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Summary

The nuclear proliferation risks of nuclear fuel cycles had been issued in the content of the GEN
IV program as well as INPRO (International Project on Innovative Nuclear Reactors and Fuel
Cycles) program. In both programs, the proliferation resistance is being considered as one of the
most important factors in assessing advanced and innovative nuclear systems. For this, they
have been trying to find out an appropriate and reasonable method to evaluate quantitatively
several nuclear energy system alternatives. Any reasonable methodology for integrated analysis

of the proliferation resistance, however, has not yet been come out at this time.

In the past, there have been several attempts to assess quantitatively the relative proliferation
risks for fuel cycle alternatives. A number of methods have been suggested up to now, but
approaches used in these models are mostly based on typical decision analysis theories such as a
standard utility theory, multi-attribute utility theory, AHP (Analytical Hierarchy Process) and
Delphi method.

In this study, several decision making methods, which have been used in the situation of
multiple objectives, are described in order to see if those can be appropriately used for
proliferation resistance evaluation. Especially, the AHP model for quantitatively evaluating
proliferation resistance is dealt with in more detail. The theoretical principle of the method and
some examples for the proliferation resistance problem are described. For more efficient
applications, a simple computer program for the AHP model is developed, and the usage of the

program is introduced here in detail.

We hope that the program developed in this study could be useful for quantitative analysis of
the proliferation resistance involving multiple conflict criteria. In addition, the program may be
also used in alternative studies of other nuclear industry such as waste disposal siting, nuclear

energy system and nuclear fuel cycle.
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|. Introduction

The nuclear proliferation risks of nuclear fuel cycles have been issued in the area of world’s
socio-politics since people witnessed directly a tremendous power of nuclear weapons in
Hiroshima in 1945. The proliferation resistance concern and evaluation in technical aspects of
nuclear fuel cycles, however, started from INFCE (International Nuclear Fuel Cycle Evaluation)
[1] conducted under the auspices of the IAEA and NASAP(Nonproliferation Alternative System
Assessment Program)[2] conducted under the auspices of the U.S. Government at the end of
1970’s.

Although the INFCE and NASAP were the most comprehensive evaluation studies up to now,
there were no attempts made to quantify the proliferation resistance of backend fuel cycle
technologies. This is because the evaluation of such proliferation resistance involves so many
factors, including political ones, and could be a sensitive issue because of the need to include
subjective opinions in the evaluation. Those studies concluded that all nuclear fuel cycles entail
some proliferation risk; no “technical fixes” exists, but, nevertheless, substantial differences in
proliferation resistance between various nuclear fuel cycles were identified, depending on where
they are deployed (NASAP study). Importantly, it was also concluded that both technical and
institutional improvements in nuclear fuel cycles can help to increase proliferation resistance

and to decrease proliferation risk.

Recently, consideration of proliferation resistance or vulnerability has been a topic of renewed
interest in the content of the GEN IV(Generation IV) program led by the United States and
INPRO(International Project on Innovative Nuclear Reactors and Fuel Cycles) established by
the IAEA’s 44™ General Conference Resolution. In both programs, the proliferation resistance is
being considered as one of the most important factors in finding advanced and innovative
nuclear system. They have been trying to find out an appropriate and reasonable method to
evaluate quantitatively several nuclear energy system alternatives. But any reasonable
methodology for integrated analysis of the proliferation resistance has not yet been come out at

this time.

In the past (1980s and 1990s), there have been several attempts to compare quantitatively the
relative proliferation risks for fuel cycle alternatives [3~6]. Approaches used in these models are
mostly based on operational-research methodologies such as a standard utility theory, multi-
attribute utility theory [7], AHP (Analytical Hierarchy Process) [8] and Delphi method [9]. The
studies were focused on deriving metrics that could in principle offer some measure of relative

proliferation risk or resistance of specific processes that constitute specific nuclear fuel cycles.



As an another approach, a scenario analysis method based Probabilistic Risk Analysis (PRA)
technique has been proposed [10], in which analyst models the process undertaken by the
proliferant to overcome barriers to proliferation and estimates the likelihood of success in
achieving proliferation objectives. The results are quantitative but rely, in some respects, on
subjective judgment of experts like other decision making tools because there are rarely

probabilistic data on the likelihood of success of the paths.

