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ABSTRACT

This study aims to introduce a prescriptive methodology to comprehensively support

the analysis of decision process by the use of Saaty’s Analytical Hierarchy Process for

the optimization of radiation protection. The analytical Hierarchy Process for the optimiza-

tion of radiation protection. The analytical process for the problem of selecting options

among given protection alternatives is illustrated with the data of the uranium mine

example in ICRP Publ. 55. This technique, unlike other conventional selection method,

is considered to provide a useful tool for the protection manager with respect to its

_ ease of use and simplification in the choice of optimal alternative associated with radiologi-

cal protection.
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Introduction

This paper considers the problem of evalua-
ting the radiological profection factors specified
as relevant in the optimization. The optimiza-
tion of radiation protection is gradually being
recognized as an important principle[1] in imp-
lementing the International Commission on Ra-

diological Protection(ICRP) system, but the
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study of optimization and decision-making tech-
niques is rather scarce compared with the im-
portance of its concept[2].

The choice of appropriate protection options
is an important decision because it involves co-
mplicated factors such as the occupational do-
ses, the protection cost and the discomfort as-
sociated with the work environments which are

both quantitative and qualitative. Cost-benefit
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analysis that evaluates alternatives quantitati-
vely by relating benefits to assosiated costs is
the most common technique in the field of ra-
diation protection. This technique has been
used in optimization study extensively since
the ICRP introduced its concept in the earlier
publications[3].

However, although cost-benefit analysis may
be a good evaluation technique for the purely
quantitative problems which can be illustrated
with a single objective function, it fails to consi-
der the relevant factors which are not simple
to be transformed into a monetary valuation.
Due to such restrictions in the cases of real
problems on radiological protection, the ICRP
recently introduced the alternative decision-ai-
ding techniques such as multi-attribute utility
analysis and multi-criteria outranking analysis
together with conventional methods in ICRP
Publ.55[4]. The alternative techniques may
overcome the difficulty to quantify in monetary
terms, these methods are considered to have
abstract and cumbersome aspects to appropria-
tely determine the utility functions.

The authors have studied the application of
the goal programming method that is regarded
as an adequate and flexible technique to the
optimal allocation problem of radiation workers
under multiple conflicting objectives[5]. This
paper demonstrates a new application study
with an evaluation methodology based on Saaty’
s Analytical Hierarchy Process(AHP)[6] for
the choice problem of protection options using

the example data of uranium mine described

in ICRP Publ.55.

AHP Methodology

The main problem in decision making is the
structuring and analysis of complex multicrite-
rion decision problems. The areas in which
AHP is applied are diverse and numerous since
its introduction due to the practical nature of
the method suitable for solving complicated de-
cision problems[7,8]. This section presents a
brief summary of the methodology.

The AHP starts by decomposing a complica-
ted decision problem into a hierarchy ; each
level consists of manageable elements and each
element is decomposed into more detail set of
elements. The decomposing process continues
down to the most specific elements of the prob-
lem, the decision variables, which are represen-
ted at the lowest level of the hierarchy. To
structure a decision problem hierarchically is
an effective way of dealing with complexity and
identifying the major components of the prob-
lem. One of the major advantages of the AHP
is the flexibility it allows an analyzer in const-
ructing a hierarchy to fit his needs under the
decision environment.

The AHP technique is based on a matrix
of pairwise comparisons between the criteria
n and, for each criterion, a matrix of pairwise
comparisons between the alternatives m (op-
tions) with respect to that criteria. The first
matrix is solved to obtain the normalized eigen-

vector, which provides the relative weights (w;,
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-, w,) for each criterion. The solution of the
second matrix results in the normalized eigen-
vector, which provides the relative weights (Wi,
*, Win) of the alternatives with respect to that
criterion.

The “weight of alternative j is then given
by

wi W, (D

Where w; is the relative weight of criterion
i, Wy the relative weight of alternative ; with
_respect to criterion 7, and Z; is the global weight
~of alternative j.

A unique aspect of this approach is that the
analysis results can be checked easily as fol-
lows: the sum of the values for criterion w;
and the sum of the values for the final ranking
Z; should be equal one, respectively.

