented, and four levels of decision making under uncertainty are
considered:






1.0 INTRODUCTION AND OVERVIEW

1.1 packground

As part of the NRC-sponsored program to study the {implications of
Generic Issue 57, "Effects of Fire Protection Sysvem Actuation on
Safety-Related Equipment," a rubtask was added to consider the effects
of uncertainty on the decision-making process for wunresolved safety
issues and to evaluate the potential applicability of formal decision-
making procedures to safety issues retrofit decisions. The specific
goals of this subtask were:

a. To evaluate the applicability of formal decision analysis
methods to generic issues cost/benefit type decisions and
to include the impacts of uncertainties in these methods
and,

b. Apply these methods *o GI-57 results,

In part, this subtask was in response to a letcer (July 19, 1991) from
the Advisory Committee on Reactor Safeguards (ACRS) to the USNRC
Chairman. In this letter, the ACRS advocated

"...a deeper and more deliberate integration of (PRA) methodology
into the NRC activities," and

",..a decision-making algorithm that prescribes a confidence level
for {(a) decision and uses both bottom line probability and
uncertainty to achieve this "

In this report, both the issues of uncertainty in PRA results and the
use of PRA results in decision making will be¢ addressed.

One can envision a number of current issues und areas where more refined
decision-making methods could provide substantial benefits to the USNRC
in the process of assessing the viability of retrofits resulting from
analyses of the unresolved safety issues, In the current decision-
making process, a calculation of the cost benefit ratio (CBR) is made
for each proposed modification (retrofit) and this CBR is compared with
the criterion of §$1K/person-REM averted. If the cost benefit ratio is
less than this criterion, then the retrofit is considered viable.

Several issues can be raised with this procedure. First of all, if
uncertainties are propagated through the calculation of the CBR, then {t
is to be expected that the probabjlity of the CBR being less than the
$1K/person-REM will be significantly d"fferent for those retrofits which
primarily affect internal events scenarios as contrasted to those
retrofits which primarily affect external events scenarios. (This
follows from the fart that probability Jdensity functions associated with
core damage frequencies due to external events scenarios are commonly
found to have wider dispersion and to be mors skewed than those
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probabilities may even be significantly different for different retrofit
options based on different accident sequences within the realm of
internal events. Thus, in comparing point estimate values of the CBR,
cne is comparing different probabilities of exceedance of the cost
benefit ratio between different retrofits. This is illustrated in
Figure 1, where Figure 1(a) shows an approximately symmetric
distribution on risk due to internal (for wnich the r n corresponds
typically to a 50-60% probability of non-exceedance) v . Tigure 1/b)
shows the very skewed distribution typical of seismic v ..cs (for which
the mean often corresponds to a 80-90% probability of non-exceedance).

|
associated with internal events scenarios.) The CBR non-exceedance l
I
|

A second issue arises when one considers a number of different retrofits
and the situation occurs in which the corresponding distributions of the
cost benefit ratios of several viable f{ixes overlap significantly as
shown in Figure 2. In this case, one may not be able to choose between
the fixes due to the overlapping of the distributions. However, one fix
may be more significant from the NRC viewpoint due to & number of other
preferences or beliefs. Formal decision-making procedures would allow
NRC to inject their preferences and differentiate between these viable
retrofits,

More generally, it is possible that, in the NRC's wview, certain
retrofits are more or less desirable and that these preferences should
be included in the decision-making process. For example, even though
certain seismic and random retrofits might yield the same (point
estimate) cost benefit ratio, #a NRC decision-maker might feel that
seismic events are "less likely" to be the cause of the next core damage
event in the US commercial nuclear industry and feel, rather, that the
next such event is more likely to be due to a random or human error. It
is possible to use formal decision-making methods to build these
preferences into the ranking of the various retrofits.

Another issue of likely interest to the NRC is that, given a number ¢°*
retrofits for a specific plant, it may be possible to group the..
retrofits into sets (all of which could be accomplished at the next
plant outage) in such a way as to obtain an optimal cost benefit
achievement. This consideration was done on an ad hog basis ir the
program for the resolution of USI A-45 (Reference 1). However, there
currently exists no formal procedures to combine and rank groups of
retrofits to achieve optimality.

An important consideration in retrofit recommendations resulting from
studies on unresolved safety issues is the consideration of the need for
obtaining additional data. In particular, the cost of additional data
(whether obtained experimentally or through analysis) should (and can
be) explicitly included in the cost benefit decision. If it turns out
that the proposed additional experimentation or analysis (at whatever
cost) will not impact the decision choice, then there is clearly no
value in performing the experimentation or analysis. However, if it is
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vere performed on all these calculations so that probability
distributions of all the output results are available. These results
form the basic data which is available as input to a decision-making
methodology having the goal of identifying which actions (retrofits or
modifications) represent the optimal choice, given the NRC decision
maker's goals, values and beliefs,

As mentioned, three plants were studied in detail in the CGI1-57 technical
resolution program:

A General Electric BWR
A Westinghouse PWR
A Babecock and Wilcox PWR

The basic data developed for these three plants are shown on Tables 2, 3,
and 4. For each plant, several proposed plant modifications are listed.
Each proposed modification is associated with a total person-REM averted
and the cost of the modification is &lso shown. (The values shown on
these tables are mean values as computed from the actual distributions
resulting from the uncertainty analyses.) The modifications identified
for each of the three plants are shown on Tables 5, 6, and 7.