In this report, we try to focus on decision making methods which have been used in the situation
of multiple objectives in order to see if those can be appropriately used for proliferation
resistance evaluation. Various decision making methods with multi-criteria are described in
Chapter II. In Chapter III, AHP model for quantitatively evaluating proliferation resistance of
various nuclear fuel cycles is explained in more detail with some examples. A simple computer
program is made by use of MS Excel and Visual Basic language, and is introduced in Chapter
Iv.



I1. Decison Making Models
1.1 Multi-criteria Decision Problem

When multiple objectives (or criteria) are important to a decision maker, it is not easy to choose
an option among alternatives. It is because these criteria sometimes conflict with one another.
As an example of such conflicts, let’s consider the risk and return in lottery. In this case, high
returns are usually accompanied by high risk, and low levels of return are associated with low
risk levels. In making such investment decisions, a decision maker must evaluate the trade-offs
between risk and return to identify the decision that achieves the most satisfying balance of

these two criteria.

In nuclear industry, many types of decision problems involve multiple conflict criteria. For
example, in choosing between two or more different waste disposal site alternatives, you must
evaluate the alternatives considering public health effect, socio-economic effect, repository cost,
transportation cost, and so on. If you want to introduce a new nuclear system in your country,
you must evaluate a number of different systems based on economics, ripple effect on other
industry, safety, and so on. In those cases, it might be difficult for you to choose between
alternatives because the criteria conflict with each other. We would say that nuclear

proliferation risk problem is in the same situation because it has also various conflict criteria.

Several decision making techniques to resolve those multi-objective criteria have been
suggested and has been used widely. They include Multi-Criteria Scoring Model, Analytical
Hierarchy Process (AHP) and Multi-Objective Utility Theory (MOUT). Of them, multi-criteria
scoring model has been used widely because the procedure is very simple and also easy to
understand. On the other hand, the AHP and MOUT are a little more systematic tool and
provide powerful tools that can be used to make decisions in situation where multiple objectives
are present. The MOUT can also deal with the multiple objectives matters under uncertainty

unlike the AHP. Each concept is described briefly in the following section.

[1.2 Multi-Criteria Scoring M odéel

Multi-criteria scoring model is a simple procedure for calculating weighted average score of
each criterion. First weight denoted by w; are assigned to each criterion indicating its relative
importance to the decision maker. Then we score each alternative in a decision problem based
on each criterion. If the score for the alternative j on criteria i is denoted by Sj;, we then compute

a weighted average score for each alternative as follows;



Weighted average score for alternative j = z w;s,; (1)
i
We then select the alternative with the highest weighted average score. Let’s suppose that there
are three alternatives of nuclear fuel cycles (A, B, C) with five resistance barriers (or attributes)
including radiological barrier, chemical barrier, physical barrier, facility unattractiveness and

facility accessibility.

In estimating quantitatively among the alternatives, we would evaluate criteria for each
alternative. The idea in a scoring model is to assign a value from 0 to 1 to each decision
alternative that reflects its relative worth on each criterion. These values can be though of as

subjective assessments of the utility that each alternative provides on the various criteria.

Table 1 Multi-Criteria Scoring Model

o Alternatives Criterion
Criterion ot
Fuel Cycle A Fuel Cycle B Fuel Cycle C welig
radiological 0.8 0.7 0.6 0.30
barrier
chemical barrier 0.7 0.9 0.7 0.10
physical barrier 0.6 0.7 0.8 0.15
facility 0.9 0.7 0.6 0.25
unattractiveness
facility 0.5 0.7 0.8 0.20
accessibility
Weighted average 0.725 0.72 0.68 1.00
score

The decision maker must specify weights that indicate the relative importance of each criterion.
This is done subjectively. Hypothetical weights for each criterion in this example are shown in
Table 1. Radiological barrier shows the most important criterion in this example. Make sure that
these weights must sum to 1. Then the score for each fuel cycle on each criterion is given. It
indicate that Fuel Cycle A provides the highest potential for radiological barrier and facility
unattractiveness, but provides considerably less physical barrier and facility accessibility than
those of other alternatives. Weighted average score for each alternative are calculated by
equation (1). This example indicates that Fuel Cycle A is the highest proliferation resistant

alternative because it has the largest weighted average score.