The comparative judgements are applied to
construct pairwise comparisons of the relative
importance of elements in a given level with
respect to a shared criterion in the level above.
After structuring of a hierarchy that adresses
the decision problem, a scaling method is used
to establish priorities among the elements in
each stratum of the hierérchy. This is accompli-
shed by asking the decision maker to evaluate

each set of elements in a pairwise fashion with

respect to each of the elements in a higher
stratum using values taken from the scale desc-

ribed in Table 1.

Table 1. Comparison scale of refative impor-

tance.
Intensity of .
ntensity o Definition
Importance
1 Equally important
3 Moderately more important
5 Strongly more important
7 Very strongly more important
9 Absolutely more important
24,68 Intermediate values between
the two adjacent judgements

Using this scale’ the participating manage-
ments assess the dominance of each element
over the others with respect to each element

of the immediate higher levels of the hierarchy

L9l

Analysis of Uranium Mine Exampie

In order to determine an adequate option
for radiological protection, the option must be
chosen after the effectiveness of all alternatives
are evaluated in terms of the protection factors
influencing the decision. The example conside-
red relates to the choice of a ventilation system

in a small uranium mine. The relevant radiolo-

'The nine point scale has been found to be highly reliable because it offers a wide enough range of
levels, while the respondents can handle 7+2 in effectively[6].
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Table 2. Data for the options considered in the uranium example from
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ICRP Publ.55.

Protection option 1 2 3 4 5
Annual protection cost, $ 10400 17200 18500 32200 35500
Annual collective dose, man + Sv 0.561 0.357 0.335 0.196 0.178
Annual average individual doses

workers in group, mSv
A 40.8 284 26.0 175 15.8
B 345 223 21.0 12.6 113
C 28.9 17.1 16.3 84 7.8
Discomfort from Ventilation no problems slight slight severe difficult
to work

gical protection factors are the annualized pro-
tection cost, the annual occupational collective
dose arising from external y irradiation and
from the inhalation of uranium particles, the
individual dose distribution and the discomfort
associated with the high ventilation rate in the
galleries and stopes. Five protection options are
considered in this analysis, each of which is
sufficient to ensure compliance with occupatio-
nal dose limits. The noticeable feature to this
example is that different ventilation rates lead
to different doses and have different discomfo-
rts or costs associated with them.

The 17 workers have been divided into three
groups, to take account of the individual dose
distribution, in accordance with their occupancy
in various work places of the mine and hence
their individual dose levels. The four most ex-
posed workers are group A, four others are
in group B, and the remaining nine are in group
C. The average individual doses of the workers

in each group for the options are shown in

Table 2, together with the resultant collective
doses.

When such typical factors related to the pro-
tection are reviewed in the process of decision
making, it is extremely important to express
the relevant factors in comparable measure and
to identify the corresponding criteria for esti-
mating the factors in the alternatives. In using
the AHP analysis technique it is necessary in
the first step to set up the decision hierarchy
by breaking down the decision problem into
a hierarchy of interrelated decision elements.
The decision problem is to decide which of five
protection options to choose. In the top level
is the overall goal of optimal protection option.
In the second level are the four criteria (prote-
ction factors) which influnce to the goal, and
the bottom level are the five candidate options
which are to be evaluated in terms of the crite-
ria in the second level. The criteria and options
in this method are assumed independent. Fi-

gure 1 illustrates a structure of the hierarchy
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Level 1 SELECTING

Goal BEST OPTION

Level 2 PROTECTION COLLECTIVE INDIVIDUAL DISCOMRSET
Criteria CoST DOSE DOSE VENT.
Level 3 1 2 3 4 5

Alternatives

Figure 1. Protection option hierarchy.

for an optimum protection option.

The second step is the elicitation of pairwise
comparison judgements: arrange the elements
in the second level into a matrix and elicit jud-
gements from the management using the scale
given in Table 1. The questions in comparing
two criteria are of the following kind: of the
two criteria being compared, which is conside-
red more important by the management imple-
menting the option with respec: to the overall
protection activity 7 When comparing the im-
portance of four criteria dimensions, it is desi-
rable to use the checking tabular in Table 3
as the indicater of protection performace.