Note that in the original GI-57 technical program, only the benefit in
terms of total person-REM averted was computed and reported for each
modification. However, for this investigation of formal decision-making
methodologies, the total benefit (in terms of person-REM averted) was
further broken out into sources about which it is anticipated that the
NRC decision makers would have strong beliefs, preferences and
prejudices. To accomplish this, the uncertainty analyses were repeated,
and the person-REM averted were recomputed and broken out into
contributions due to internal event scenarios, fire related scenarios,
and seismic scenarios, Furthermore, the seismic contribution was broken
out into the contributions due to earthquakes occurring in three peak
ground acceleraticn (pga) levels, corresponding (approximately) to

NBE < pga < 2 SSE (SEIS 1)
2 SSE < pga < 6 SSE (SEIS 2)
pga > 6 SSE (SEIS 3)

where the OBE and SSE are the operating basis earthquake and the safe
shutdown earthquake for the site, respeciively.

The mean seismic hazard curves for these three plant sites are shown on
Figure 3. Each curve gives the annual frequency of exceeding any
particular value of peak ground acceleration at the site for which it was
derived. From these curves, the annual frequency of exceeding the OBE or
SSE can be determined,

While this breakdown choice was arbitrary, past experience with NRC
personnel tends to indicate that these three earthquake levels are viewed

s 3
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Table 3

B & W Plant - Benefits (person-REM averted) and Costs

MOD 1 & 10
INTERNAL 0
FIRE 0
SEIS 1 3.1
SE1S 2 1.7
SEIS 3 0
TOTAL 4.8 M-R
COST*(W/0SAC) $14K

~LOST SK_
BENEFIT Person-REM (2.9

MOD 3
0.9
0.1

0

1.0 M-R

$250K

250.0

MOD 5 & 11
0
0
6.8
53.2
17.0

77.0 M-R

$40K

0.5

MOD 7

0

0
6.4
52.1
16.9

75.5 M-R

$15K

0.2

*Costs include on-site averted costs (OSAC) as given in Refs. 5, 6, and 7.
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Table 4

Benefits (person-REM averted) and Costs

INTERNAL
FIRE
SEIS 1
SEIS 2

SE1s 3

TOTAL

COST* (W/0SAC)

~LOST__
BENEFIT

MOD 1 & 10

SE_
Person-REM|35.0

MOD 3
0
0
0
0.1

0.2

0.3 M-R

$200K

666.6

MOD 11
0
0
0
1.0
1.8

2.8 M-R

$86K

30.7

*Costs include on-site averted costs (OSAC) as given in Refs. 5, 6, and 7.

AR FSe TSy T DA s

.10-

P N e

R S N R —

B aheaakly P

T | TR Ay o L g ———-—

;
P e TR TRt

Bl R L s e




T e ———

—

o

B G A = el R I el e T el i i L ¢ e Al e g § L B G e e e A e

Table 5

General Electric BWR - Plant Modifications Analyzed

- Modification 1: Upgrade the FPS Controller with Seismically
Qualified Printed Circuit Boards (Elimirates Root Cause 8)

- Modification 2: Replace Smoke Detector Actuated FPS with a Heat
Detector Actuated FPS (Eliminates Root Cause 7)

- Modification 3: Reroute Safety-Related Calles (Reduce all root
cause core damage frequency contribution by 0.1)

- Modification 4: Seismically Qualify CO2 Tank, Outlet Piping and
Battery Rack (Eliminates Root Cause 12)

-11-
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Table 6

Babcock and Wilcox PWR - Plant Modifications Analyzed

Modification 1: Upgrade the FPS Controller with Seismically
Qualified Printed Circuit Boards (Eliminates Root Cause 8)

Modification 3: Reroute Safety-Related Cables (Reduce all root
cause core damage frequency contribution by 0.1)

Modification 5: Seismically Qualify a Battery Rack (Elimirates
Root Cause 12)

Modification 7: Provide Fire Wraps for Safety-Related Cable
(Eliminates Root Cause 12)

Modification 10: Replace Low Fragility Control Relays with
Hardened Relays (Eliminates Root Cause 8)

Modification 11: Seismically Anchor Electrical Cabinets
(Eliminates Root Cause 12)

S



Table 7

Westinghouse PWR - Plant Modifications Analyzed

. Modification 1: Upgrade the FPS Controller with Seismically
Qualified Printed Circuit Boards (Eliminates Root Cause 8)

. Modification 3: Reroute Safety-Related Cables (Reduce all root
cause core damage frequency contribution by 0.1)

. Modification 10: Replace Low Fragility Control Relays with
Hardened Relays (Eliminates Root Cause 8)

- Modification 11: Seismically Anchor Electrical Cabinets
(Eliminates Root Cause 12)

<13-
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of the modifications. The third columa presents the results of a full
uncertainty enalysis as applied to the inverse of the (same) cost
benefit ratio. For each modification, columns 2 and 3 present the exact
mean of the distributions of CBR &nd 1/CBR, several percentiles of the
distributions, and the best fitting lognormal distribution parameters:
the medians (Mcpr, M1/cgr) and the Jlog standard deviations (bgpr,
{CER) The first observation from this table is that the true mean
alues of the cost benefit ratio are from 10 to 200 times larger than
the mean point estimate values., This is to be expected given on the
arguments based on the properties of a log normal random variable
presented above. Further, using the best fit lognormal distribution
sedian (Mgpr) and log standard deviation (bgpr) listed on Table 9, it is
easily shown that the true mean of thc cost benefit ratio distribution
is Indeed approximately equal to cxp(b ) times the mean point estimate
value, This implies that the denominator in the cost benefit ratio,
even though not exactly lognormal, is behaving very nearly like a
lognormal function.