1.3 Analytical Hierarchy Process (AHP)

Sometimes a decision maker finds it difficult to subjectively determine the criterion scores and
weights in multi-criteria scoring model. In this case, the Analytical Hierarchy Process can be
helpful. AHP provides a more structured approach for determining the scores and weights for
the multi-criteria scoring model described earlier. The AHP model includes three steps: pairwise

comparisons, normalizing the comparisons, consistency check.

Suppose we already knew the relative weights of a set of physical objects. We can express them

in a pairwise comparison matrix as follows:

wl/w1 WI/WZ — — Wl/wn
w2/w1 w2/w2 - - w2/w2

a=| - - T~ - @
wn/w1 Wn/WZ — — Wn/wn

If we wanted to find the vector of weights, [w;, w,, w;, ... w,] given these ratios, we can take the

matrix product of the matrix A with the vector W to obtain:

w, /w w, [ w - — w, [ w w nw
1" "n 1 1
W2/W1 w2/w - e W2/W w, nw,
o S O B B 3)
w /w  ow /w - - w /w w nw
n n 2 n o n n
Aw=Aw @)

If we knew 4, but not W, we could solve the above for W. The problem of solving for a nonzero
solution to this set of equations is very common in engineering and physics and is known as an
eigen-value problem. The solution to this set of equations is in general found by solving an n-th
order equation. Thus, in general, there can be up to n unique values for I, with an associated W

vector for each of the n values.



Notice that each column of 4 is a constant multiple of W. Thus, W can be found by normalizing
any column of A. Now let us consider the case where we do not know W, and where we have
only estimates of the g;’s in the matrix 4 and the strong consistency property most likely does
not hold. This allows for small errors and inconsistencies in judgments. It has been shown that
for any matrix, small perturbations in the entries imply similar perturbations in the eigenvalues.

Thus the eigenvalue problem for the inconsistent case is:
Aw=14, . w 5)

will be close to # (actually greater than or equal to n). The estimates of the weights

xxxxx

for the activities can be found by normalizing the eigenvector corresponding to the largest
eigen-value in the above matrix equation. The closer A is to n, the more consistent the
judgments. Thus, the difference, 5 - n, can be used as a measure of inconsistency (this
difference will be zero for perfect consistency). Instead of using this difference directly, Saaty

[8] defined a consistency index as:

4 - n
max
n-1 ©)

since it represents the average of the remaining eigenvalues. In order to derive a meaningful
interpretation of either the difference or the consistency index, Saaty simulated random pairwise
comparisons for different size matrices, calculating the consistency indices, and arriving at an
average consistency index for random judgments for each size matrix. He then defined the
consistency ratio as the ratio of the consistency index for a particular set of judgments, to the
average consistency index for random comparisons for a matrix of the same size. Since a set of
perfectly consistent judgments produces a consistency index of 0, the consistency ratio will also

be zero.

[1.4. Multi-Objective Utility Theory
[1.4.1Basic Principle

A multi-attribute utility function is a special type of objective function. In addition to assigning
higher numbers to preferred consequences, it provides a means of obtaining a ranking for
lotteries over consequences. These lotteries are necessary to describe situations involving

uncertainty; specifically, they indicate a series of possible consequences and the probability that



each will occur.

Often, organizations and individuals take a more conservative attitude toward significant risks
than expected value would suggest. That is, many organizations or individuals will sell an
uncertain alternative for less than its expected value to get ride of the risk of an undesirable
outcome. This attitude risk taking is called risk averse. While it is less common, some
organizations or individuals will sell alternatives only for more than their expected values. This
attitude toward risk taking is called risk seeking or risk proneness. Finally, if an organization or
individual will sell alternatives for exactly their expected values, the organization or individual

is said to be risk neutral.

In theory, one can specify not only the general shape of the utility function, but also an exact
functional form. The exponential and linear utility functions are collectively a fairly robust set
of single-parameter forms for characterizing single-attribute utility functions. When a single
utility function has an exponential shape, classes of risk averse, risk neutral, and risk prone

utility functions can be expressed with following equations, respectively.

u(x)=a+b(-e™) (7)
u(x)=a+b(cx) ®)
u(x)=a+b(e”) ©)

where a and b > 0 are constants to ensure that u is scaled from 0 to 1 (or any scale desired) and ¢

is positive for increasing utility functions and negative for decreasing ones (see Fig. 1).