Each row in this tabular compares two ele-

Table 3. Checking tabular for the
the management hold.

category that

Ny e 103
ments. For example, in the right-hand column
of the first row, a check in column 3 means
that the management believe the collective dose
is moderately more important than the protec-
tion cost. And a check in column 1 means that
the two elements are of equal importance. The
use of descriptions as for the intensity of impo-
rtance in Table 1 is actually more effective than
that of importance values 1, 3, -+, 9.

The major radiological protection factors that
need to be taken into account in decision are
the annual protection cost, the annual collective
dose, the individual dose distribution and the
discomfort from high ventilation rate. The four
protection criteria are prioritized by considering
relative contribution of criteria with respect to
its improtance on the objective.

As for the discomfort from ventilation, the
prioritization was done by considering relative
degree of aversion associated with the opera-
tions of ventilation systems. Comparing the five
elements with respect to the extent of discom-

fort leads to the comparison matrix shown in
Table 5.

most closely describes the position

9 7J5 3

Protection cost
Protection cost
Collective dose
Protection cost
Collective dose
Individual dose

Collective dose
Individual dose
Individual dose
Discomfort ven.
Discomfort ven.
Discomfort ven.
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Table 4. Pairwise comparison of the four protection criteria.

Protection Collective Individual Discomfort -
Priorities
Cost Dose Dose Vent.
Protection Cost 1 1/3 1/3 1/3 0.096
Collective Dose 3 1 2 1/3 0.251
Individual Dose 3 1/2 1 1/2 0.219
Discomfort Vent. 3 3 2 1 0.435

Am==4.19, CI=0.06

Table 5. Pairwise comparison of discomfort from ventilation.

proI;)(l)em slight slight severe :i(:filvc::; Priorities
no problem 1 2 2 5 7 0418
slight 1/2 1 1 3 4 0.223
slight 1/2 1 1 3 4 0.223
severe 1/5 1/3 1/3 1 2 0.083
difficult to work 1/7 1/4 1/4 1/2 1 0.053

Am==5.022, CI=0.0055

A™ is the largest eigenvalue of the pair wise-
comparison matrix A which satisfies A™ > n,
where equality holds for the perfectly consistent
case only. A consistency index is defined as
CI=(A*>—n) / (n-1), which represents the de-
viation from consistency[6].

The closer A™* is to n(the dimension of com-
parison matrix) the more consistent is the re-
sult, and CI of 0, 1 or less is considered accep-
table.

As in table 4, the collective dose is, for exam-
ple, moderately more important than the prote-
ction cost, insert 3 in the first column of the
tabular.

And insert the reciprocal 1/3 where the co-

lumn of the collective dose meets the row of

the protection cost. To determine the priorities
of relative importance for the protection crite-
ria, multiply the four elements in each row of
Table 4, and take the fourth root and normalize
the resulting numbers.

The next step is the pairwise comparisons
of the elements in the lowest(bottom) level.
The elements to be compared pairwise are the
protection options with respect to how much
better one is than the other is satisfing each
criterion in the second level. The matrix of pai-
rwise comparisons of the criteria in this case
is shown in Table 6, along with the resulting
priorities.

The global priorities to the problem as in

Table 6 was obtained by multiplying the ele-



A3 AMNEEYEE o] 8T WAARIAY tierdgel B HHH WwYe 105

Table 6. Giobal priorities for protection options.

Protection criteria (priority)
Options Protection Collective Individual Discomfort
. Global
Cost dose dose ventilation Priorities
(0.10) (0.25) (0.22) (043
1 0.322 0.080 0.080 0418 0.250
2 0.207 0.162 0.162 0.223 0.192
3 0.231 0.181 0.181 0.223 0.204
4 0.120 0.281 0.281 0.083 0.180
5 0.120 0.296 0.296 0.053 0.174

ment in each row with each priority of the pro-
tection criterion and taking the sum of the rows.
This priority reveals the particular option to
be implemented whose desiredness to the ove-
rall protection requirments is the greatest.
These results are somewhat different from
those of the methods described in ICRP Publ.55
and of our previous study using the goal prog-
ramming[10] because, in this method, the cri-
terion on the discomfort from ventilation is hi-

ghly accentuated than other factors, as 0.43.