Examining the third column shows that the true mean of the distribution
of the jnverse of the cost benefit ratio is very nearly equal to the
mean point estimate of the inverse of the cost benefit ratio which,
&gain is to be expected based on the arguments presented above. All of
this indicates that, 1f one is interested in understanding the
implications of using a point estimate calculation of the cost benefit
ratio and comparing it with the criteria of a §1,000 per person-REM,
then it is only appropriate to perform the uncertainty analysis on the
inverse of the cost benefit ratio rather than the cost benefit ratio
itself. Thus, in all the studies and results to be presented later in
this report addressing various aspects of decision making under
uncertainty, it is the inverse of the cost benefit ratio and
generalizations thereof that will be analyzed.

This inverse cost benefit ratio will be denoted as the BPB ratio
(standing for Bang per Buck). A BPB ratio greater than 1.0 person-
REM/SK denotes a viable retrofit (corresponding to a CBR less than 1.0
SK/person-REM). The BPB ratios for the GE and B & W plants are shown on
Tables 10 and 11. (The Westinghouse plant will not be considered since
its cost/benefit ratios indicate that none of the modifications are even
remotely cost-effective.)

1.4 Formal Decision-Making Methodologies

As discussed above, the use of formal decision-making methods in ranking
retrofits resulting from studies on unresolved safety issues has great
potential. In general, a formal decision-making methodology includas the

following steps.

- ldentificatiov of actions (that is, backfits or retrofits)

2. Identification of one or more gonseguence attributes which
characterize the recults of each of these actions (e.g.,

exposure to the public, cost, etc.)

-19-
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Table 11

B & W Plant - BPB Ratlios (person-REM/$K)

MOD 10 MOD 5 MOD 7
INTERNAL 0 0 0
FIRE 0 0 0
SEIS 1 V.24 0.17 0.43
SEIS 2 0.13 1.33 3.47
SEIS 3 0 0.43 1.13
TOTAL 0.37 1.93 5.03
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. Input of the decislion maker’'s preferences as to the relative
desirability of the consequence attributes. These are expressed
mathematically in terms of yalue functions or utility
These latter functions are also termed the “"outrage factor® cnd
reflect the decision makers aversion to certain outcome
attributes,

4. Calculation of the consequences of each of these actions
incorporating all significant uncertainties in the process.

5. Ranking the actions relative to the utilities of the consequence
attributes (which express the decision makers preferences) and
then making the decision.

All formal decision-making methodologies would incorporate the above
steps.

An additional step may be included if additional data is sought or
additional exreriments performed. In this case, one can use a Bayesian
updating procedure to alter certain of the assumed probabilities in the
calculation of consequences and thus determine the impact on the final
decision.

Formal decision-making methods can be applied in the four distinct
situations shown on Figure 4 (as taken from Reference 10). The simplest
case is that in which we associate a single attribute to the consequence
of each action and there is no uncertainty in calculating this attribute.
An example of this is the use of a best estimate cost benefit ratio. 1In
this case, the decision is made simply by comparing the numerical ranking
of the attributes.

The next more complicated situation involves a single attribute
associated with each action, but in this case we recognize uncertainties
associated with the calculation of this attribute. This, for example,
would be the case when we base the decision on the true mean value of the
cost benefit ratio or some percentile in the distribution of the cost
benefit ratio and then compare that percentile with the numerical
criterion.

The third level would involve situations in which each consequence would
be characterized by a number of different attributes (i.e., a vector of
attributes) but for which there was no uncertainty in the calculation of
these attributes. An example of this might be a case in which one would
consider the increments in person-REMs associated with different release
categories which result from each particular retrofit. Another example
would be a case in which, for seismic-related retrofits, the consequences
could be expressed in terms of the person-REMs associated with
earthquakes of different levels (say less than the OBE, between the OBE
and che SSE, and for earthquakes grester than the SSE). In this case,

<29+
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2.0 DECISIONS WITHOUT UNCERTAINTY

Before going on to consider the general problem of decisions invelving
uncertain outcomes we will first discuss decisions between several
actions having either a single attribute or multiple attributes
assoclated with each action but for which there is no uncertainty in the
attributes resulting from each action, This is done, first, to
illustrate the decision tree symbolism which will be used in later
discussions and, second and more importantly, to show that in certain
circumstances it is possible to make meaningful decisions based on
topological concepts without direct consideration of the uncertainties
involved.

2.1 Single Attribute Consequences

This is the simplest decision problem as illustrated in Figure 5. As
shown we have a decision between actions a’' and a", each of which with
certainty lead to a consequence C' and C" respectively. That the
outcomes are certain is indicated on this figure by the fact that the
probabilities of the outcomes given the actions (shown as p’' and p") are
both equal to unity. 1In this case, of course, the decision analysis is
straightforward and is made based on comparison of the numerical values
of the scalar consequences. An example of this simple case is the use
of the mean point estimate of the cost/benefit ratic as the criterion
for choosing between two retrofit modifications.

2.2 Multiple Attribute Conseguences

The general decision model here is also a branching tree of different
potential actions; and associated with each action is & consequence
vector which is known with no uncertainty, as shown in Figure 6. Thus,
in this case, we must make a decision by comparing the different
consequence yectors corresponding to the different actions.

In this case, it is useful to think of each consequence vector as
defining a point in multidimensional space as illustrated on Figure 7.
Thus to each action Ay there corresponds a point in the multidimensional
space of consequences. Each axis coincides with one of the components
of the consequence vector.

2.3 Dominance

The important concept in this case is that of dominance. Teo illustrate
this concept, let us first stipulate that increasing values of each
component of the consequence vector are increasingly preferred. Then,
the point X(A1) dominates the point X(Az) when

Xi(A1) 2 X4(A2) for all i
and
Xi(A1) > Xq(A2) for some {i.