The parameter ¢ in Equations (7) and (9) indicates the degree of risk aversion. For the linear
case, equation (8), parameter ¢ can be set at +1 or -1 for the increasing and decreasing cases,
respectively. More details about the exponential utility functions and discussions of other

single-attribute utility functions are given by Keeney and Raiffa [3].

11.4.2 Assessment of Utility Functions

If attributes to be assed is independent each other, form of the multi-attribute utility function can

be expressed as follows;

u(x,, X, ... ,xn)sziui(xl.) (10)
i=1

where u; is a utility function over X; and the k; are scaling constants indicating the value

tradeoffs between the various pairs of attributes. Values of k; can be evaluated by experts using
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various decision aiding tools with AHP and fuzzy integration as well as multi-attribute utility

theory.

In the assessment of a multi-attribute utility function, a decision analyst questions policymakers

and decision makers about appropriate preferences for evaluating the alternatives.

The individual utility functions that we want to assess are the single-attribute utility functions,
denoted by u;, which are also single-attribute measurable-value functions. In general, each of
these is determined by assessing utilities for a few x; levels and then fitting a curve. However, as
indicated in the preceding discussion about risk aversion, the shape of the curve has a meaning

in terms of the preferences.

Two types of value judgments are needed to determine the single-attribute utility functions.
The first specifies the risk attitude and therefore determines the general shape of the utility

function. The second identifies the specific utility function of that general shape.

Suppose we want u(x) for attribute X for x” < x < x* Let us assume larger levels are less
preferred. To begin examining risk attitudes, we take a 50-50 lottery at the extremes of X and
compare it with the expected consequence. That is, the policymakers are asked whether a 50-50
chance at each of x” and x* is preferred to, indifferent to, or less preferred than the sure
consequence X = (x° + x*)/2. A preference for the sure consequence indicates that risk

aversion may hold.

Next, the same line of questioning is repeated for the lower- and upper-half ranges of x. The
lottery yielding equal chances at x” and X is compared with the expected consequence (x°
+ X )/2. Preference for the sure consequence again indicates risk aversion. Similarly, a
preference for the sure consequence (x + x*)/2 to a 50-50 lottery yielding either X or x* also
indicates risk aversion. If assessments for the entire range plus the upper and lower halves are
consistent in terms of their risk implications, risk aversion is probably a very good assumption

to make.

We have now determined that the risk attitude using Equation (7) through (9). If the form is
Equation (8), no additional assessments are necessary. The parameter c is set at +1 or —I,
depending on whether the utility function is increasing or decreasing. Then the constants a and

b are simply set to scale # from O to 1.

For the risk-averse and risk-prone cases, a little more effort is required. Suppose that the
attribute is such that preferences increase for greater levels of the attribute and that the client is

risk averse. Then a reasonable utility function is as follows;

ux) =a + b(-e*) (b>0, c >0). (11)

11



If u(x) is to be assessed for x, < x < x* we might set
u(x,) =0 and ux* =1 (12)

to scale u. Next, we shall need to assess the certainty equivalent for one lottery. In other words,
we need to know a certainty equivalent X that is indifferent to the lottery yielding either x” or
x”, each with an equal chance, where x”and x " are arbitrarily chosen. Then the utility assigned

to the certainty equivalent must equal the expected utility of the lottery, so
u(x) =0.5u(x) + 0.5 ux”). (13)

Substituting Equation (7) through (9) into Equations (11) through (13) gives us three equations
with the three unknown constants a, b, and ¢. The solving for the constants results in the desired

utility function.

Now let us return to the case of a constructed index with clearly defined level orders x° x, . . .,
x%x*, where x° is least preferred and x* is most preferred. Then we can again set a scale by
Equation (12) and assess u(X’ ), j = 1, . . ., 6, accordingly. For each x/, we want to find a
probability p; such that ¥’ for sure is indifferent to a lottery yielding either x* with probability p;

or x” with probability (1 - p; ). Then, equating utilities, we obtain

u(xy) =pu(x*) + (I=pj)u) =p;  (=1..,6). (14)

For both the natural and the constructed scales, once a utility function is assessed, there are
many possible consistency checks to verify the appropriateness of the utility function. One may
compare two lotteries or a sure consequence and a lottery. The preferred situation should always
correspond to the higher computed expected utility. If this is not the case, adjustments in the
utility function are necessary. Such checking should continue until a consistent set of

preferences is found.