Discussion

The prioritization process carried out in the
above section pointed to the protection alterna-
tive which should be adopted as an optimum
options. Discomfort from ventilation, in this
example, played the most improtant roles in
choosing an option. It is clear that tradeoffs
exist between occuaptional doses and discom-
fort from ventilation, so that an explicit treat-

ment of strategic factors based on the scrutiny

considering the real situations would be highly
desirable.

In the example of uranium mine the three
protection criteria except the qualitative ele-
ment of discomfort are composed of quantitative
values which are acquired as a measurable
units. As an other approach, we utilized the
given measurement values to evaluate the rela-
tive importance of the five options in terms
of their ratios, by using the concept of utility
functions[4]. For each factor a single attribute
utility of 0 was assigned to the worst value,
the highest cost, highest collective dose etc.,
and a.single attribute utility of 1 was assigned
to the best value, the lowest cost, lowest collec-
tive dose etc. And a single attribute utility in
the range of value 0 to 1 was assigned for all
the other performances.

This process yielded the utility values (1,
0.729, 0.677, 0.131, 0) for protection cost from
the entries of Table 2, (0, 0.533, 0.590, 0.953,
1) for collective dose and (0, 0.526, 0.582, 0.944,

1) for individual dose, respectively. To obtain
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the relative weights from the values, the ele-
ment values for each factor were normalized
so that these numbers could be added to unity.
In this case, the prioritization values as for the
discomfort from ventilation were left in the es-
timation of global priorities. They were combi-
ned and integrated using the criteria priorities
of protection factors in Table 4. The results
considering the utility values were achieved as
(0.220, 0.206, 0.213, 0.187, 0.176), the order of
which was not different fromthat of the general
pairwise comparison described above.

In this method we used the relative weights
which are known from the measurements such
as the protection costs and the exposure doses.
This approach can reduce the iterations of pair-
wise comparisons, however it cannot fully ref-
lect the decision environments in which . the
available resources suchas the budget for prote-
ction or the allowable dose (dose constraint)
should be considered. While, in this aspect, the
goal programming method can be regarded as
an effective technique which treats the decision
conditions in the forms of various goal values,
the method having a few advantages in decision
making may impose additional burdens on the
management by forcing him toanalyze many as-
pects of the problem in detail[11].

It was found through reviews that, within
the given framework of AHP, constructing a
judgement matrix and computing the eigenvec-
tor as shown in Table 4~5 is necessary to yield
relative importance even with the known mea-

surement, taking into consideration the decision
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environments for the better evaluation. The ju-
dgement obtained from the iterations of pair-
wise comparisons would definitely differ from
facility to facility, that is, the attachment of im-
portance to a certain factor may be varied with
the conditions of the facilities considered and
the judgement of the management; therefore,
the priority cannot be construed as a strict
one.

Many other factors relevant to radiological
protection can be included in the decision hie-
rarchy according to the characteristics of the
prbblem, and it can be handled with iterative
pairwise comparisons. A sensitivity analysis can
be conducted using alternative hierarchical for-
mulations, as well as different pairwise compa-
risons concerning the likely occurrence of the

various situations.

Concluding Remarks

The illustrative analysis of selection problem
of protection option was implemented with an
example data of uranium mine using the analy-
tical hierarchy process. What we have attemp-
ted to provide here is an introductory frame-
work to serve as a foundation methodologically,
for further application to a large scale problem
on radiological protection.

The effort to evaluate and choose the best
alternative may be difficult, but it is an impro-
tant task faced by the manager/assessor in his
operating facility. It is characterized by multiple

and complex objectives measured in incommen-
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surable units and necessitates reasonable
choice. However, this approach provides comp-
rehensive guide for decomposability of the pro-
blem to be considered and for the analysis of
the relevant factors enfluencing a decision.
The procedure described in this paper can
be extended to more complex cases such as
the construction of protective measures, time-
dependent judgements. The conceptual advan-
tage of the AHP approach and the experience
of it suggest that further experimentation with
this approach could lead to the establishment
of an important additional analysis of protection

decision models.
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