2%
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Flgure 5 Decision Tree for Single Attribute Consequence
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Figure 6 Decision Tree for Multiple Attribute Consequence
without Uncertainty
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That is, all the consequence vector attributes arising from action A)
are equal to or greater than the corresponding ertributes of action Az,
and at Jleast one attribute of A} is greater than the corresponding
attribute of action A7. This is illustrated in two dimensions in Figure
§ where the point X] is above and to the right of point X3, which shows
point X] indeed dominates point Xj. Thus, assuming that increasing
values of each attribute are to be preferred, one sees that all points
"helow and to the left of a given point" are dominated by that point.
Hence in Figure 8, point X7 is dominated by all points in the non-cross-
hatched reglon.

It is important to note that, in locking for dominance, we never compare
the different attributes so that the scales of the different axes may be
entirely different, Furthermore, the scales may be guantitative scales
or subjective scales (often denoted as derived scales) for which
different levels of an attribute are qualitatively ranked. This 1s so
since, in looking for dominance, we compare consequences only on a
component by component basis. Finally, when one act has been shown to
dominate all other acts, then it will always be preferred no matter what
reasonable preferences are expressed concerning the utility of these
various attributes in the consequence vector.

2.3.1 Example of Dominance

As an example of dominance, consider the data for the B & W plant
expressed in terms of their BPB ratios. This data is repeated in Table
12 where three modifications (Mod 10, Mod 5, and Moc 7) are shown along
witin their corresponding consequences in terms of person-REM/§K due to
the five sources of internal events, fires, and three seismic levels.
As can be seen, Mod 7 dominates both Mod 5 and Mod 10 on a component by
component basis. Thus Mod 7 will always be preferred no matter what
reasonable preferences are expressed concerning the utility of these
five attributes.

2.4 Value Functions

Continuing with the discussion of the concept of the consequence vector
of each z:tion being a point in the multidimensional space, consider the
schematic shown in Figure 9. (This, of course, is a two dimensional
example.) The solid dots indicate points which are dominant points
whereas the open circles indicate points which are dominated. The set
of consequence points pot dominated is called the "efficient frontier"
of the set of all actions being considered. This is also known as the
*Pareto Optimal Set". Thus the points on the efficient frontier
represent points which are not dominated and which are, in each case, in
a certain sense optimal.

In general, the efficient frontier may be either discrete (as shown) or

may be continuous. Furthermore, it is not necessarily convex. However,
if it is convex, then cardinal as well as ordinal notions will apply.
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The situation {s thus that the decislon maker wants to choose one act
out of the set of acts, each of whose consequence vector defines a point
which lies on or near the efficient frontier se that his particular
preferences as to the consequences are satisfied,

In general, it should be noted that for a discrete number of acts with s
discrete number of consequences associated with each act, the optimal
set may be determined directly by computer search for the dominated
points. However it may turn out that there are no dominated points. In
this case, the decision maker must consider the entire set of acts in
further expressing his preferences. Finally, for actions representing a
continuous vange of choices and hence a continuous set of consequence
points, the efficient frontier may be found exactly by using linear
programming techniques as given in Reference 7., These techniques allow
the decision maker to explore the efficient frontier and choose ¢ne or
more actions that result in consequences which he prefers. Decisions
based on this process, however, are highly judgmental and not amenable
to documentation and referenceabllity and hence are not commonly used.
Alternate methods for expressing preferences In a quantitative fashion
are described below,

Let us assume that the decision maker can define a set of curves in 2
space or surfaces in u space such that he is jndifferent to actions
which result in points whicl .le oen the same curve (surface) as shown on
Figure 10. Thus each of these curves is a so-called "indifference
curve" or surface. Furthermore, we assume that an index can be
associated with each curve such that an increasing index corresponds to
the decision maker's increasing preference as to the action outcomes.
Once such a family of curves or surfaces is defined to specify the
decision maker's preferences, then the solution to the decision problem
i{s to find that point on the efficient frontier which coincides with or
is tangent to the indifference curve that is most preferred by the
decision maker. This is illustrated in Figure 11. 1In this figure,
consequence X, is the best consequence of all those consequences in the
complete set of a~ts (defined as the region R) given the preference
structure {llustrated.

Analytically, the preference curves or surfaces are defined by algebraic
expressions denoted as value functions, By definition, a function v(x)
which assocfates a real number v to each point x in the consequence
space is said to be a value functiou provided

a) v(x') = v(x") implies that the consequence X' is equally
preferred to consequence x", and

b) w(x') > v(x") implies that the consequence x' is more preferred
than the consequence X",

Thus if & value function v(x) is known, then the decision problem
reduces to that of & maximization problem, That is, te find that act a
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in a set of all acts being considered which maximizes vix(a)]. In
general, various linear and nonlinear programming techniques can be
applied to this maximization problem when cast in a standard form

Furthermore, when & decision problem is cast in this format, there is a
close relationship between these problems and the Theory of Games and
Strategy which can also be solved using linear programming techniques.

Value functions are commonly used in making decisions today. For
example, the cost/benefit ratio as currently used by the USNRC can be
viewed as a value function. To i{llustrate this in 2 space, consider
consequence X1 to be the benefit due to internal event scenarios and
consequence X7 to be the benefit due to external events scenarios (that
is, due to seismic, fire etec.) Thus, in this case, the cost/benefit
ratio is defined as

CBR = Cost/(X) + X2)

and the preference curves are the famlly of straight lines given by

X1 + X2 = constant

shown on Figure 12.