Now suppose we wish to assess a measurable-value function w(x) for attribute X for x, =<x =x*.

Suppose that preferences increase in this range. Then we can scale w by
wx,) =0, wx*) =1 (15)

To specify the shape of w, we investigate the qualitative character of the policymaker’s

preferences. For instance, we can take the point x "= (x° + x*)/2 halfway between x, and x*, and

12



ask for the mid-value point between x, and x . Suppose it is one-third of the distance from xo to
x’. Then we ask for the mid-value value point between x”and x*. If it is also one-third of the
distance from x“to x*, a certain structure is implied since the ranges xo to x“and x “to x* are the
same. Suppose for any pair of points with this same range, the mid-value point is one-third of
the distance from the less desired point to the more desired point. This would have very strong

implications for the shape of w. In this case, it follows that

wx) = d + b(-e™), (16)

where d and b are scaling constants to obtain consistency with Equation (15) and the measurable

value function has an exponential form with one parameter c.

The parameter c is determined from knowing the mid-value point for one pair of x levels. We
could use the already determined point one-third of the distance from x° to x’, for example.
However, let us suppose we assess X to be the mid-value point for the range x°to x*. Then, it

follows from the definition of a measurable-value function that

wx*) —w(x) =w(x)—w,). (17)

Combining this with Equation (15) yields

w(%)=0.5, (18)

which can be substituted into Equation (16) to determine the parameter c¢. The scaling

parameters d and b can be determined from evaluating.

13



(Increasing Utility Function)

x° X x"

(Decreasing Utility Function)

Fig. 1 General Shape of Utility Function
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[11. AHP model for Proliferation Resistance Analysis

To illustrate how the AHP works, an example for proliferation resistance of nuclear fuel cycles
is given in this chapter. Suppose that there are three alternatives of nuclear fuel cycles (A, B, C)
with four resistance barriers: radiological barrier, chemical barrier, physical barrier, isotopic
barrier. We begin by forming a matrix 4, known as the pairwise comparison matrix. The entry
in row i and column j of matrix 4, labeled a;, indicates how much more (or less) important
objective i is than objective j. Importance is measured on an integer-valued scale from 1 to 9,
with each number having the interpretation shown in Table 2. They simply indicate discrete

points on a continuous scale that can be used to compare the relative importance of any two

objectives.
Table 2 Interpretation of Values in Pairwise Comparison Matrix
Value of ajj Interpretation
1 Objectives i and j are equal important.
3 Objectives i is slightly more important than ;.
5 Objectives i is strongly more important than ;.
7 Objectives i is very strongly more important than ;.
9 Objectives i is absolutely more important than ;.

For example, if a;3=3, then objective 1 is slightly more important than objective 3. If a;=4, a
value not in the table, then objective i is somewhere between slightly and strongly more
important than objective ;. If objective i is less important than objective j, we use the reciprocal
of the appropriate index. For example, if objective i is slightly less important than objective j,

then a;=1/3. For consistency, it is necessary to set a; =1/a;.

To illustrate, let’s suppose the following pairwise comparison matrix for four resistance barriers.

13 1 13 1/4
A= 5 3 1 2
/6 4 12 1

15



The rows and column of 4 correspond to four objectives; radiological barrier, chemical barrier,
physical barrier and isotopic barrier. Considering the first row, for example, an analyst believes

that radiological barrier is more important than other barriers.

Let’s determine the weights with above matrix 4. For this, the matrix 4 needs to be normalized.
For each of the column of 4, divide each entry in the column by the sum of the entries in the
column. This yield a new matrix (call it 4,,,,) in which the sum of the entries in each column is
1.

0.5882 0.2727 0.7317 0.6486
0.1961 0.0909 0.0488 0.0270
Anorm - 0.1176 0.2727 0.1463 0.2162
0.0980 0.3636 0.0732 0.1081

In order to estimate the weight for objectives i, the average of the entries in row i of 4,,,, is

calculated as followings;

0.5882 +0.2727+0.7317+ 0.6486  _ () 5603

w,=
4
W, = 0.1961 + 0.0909 + 0.0488 + 0.0270  _ | 1907
4
+ +
W, = 0.1176 +0.2727 + 0.1463 + 0.2162  _ 0.1882

4

W,= 0.0980 +0.3636 + 0.0732 + 0.1081 = () 1607
4

Intuitively, we can see the reason why w; approximate the weight for objective 1 from the

above equations.

Next, we need to determine how well each nuclear fuel cycle scores on each objective. To
determine these scores, we use the same scale described in Table 2 to construct a pairwise
comparison matrix for each objectives. For example, consider the radiological barrier objective.
Suppose that we assess the following pairwise comparison matrix. We denote this as 4; because

it reflects our comparisons of three nuclear fuel cycles with respect to the first objective.

16



A= |13 1 3

The rows and columns of this matrix correspond to the three nuclear fuel cycles. For example,
the first row means that fuel cycle 1 is superior to fuel cycle 2 in terms of the radiological
barrier. To find the relative scores of the three fuel cycles on radiological barrier, we now apply

the same two-step procedure. We first divide each column entry by the column sum to obtain

06522  0.6923  0.5556
Al norm = 02174 02308  0.3333
0.1304  0.0769  0.1111

Then we average the numbers in each row to obtain the vector of scores for the three nuclear

fuel cycles on radiological barrier, denoted by S;.:

0.6333
S, = 0.2605
0.1602
That is, the score for nuclear fuel cycle 1, 2, 3 on radiological barrier are 0.6333, 0.2605 and
0.1602, respectively. In radiological barrier aspect, nuclear fuel cycle 1 is clearly the favorite.

Next we repeat these calculations for other objectives. Each of these objectives requires a
pairwise comparison matrix, which denote as A,, Az, and A4. Suppose that our pairwise matrix

for chemical barrier is

1 14 173
A= 14 1 12
3002 1

Then the corresponding normalized matrix is

17



0.1250  0.0769 0.0909
Ay norm = 0.5000 0.3077 0.2727

0.3750 0.6154 0.5455

And by averaging, we obtain

0.1297
S,= | 0.3601

0.5119

For physical barrier, isotopic barrier, suppose the pairwise comparison matrix is

FT5 1
Ay=15 1 4
2 14 1

Then the same types of the calculations show that the scores for nuclear fuel cycle 1, 2 and 3 on

physical barrier are

0.1179
S;= | 0.6806

0.2014

Finally, suppose the pairwise comparison matrix for isotopic barrier is

113 15
A= |3 1 1n
5 2 1

In this case the scores for nuclear fuel cycle 1, 2 and 3 on isotopic barrier are

18



0.1096
S,= | 03092

0.5813

So far, for each matrix 4;, we obtain a vector of scores S; that summarizes how the nuclear fuel

cycles compare in terms of achieving object i.

The final step is to the scores in the S; vectors with the weights in the w vectors. If we form S of
these score vectors and multiply this matrix by w, we obtain a vector of overall scores for each

nuclear fuel cycle, as shown below:

0.5603

0.6333  0.1297  0.1179  0.1096 04063
0.0907

Sw= | 02605 03601 06806 03092 |X = 0.3563
0.1882

0.2373
0.1602 05119 02014  0.5813 0.1607

The largest of these scores is for nuclear fuel cycle 1. Nuclear fuel cycle 2 follows behind, with

nuclear fuel cycle 3 somewhat farther behind.

Final step is the check for consistency for the evaluation. Any pairwise comparison matrix could
suffer from inconsistencies. We now describe a procedure to check for inconsistencies. In order

to calculate the consistence index, first Aw has to be computed as follows:.