In a simlilar fashion the verious load combination rules used for
combining structural loads due to pressure, temperature, and selsmic
wotion, etc. are also value functions. As will be seen later, a
multivariate utility function is, in fact, a special case of a value
function which allows for the input of the decision maker's preferences
given a decision between actions whose outcomes are unc.rtain,
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3.0 DECISIONS WITH UNCERTAINTY

3.1 The Utility Concept

It is when making a decision between several actions whose outcomes are
uncertain that we must introduce new concepts to assist us in this
process, The concept that has proved most useful in the commercial
business sector in addressing this situation is that of the utility of a
consequence. Much of the literature on the concept of utility has been
expressed i{n terms of monetary value (say, dollars), and much of the
original work was presented in an economic format. The basic concept
behind the association of a numer‘~al value of "utility" with each
uncertain outcome associated with an action is that the value of the
outcome to a decisior maker is represented by characteristics that go
significantly beyond the simple numerical (say, wmonetary' value of the
outcome . That is, the wvalue of the outcome to the decision maker
depends on his current status, his perceived needs, and his wvalue
system, and the representation of these characteristics cannot be
captured in a single monetary value.

Before going any further, an example to clarify this basic concept is
presented. Consider two college students each having & total of $15 in
his pockets. The first student has made plans to go bowling that
evening, and he knows that $15 is an adequate sum of morney Lo eijoy an
evening of bowling with refreshments. The evening of bowling is his top
priority. Both these students have a friend down the hall who is
addicted to small games of chance and is constantly encouraging them to
wager with him. For example, he approaches the student with the bowling
plans with a wager that could double his money at very reasonable odds.
The decision the student must make is whether or not to take the wager.
Even though the odds might be gquite reasonable, it is highly likely that
the would-be bowler will decline to make the wager for the simple reason
that the §15 he has in his pocket is adequate for his highest priority
needs, and the winning of the wager to increase his net worth to $30
provides very little added value to him, given that bowling is his top
priority, Furthermore, the chance that he will lose his entire fortune
of $15 and hence not be able to bowl at all far outweighs the added
value he would receive by winning the extra $15. Thus, in this case,
the would-be bowler is highly likely to decline the wager.

By contrast, consider his roommate who also has §15 in his pocket. In
this case, the roommate has made a date that weekend with a charming
lady. However, he knows that to wine and dine this lady in suitable
fashion will require considerably more than the $15 he has at his
disposal. In fact, he estimates that it will take at least $30 to
provide for a memorable evening with the lady in question. Thus, in
this case, this student is highly likely to accept a wager with a chance
of increasing his net worth to §$30, as the §15 he has in his pocket is
relatively valueless to him. Hence, he is likely to seek out their
gambling friend and make a wager with the hope of increasing his net




wvorth. Furthermore, he is more than likely to accept the wager at less
than even odds as his needs prescribe a significant increase in funds in
order to meet his top priority objective.

Thus it can be seen that the added value of $15 that could accrue to
each of these students has a significantly different yglue to each of
them. In the case of the would-be bowler, he is more likely to be
averse to taking any r sks that might result in his being unable to
pursue his bewling evening. In the case of his roommate, however, he is
highly likely to accept a vager at any (even unreasonable) odds with the
hopes of meeting his objectives. Thus the utility of that same $15 is
entirely different to each of these students,

It is important to note that the odds of the wager being offered to the
two students do play a role in whether or not they will take the wager.
For example, in the case of the would-be bowler, if the wager was such
that he was highly certain of winning, he would more than likely take
the wager. Further, for his roommate, there are limits to the poor odds
that he would accept even given his resource needs for his potential
romantic evening. Thus whether or not each of these students would
accept the wager depends upon the odds of the wager being offered.
However, in the former case, much higher odds would have to be offered
before he weuld choose to gamble than in the case of his roommate. As
we will see, it is possible to query these two students and essentially
determine the odds that would have to be offered to them before they
would consider gambling away their current resources. In fact, a
relationship between the odds being offered and the potential payoff of
the wager can be developed for each of these two students which would
prescribe whether or not they would choose to accept the wager. This
functional relationship is known as a utility function and is the
mechanism by which a consistent decision can be made between a set of
actions in which the outcome of each action is uncertain (i.e., a wager
with known payoffs).

The concept of the utility function was proposed and developed in the
1930s by von Neumann and Morgenstern in the seminal text, Theory of
(Reference 8). Speaking of thie work, Luce

and Raiffa (in Reference 9) state:

"only a very few scientific volumes as mathematical as this
one have aroused as much interest and general admiration,
Yet we know that much of the material has lain dormant in
the literature for two decades. Presumably the recent war
was an important contributing factor to the later rapid
development of the theory. During that period considerable
activity developed in ..... such topics as logistics,
submarine search, air defense, etc."

Discussions of the concept of utility and derivations based on different
sets of assumptions are given in References 9 through 15,
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Before dealing in more detail with the concept of the development of the
utility function representing a decision maker’'s values and preferences,
the basic distinction concerning the concept of the utility function
wust be emphasized. This point 1is that, if the consequences of an
action are uncertain, we can compute the coxpected value of the
consequences resulting from each action using the usual theories of
statistics (and knowing the odds of each outcome and the payoff
associated with each outcome), assuming that the game 1is plaved many
times. By contrast, by developing a utility function for each of the
outcomes associated with the uncertain consequences, we can make a
decision as to whether or not we should even play the game and further,
this decision cau be made whether or not the game {s only to be playved
ence! (That is, utility theory provides a guide to decision making even
when a one-time decision must be made.)