-~
L 3 5 6 [ 0.5603 ) (27380
173 1 173 1/4 0.0907 0.3803
Aw = X =
/5 3 1 2 0.1882 0.8939
1/6 4 12 1
\0.1607 ) \0.7110 )

Then we find the ratio of each element of Aw to the corresponding weight in w and average

these ratios. For this example, this calculation is

2.7380 N 0.3803 n 0.8939 n 0.7110
0.5603 0.0907 0.1882 0.1607

= 45623
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The value means largest eigenvalue, /Imax . Then we can compute the consistency index (CI) as

(Above result) - n

Cl =
n-1

Where 7 is the number of objectives. For the example, this is CI=0.1877. We compare CI to the
random index (labeled RI) in Table 3 for the appropriate value of 7.

To be perfectly consistent decision maker, each ratio should equal n. This implies that a
perfectly consistent decision maker has CI=0. The value of RI gives the average value of CI if
the entries in A were chosen at random. If the ratio of CI to RI is sufficiently small, then the
decision maker’s comparisons are probably consistent enough to be useful. Satty suggests that
CI/RI < 0.1, then the degree of consistency is satisfactory. In this example, CI/RI =0.2036,

which is larger than 0.1. Therefore, we can say that the example exhibit serious inconsistencies.

Table 3 Random Indices for Consistency Check

n 2 3 4 5 6 7 8 9 10

RI 0 0.58 090 1.12 124 132 141 145 151

Let’s examine why the inconsistence is generated in this example. If we take a look at pairwise
comparison matrix for four resistance barriers, matrix 4, we can understand the reason of that.
The first low of the 4 means that radiological barrier is slightly more important than chemical
barrier, strongly more important than physical barrier, and very strongly more important than
isotopic barrier. So the importance priority among objectives ranked as an order of radiological
barrier, chemical barrier, physical barrier and isotopic barrier. Meanwhile, if we look at the
second low of 4, chemical barrier is less important than physical barrier and isotopic barrier.
This causes serious inconsistence. Let’s replace the values of a»;, and a,, with 2 and 4,

respectively. Matrix A becomes

1 3 5 6
3 1 2 4
A= 5 12 1 2
ve 14 12 1

20



If we recalculate consistency using values of this matrix, we can see that CI is 0.0163 and CI/RI

is 0.0181. In case of that, we can say that the degree of consistency is satisfactory.
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V. Description of AHP Program for Proliferation Resistance Analysis

This program first asks the users to specify the criteria that are relevant for making the
proliferation resistance decision. Several criteria, such as radiological barrier, chemical barrier,
physical barrier and isotopic barrier are listed as possibilities, but the user can add other criteria
to the list if desired. Next the user is asked to list nuclear fuel cycle alternatives. Then the user is
asked to make a series of pairwise comparisons, first between pairs of criteria and then between
pairs of nuclear fuel cycles on each criteria. After all pairwise comparisons have been made, the
program performs the necessary calculations and reports the results on a report sheet,

highlighting the nuclear fuel cycle with the highest score.

This MS Excel file contains Explanation and Report worksheets and a ScoreChart chart sheet.
All calculations are done directly in memory with VBA (Visual Basic Application). When this
file is opened, the Explanation sheet in Fig. 10 appears. The text box explaining this AHP model
is hidden, but it can be displayed by double-clicking anywhere in row 3 of the Explanation sheet.

Clicking on the button in Fig. 10 produces the dialog box in Fig. 11. It has a combo box with a
dropdown list of criteria the user can choose from. Alternatively, the user can type a new
criterion in the box. After a criterion is entered in the box, the user should click on the “Add”

button to add the criterion to the list that will be used in making the decision.

When all desired criteria have been added, the use should click on the “No More” button. Then
the dialog box in Fig. 12 appears. It has the same functionality as the first dialog box, except
that there is no dropdown list. The user must enter all available nuclear fuel cycles, one at a time,

in the text box.

After all criteria and nuclear fuel cycle options have been entered, several dialog boxes similar
to the one shown in Figure 13 appear. Each asks the user to make a pairwise comparison
between two of the criteria. This can be done by clicking on the button for the criteria that is
considered more important and then using the scroll bar to indicate how much more important it
is. If there are four criteria, then there are six such pairwise comparisons. The counter on the

dialog box reminds the user how many more comparisons remain.