Consider now the general model of the decision-making process as applied
where a decision must be made between two actions a' and a" as shown in
Figure 13. As shown on this figure, as a consequence of action a' there
are a number of possible outcomes, C'{ associated with the individual
probabilities p'y. Thus, this is a general model in which we have
uncertainty invelving a single scalar consequence, and our goal is to
map each of these consequence values onto a single scalar utility value
that reflects our goals, values and preferences. It is important to
note that the probabilities associated wi*h the outcomes of an action
(the p') may be derivable from .he laws cf statistics and the knowledge
of the particular uncertainty source or they may reflect the decision
maker's belief in the likelihood of the various consequences and thus be
primarily judgmental

Given this general model, it can be shown that the appropriate cholce
between action a' and action a" is made by choosing that action that has
the larger expected value of the scalar utility, That is, we choose a'
over a" if

Tp'yu‘y > I piyu'yg
This follows from the construction of the utility function itself as
described below.
In order to develop a utility funcrion fnr a scalar attribute, let us
first assume that we have three values of the attribute A, B, and C and
furthermore assume that we prefer A over B over C (and also A over C)

according to our value system., Further we assume that our preferences
imply

ulA) > u(B) > u(C)
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That is, increasing values of utility are indicative of the more
preferred actions or values. In general it can be shown that we may
arbitrarily choose any two of the three values. Then, by querying the
decision maker, we can find the probability p for which the decision
maker is indifferent between two options, namely,

4) Receiving value B for sure, or

b) Receiving A with probability p or receiving C with probability
(1-p) as shown by the decision tree in Figure 14,

Typically, the values of A and C are the most valuable and least valuable
outcomes and are chosen to represent a reasonable physical range for the
scalar attribute whose utility we are attempting to derive. And, as
mentioned above, the values of u(A) and u(C) are arbitrary. B is some
intermediate outcome value whose utility (to the decision maker) we seek
to ascertain. Thus the choice between action a' which essentially
consists of receiving value B (or keeping value B) and action a" (which
is to accept the wager with the probability of winning p and the
probability of losing 1 - p) hinges very much on the value of p (that is,
the odds of the wager). Clearly there are values of p sufficiently high
such that the decision maker is sure to take the gamble, and similarly
there are values of p for which the odds >f losing are so high that he is
very unlikely to take the gamble and will instead choose action a' which
involves no risk. Tnere is some intermediate value of p - denoted the
* - for which the decision maker {is
indifferent between sitting pat and receiving value B or taking the
wvager. Once the numerical value of the indifference probability p* has
been identified, then the value of the utility of B is, by definition,

u(B) = p* u(A) + (1 - p*) u(C)

That is, the utility of B is the gxpected value of the utility of the

vager of action a”. This process is repeated for a number of
intermediate values of B and for each intermediate value of B chosen, a
new indifference probability p* is determined (by querying the decision-
maker) and then the utility of each new value of B is computed as above.
From these, a continuous curve of the utility of B can be constructed as
shown on Flgure 15. As a result, as shown by wvon Neumanr and
Morgenstern, the choice between any two actions with uncertain outcomes
is made based on selecting that action which has the largest expected
value of utility.

A number of aspects of utility must be emphasized. First, a reasonable
range must be assigned to the scalar consequence whose utility is being
evaluated. It is no use to query a decision maker over a range of the
scalar attribute that i{s inconceivable to him. Second, in generating the

b2+



Figure 14 Decision Tree Used to Define u(B)
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vary over different anges of the consequence attribute. This can only
be determined by the results of the querying process Finally, {t
should be noted that it {s possible that the utility curve is linear.
This case is denoted as the "risk neutral® case and, as mentioned
earlier, the implications are that the decision maker would be willing
to sccept any wager provided the odds of the wager and the payoff were
fair.

In summary, the above interpretation, cached in a gambling format, shows
that the decision between making a wager and not making a wager depends
only on the decision maker’'s utility curve. The utility curve is
developed based on his values, goals, and preferences, and is totally
independent of the nature of ihe wager (odds, number of options,
payoffs, etc.,). Thus, once the utility curve has been established for
a given decision maker, then the utility curve forms the basis for his
decision as to whether or not to bet - depending only on the odds of the
wager (i.e., on the probabilities of the uncertain consequences
associated with each action).

The above interpretation was presenced in terms of a decision between
ganbling and not gambling. From the viewpoint of the NRC, the
consequences of importance have to do with the risks posed to the public
by commercial nuclear power plants, and, with respect to the resolution
of peneric issues, the decision to be made is whether or not a certain
proposed retrofit (resulting in a given number of person-REMs averted)
is cost effective. And decision makers within the NRC must assess the
relative value of these retrofits given that the retrofits result in
consequences which are uncertain. Developmeit of the utility function
on person-REMs averted would allow for the use of utility functions and
formal decision-making methodology in assessing the relative value of
different proposed retrofits. For example, an NRC regulator might view
incremental achievements in person-REMs averted differently when they
arise from different sources, i.e., from core damage events resulting
from random accident scenarios, from fire-induced accident scenarios, or
from earthquake-induced accident scenarios, Thus, it might be true that
the NRC regulator could view only large increments in seismic risk
averted as being significant. By contrast, he might view any increments
in person-REM averted arising from accident scenarios due to fires as
being equally significant, and he might very well view even small
incremants in averted risk due to random or internal events accident
scenarios as highly significant. In effect, if these views were to be
established by interrogation of the decision maker, it would imply that
he is a .isk averter in regards to internal events, risk neutral i
regards to fire events and a risk taker in regards to earthquake-induced
accidents, and his utility functions for these three attributes would be
as shown schematically in Figure 17. 1In effect, the decision maker is
fmplying that for a given amount of money to be spent in making
retrofits, he is willing to "bet on" his belief that the next core
damage accident in the US commercial nuclear power industry will arise
from random or human error related events, and thus he puts his largest
"value" on those retrofits which avert person-REMs due to internal
events sources.

vhis
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u = ku

and if, for the initial choice of scaling,
Zpliuly > Zpiquly
c’ c*
then this {mplies (for any other scaling)

mé'ﬂ.'.i > :lci.:‘.iiii

provided k > 0. Thus no matter what the scale of the utility function
initially chosen, the same decision between two alternatives will be
selected.

The restriction that u(C) = 0 is physically reasonable in the context of
cost,/benefit cype decisions, for which a negative benefit (at whatever
cost) is of no interest to the decision maker, and clearly & value of
zero benefit is of no utility. Thus the requirement that u(C) = 0 is
practical and physically meaningful.

3.2 Typicel Forms and Querying Process

As described above, the shape of the utility function indicates whether
or not the decision maker is risk prone, risk averse, or risk neutral
(at least locally). A full discussion of the different shapes of
utility functions is presented in Reference 10. In general, the exact
shape of the utility function can be determined by a sufficient amount
of querying of the decision maker. However, there exists a family of
utility functions denoted as the exponential-linear functions which, by
varying a single parameter, can model varying degrees of risk proneness
or averseness. In fact, according to Reference 10,

*experience has shown that (such) fine tuning is rarely
required for the single attribute utility functions
when they are part of a multi-attribute formulation.
It will almost always suffice to use a single parameter
utility function."

The linear and exponential functions that can be used in this context
are shown below:

“49.
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Figure 19 Assumed Utility Curve for Example of Section 3.3
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be taken at all. The cost benefit analysis (comparing the CBR to the
¢ it rt 1 of $1K/person-REM) does indicate whether any action or neo

' .. 1d be taken.
bes utility analysis includes the pagnitudes of the wvarious
Cu, v (i.e. the benefits in terms of person-REM averted) in an
explic't + “fon (which the cost benefit analysis does not). That is,
the ber in terms of person-PEM averted are, in effect, weighted by
the « . . . of the benefit according to thy decision maker's preferences.
TH: %, ' then normalized by the cost of the modification., Thus, the
utilic 2 . sis would differentiate between two actions having the same

cost bdeneyr: = ratio, but for which the magnitude of the benefit (and
asso lated cust) was substant’ illy greater for one action than the other,
(Tha. is, it weuld distinguish between an action with small cost and
weall benefit, and a second action having large cost and large benefit -
but toth having the same cost benefit ratio.)

These points suggest that usc of a utility analysis in conjunction with a
preliminary cost benefit analysis would be a useful approach to the US
NRC's retrotit decisions The cost benefit anu: s would be used to
«dentify those actions h would be considere nle - if any. (For
example, these m fht be all actions with a cost senefit ratio less than
1.5 $E/perscr REM™. Then, the utility analysis would be used to choose
the appropriate action (from the viable set) which reflected the
decision-wakers preferences. #2nd this choice would no longer necessarily
match the cost benefit ratio ranking. Indeed, in examples later in the
repor., it will be shown that the use of such an analysis can actually
change the order . ranking of verious actions from that dictated by a
simp' . cost/bene... analysis,

3.4 Multivariate Vtility Functions

We now consider the most general case involving decisions between actions
associated with multiple uncertain outcomes, and for which each outcome
is characterized by a yvector of consequences, as illustrated by the
decision tree in Fig. 22 In this case, we must make use of a
mpultivarjate utility functien which maps the components of each vector of
consequences onto a single scaler utility value. The means of performing
the mapping fr-w the vector of consequences to a single scalar utility i
the multivariate utility function discussed below.

In general, we need to construct a function of the form

u((C)] = Flup(Cy), wa(C2),. v uu. Mp(Cr) ]

where (C) is the vector of multiple attributes, {.e.,

¥ The exact CBR cutoff value for identifying a viable action wou'4 have
to be cb-~ n sfter the adopted preference structure (i.e., i .ty
functior Jas selected,

57=
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of inderendent equations (equal to the number of unknown constants)
which are solved for the values of the unknown constants, To develop
these equations, the decision makers are queried as to their perceived
value of varlous palrs of attributes. For example, the decision maker
| is queried to find the yalues of two consequences that (in his view) are
equally preferable (i.e., thet he is indifferent between). Then the
gulti-attribute utllity function - evaluated with these two consequence
values - must yleld the same numerical wvalue of utility and thus one
equation is available. This is repeated so as to generate a sufficient
number of equations to solve for all the unknown constants, Again, the
| reader is referred to Reference 10 for & full discussion of the methods
| of querying decision makers and examples of such dialogue.

As an example of an multivariate utility function, let us consider the |
fivefold multi-attribute consequence vector consisting of the person-REM

averted due to internal events, fire events, and seismic events for

t'ree different seismic levels. Let us hypothesize that, by querying

the decision maker, it has been determined that

a) In the dicision maker’'s view, the (marginal) utility of each

of the conseqience guantities (taken individually) are linear.

That is, the decision maker is risk neutral as to increments

| of benefit accrued by making modifications which affect

| internal events, or seismic events, or fire events, As

| discussed earlier, when the utility functions are linear, then

| the actual value of the benefit {tself may be taken as the
utilicy function.

b) It is assumed that, in tne declsion maker's view, risk averted
benefits accrued from internal events or fire events are
equally preferred (or are equivalent in utility) but that risk
averted benefits due to internal events or fire events are
preferred in a ratio of 10 to 1 over seismic risk averted.

| This implies that, in the decision maker's view, the next core

| damage accident is more likely to be due to an accident

| involving internal (random) event scenarios or fire event
scenarios than to be due to an earthquake at the power plant,
and that (crudely speaking) the docision maker is likely to
bet at 10 to 1 odds that such will be the case.