This code then presents a series of dialog boxes similar to the one shown in Fig. 14, where the
user must make pairwise comparisons between pairs of nuclear fuel cycles on the criteria. When
all pairwise comparisons have been made, this code does the calculations and reports the results
in a Report sheet, as shown in Fig. 15. This report lists the weights for the criteria, the scores for
the fuel cycles on each criterion, and the total scores for the nuclear fuel cycles. The bottom of

the report lists consistency indexes. If the user has to make many pairwise comparisons, there is
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always the possibility of being inconsistent. The bottom line alerts the user to this possibility.
Specifically, if it reports inadequate consistency, the user should probably go through the

process again and attempt to make more consistent comparisons.

By clicking on the top button on the Report sheet, the user can view the chart in Fig. 16, which

indicates the total scores for the nuclear fuel cycle alternatives.
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Fig. 10 Explanation Sheet
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Proliteration Besistance Criteria Selection

Choose a criterion from the dropdown lisk o byvpe in

criterion of your choice, Then click on the Add button to add
this ko your criberia list, Click the Mo More bukkon if you have
added all you want, Click the Cancel bukkon ko exit the Mo More

application altogether,
5

Add

Cancel

Radinlogical barrier
Chemical barrier
Physical barrier
Isobopic barrier
Facility attractiveness
Farcility Accessability

Fig. 11 Combo Box for Entering Criteria of Proliferation Resistance
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Enter Nuclear Fuel Cycle Alternatives &

Enter a cycle name and then click on the Add butkon ko add

it ko the lisk of cycles, Click the Mo Maore buktan if wau have Add
added all wou want, Click the Cancel button to exit the

application altogether, Mo Mare
nuclear Fuel cycle name: Cancel

Fig. 12 Dialog Box for Entering Fuel Cycle Alternatives

26




FPairwise comparisons for criteria

Enter wour pairwise comparisons here, For each pair, check which criterion is
more impaorkant, then use the scrollbar to indicate how much more impaorkant it is
than the other, then click on the Mext butkon,

Murnber of pairs of

Pair of criteria criteria left to evaluate

{+ Radiological barrier {after this one):
O Chemical barrier 0
Mext
How much more important?
1 ] q
Kl == 2
Abouk Strongly more Absolukely
equal imparkant mare imparkank

Fig. 13 Dialogue Box for Pairwise Comparison Between the Criteria
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Pairwise comparisons between cycles for criteria §

Enker wour pairwise comparisons here, For each pair check which cvcle is preferred
For the criterion shown, then a number from 1 ta 9 indicating how much more
preferred it is than the other, then click on the Mext butkan,

Criterion: Chemical barrier

" Fuel Cycle B

How much more imparkant?

1 5
Bl
About Strongly more
equal imporkant

Mumber of pairs of cycles
left ko evaluate on this
crikerion (after this one):

2

MNexk

9

L

Absolutely
more imporkank

Fig. 14 Dialogue Box for Pairwise Comparisons of Nuclear Fuel Cycles on Each Criterion
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V. Conclusions

The nuclear proliferation risks of nuclear fuel cycles had been issued in INFCE and NASAP
studies and it has been a topic of renewed interest in the content of the GEN IV program and
INPRO. In both programs, the proliferation resistance is being considered as one of the most
important factors in assessing advanced and innovative nuclear systems. They have been trying
to find out an appropriate and reasonable method to evaluate quantitatively several nuclear
energy system alternatives. But any reasonable methodology for integrated analysis of the

proliferation resistance has not yet been come out at this time.

In the past, there have been several attempts to compare quantitatively the relative proliferation
risks for fuel cycle alternatives. Approaches used in these models are mostly based on typical
decision analysis theories such as a standard utility theory, multi-attribute utility theory, AHP
(Analytical Hierarchy Process) and Delphi method.

In this study, several decision making methods, which have been used in the situation of
multiple objectives, are described in order to see if those can be appropriately used for
proliferation resistance evaluation. Especially, the AHP model for quantitatively evaluating
proliferation resistance is dealt with in more detail. The theoretical principle of the method and
some examples for the proliferation resistance problem are described. For more efficient
applications, a simple computer program for the AHP model is developed, and the usage of the

program is introduced here in detail.

We hope that the program developed in this study could be useful for quantitative analysis of
the proliferation resistance involving multiple conflict criteria. In addition, the program may be
also used in alternative studies of other nuclear industry such as waste disposal siting, nuclear

energy system and nuclear fuel cycle.
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