¢) In addition, it is assumed that the decision maker prefers

modifications affecting risk from the three seismic levels

(Sels 1, Seis 2, and Seis 3) in the  “ios of 10:5:1. Again,

t this can be crudely interpreted as . ing that the decision
|
\
|

maker believes that if an earthq. = occurs affecting the
plant, he is willing to give the ab. . cated odds that it is

more likely that the earthquake will ve in the range OBE to 2
SSE than the higher earthquake levels.
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Given the preferences stated above, one can equate the utilities of the
various equivalent consequences described by the preference assumptions
with the result that the appropriate additive multivariate utility
function is given by

Ul(Cg)] = 10 M-R(internal) + 10 M-R(Fire)

+ M-R(Seis 1) +# 0.5 M-R(Sels 2) + 0.1 M-4(Sels 3)

(It is, of course, assumed that the necessary additive independence
assumptions have been established for all pairs of the independent
consequences.) And note again, that the benefits in terms of person-REM
averted are the utilities in this expression, since by virtue of the
assumption that all marginal utilicies are linear, the benefit itseif lis
equivalent to the utility. This multi-attribute utilicy function will
be employed in the next two examples,

3.4.1 Application to the GE Plant

Consider now the benefit in terms of person-REM averted for the GE plant
as presented in Section 1 (see Table 2). As shown on that table, the
cost/benefit ratio analysis indicates that Modification 1 is preferred.

Consider now the decision tree shown in Figure 23. 1In this case, there
is no uncertainty in the consequence vectors associated with each
modification, Mapping the consequence vectors associated with each of
the three modifications results in scalar utilities of Modifications !,
3, and & of 0.98, 1.28, and 0.29 resprctively, as shown on this figure.
Thus it can be seen that, making use of the example additive
multivariate utility function derjved above, the decision analysis now
ranks Modification 3 as becing the most cost effective whereas using the
cost benefit ratio approach, Modification 1 is preferred. Thu., this is
an example whereby the ranking of the modifications is altered because
of the preferences in terms of value tradeoffs between attributes
specified by the decision maker. In effect, the decision maker’'s
preferences have altered the order of choice in recognition of the fact
that Modification 3 involves substantial contributions of person-REM
averted due to internal event and fire event scenarios, whereas
Modification 1 and Modification 4 result in person-REMs averted only due
to seismic-induced scenarios. In effect, the decision maker is
“betting” on the source of the next core damage accident and using his
belief to help shape his choice of the most effective use of his
resources in averting risk to the public due to future accidents. (Note
also that since no uncertainty is involved, the multivariate utility
function is serving as a value functior as described in Section 2.4).
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Figure 23 Decision Tree for Example in Section 3.4.1
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: Table 13
| B & W Plant - Benefits and Costs With Uncertainty
MOD 1 & 10 MOD 3 MOD 5 & 11 MOD 5% MOD 7

| INTERNAL 0 0.9 0 0 0
,.
-1 FIRE 0 0.1 0 0 0
| SEIS 1 3.1 0 6.8 54.8 £.4

SE1S 2 1.7 0 53,2 315.0 52.1
| SEIS 3 0 0 17.0 68.5 16.9
| TOTAL 4.8 M-R 1.0 M-R 77.0 M:-R  438.3 M-R 75.5 M-R .
| |
l
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The decision tree assoclated with the two actions Mod 5 and Mod 7 (which
are the only two viable modifications identified for the B & W plant) is
shown in Figure 25. In this figure it can be seen that there {s no
uncertainty associated with the consequence of Mod 7. However, there
are two uncertain outcomes associated with Mod 5. Judgmentally, one
must assign a relative probabllity to the two uncertain consequences
which reflects the decision maker’'s (or the fire phenomenclogy
analyst's) relative confidence in the two sets of code calculations and
the resulting consequences. For the sake of this example, it was
assumed tha. the most optimistic COMPBRN code calculation had a
probability of 0.67 whereas the most pessimistic calculation was
associated with a probability of 0.33 as shown in this figure. Also
shown in this figure are the consequence vectors associated with the
outcomes of Mod 5 and Mod 7. Using the example additive multi-attribute
utility function developed earlier, each consequence vector is mapped
into a scalar utility and the mean of the normalized scalar utility is
then computed using the probabilities of the uncertain outcomes. As
shown in this figure, the expected value of the normalized utility of
nod 5 bas a numerical value of 0.137, whereas the expected value of the
normalized utility of Mod 7 has a value 0.124.

Thus, it can be seen that, based on a cost/benefit ratio aualysis,
Modification 7 would be selected over Modification 5. However, when the
critical nature of the geometry of the vit:1 area is recognized and the
uncertainiies in the code modeling of the damage to the critical cables
is explicitly included in a multivariate utility analysis, then the
preferred choice is now Modification 5. Physically, the reason for this
change in the order of ranking of the modifications is the fact that,
when one includes the more pessimistic COMPBRN code calculation, a
greater benefit results from Modification 5 due to the fact that - with
finite probability - it is possible that the more pessimistic COMPBRN
code calculation is¢ indeed the correct analysis. Thus, Modification §

is chosen because it protects against an unlikely (but still possible)
accident,

This fairly general analysis indicates the great potential uscfulness of
a formal decision-making methndology in the face of significant and
unquantifisble uncertainty, which is often the situation faced by NRC
regulators. We often worx with uncertain tools and uncertain
assumptions and the impact of the modeling uncertainties can often
outweigh the impact of the propagation of random uncertainties in the
calculatior process,
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Figure 25 Decision Tree for Example in Section 3.4.2
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