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Abstract:

Résumé:

Multicriteria Decision Aid (MCDA) can provide a useful frame-
work for many types of evaluation problems. The article focuses
on sensitivity analysis in MCDA and uses a sample problem of
establishing priorities for child care service. The main steps in
MCDA applications are outlined and some detail is provided on
three types of aggregation procedures and on sensitivity analyses
appropriate for each. Two general strategies for sensitivity analy-
sis are discussed: comparative analysis, which is suitable for data
on any scale; and calculative analysis, which requires cardinal data.
Examples show how sensitivity analysis can be used to concen-
trate mediation efforts on the most important assumptions of an
evaluation.

L’aide 4 la décision multicritére (ADMC) peut fournir une struc-
ture utile a Panalyse de divers types de problémes d’évaluation.
Cet article a pour thame central Panalyse des sensibilités dans
I’ADMC, et examine l'exemple du probleme d’établissement des
priorités pour les services de garde des enfants. Les étapes principales
dans V'application de TADMC sont profilées et 'on présente quelques
détails 4 propos des trois types de procédés sur 'aggrégation et
sur I'analyse des sensibilités plus appropriées pour chacun de ces
procédés. Deux stratégies générales pour 'analyse de sensibilités
sont discutées: 'analyse comparative, qui est appropriée pour les
données sur n'importe quelle échelle; et 'analyse calculative qui
exige des données cardinales. Des exemples démontrent comment
’analyse des sensibilités peut &tre utilisée pour concentrer des ef-
forts de médiation dans les assomptions les plus importantes de
I'évaluation.
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I Multicriteria decision aid (MCDA) methods have been ap-
plied to many planning problems involving evaluation and priority set-
ting, including power plant siting (Hobbs, 1980; Roy & Bouyssou, 1986);
highway route selection (Massam, 1982; Massam & Skelton, 1986); capital
investment planning (Cook, 1986; Roy, Présent, & Silhol, 1986); and a
wide range of regional planning and development problems (Bennema,
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van Setten, 't Hoen, & Voogd, 1984; Chatterjee & Nijkamp, 1983;
Hinloopen, Nijkamp, & Rietveld, 1983; Janssen & Reitveld, 1985). MCDA
has also been applied in social planning, for example in medical service
evaluation (Baker & McKnew, 1984); public policy analysis (Nagel, 1986);
and service need assessment (Skelton, 1990).

One of the distinctive features of multicriteria analysis is that it pro-
vides a framework, not only for assessing the attractiveness of alterna-
tives, but also for examining how robust these assessments are. This
examination, termed sensitivity analysis, is the focus of this paper.
Sensitivity analysis is important in most public sector decision making
because of data uncertainties and lack of consensus on priorities. It is
crucial in social planning where there is often little substantive theory
to guide the multitude of decisions involved in structuring problems.

The following section provides an introduction to MCDA by identifying
the stages involved in an analysis, and by suggesting some useful refer-
ences for further study. Then, three techniques for summarizing char-
acteristics of alternatives are described. Each technique uses a different
level of data, i.e., ratio, ordinal or interval; and, each has imbedded
assumptions about how the data should be used. The main section of
the paper demonstrates these techniques in a sample problem of estab-
lishing priorities for child care service in Ontario, and illustrates strat-
egies of sensitivity analysis based on comparative and calculative
procedures appropriate for the three techniques. The final part offers
some conclusions and an outlook for applications of MCDA.

MULTI CRITERIA DECISION AID: AN OVERVIEW

There is a vast literature on multicriteria procedures and this paper
will provide only a cursory overview of the process. Several useful in-
troductions are available (Chankong & Haimes, 1983; Hwang & Yoon,
1981; Keeney & Raiffa, 1976; Maclaren, 1985; Massam, 1980, 1988;
Nagel, 1984; van Delft & Nijkamp, 1977; Voogd, 1983). The overall goal
of MCDA is to devise a scale upon which alternatives can be compared,
where no such scale is immediately available. The scale is constructed
by applying numerical procedures to quantitative and/or qualitative
measurements of selected attributes of the alternatives. In some cases
we have good substantive theory to guide the choices made in the analysis,
and reliable data are available. In many cases, however, we must make
use of subjective assessments about the attributes, their measurement
and their relative importance. This subjectivity calls for the perform-
ance of sensitivity analysis which can identify any assumptions which
may have a large influence on the results.
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While there are many considerations in each phase, a multicriteria analysis
consists of the following steps:

* identifying the set of alternatives under consideration;

» identifying the set of evaluation criteria and assigning their
scores for each alternative on an appropriate scale;

* establishing a value system (usually with weights) to register
the relative importance of criteria;

* aggregating the information to produce a classification of the
alternatives according to the assumptions made; and

* analyzing the sensitivity of the classification to the assump-
tions.

The remaining sections of the paper deal with the final two stages,
wherein the scale for comparing alternatives is created and tested. This
emphasis is due to space limitations only, and does not suggest that the
problem definition and measurement stages are in any sense less im-
portant; indeed, as Saaty has pointed out, “if people do not know what
they are talking about, there is no scale that would make them look
better” (Saaty, 1980, p. 64).

THREE APPROACHES TO AGGREGATION

At the base of each aggregation procedure lies a set of assumptions
about what properties of the available data are to be used and the type
of analytical procedures the parties involved in the decision find appro-
priate. This section describes three quite different approaches to aggre-
gation, each using the data in a distinctive way.

Additive Utility Techniques

The additive utility techniques are used to find an exact value of the
utility of each alternative. These techniques are compensatory, that is,
the amount by which an alternative outperforms another on one crite-
rion can compensate for its under performance on another. Their appli-
cation has been widespread in the United States, due in part to the
acceptance of utility theory in economics (Vinke, 1986).

In one additive utility technique, Simple Additive Weighting (SAW),
the overall assessment of an alternative is the sum of the weighted,
standardized criteria scores:

—_ ¥ * * .
Uy = Wiy * Ly + wegy * Ty + o+ wiy * I (1)
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where: U, is the overall score for alternative i
W, 18 the weight for criterion j
Idj) is the standardized score for alternative i on criterion j.

Thorough reviews of the assumptions of this model are provided by
Hobbs (1980, 1985) and Rowe and Pierce (1982). Among the most im-
portant are the data requirements: the criteria scores must be at least
on interval scales and the weights must be on ratio scales. In addition,
weights must represent the importance of a unit change in each respec-
tive criterion—or as Hobbs argues—the rate of substitution of the cri-
teria, which may be a different quantity. Criteria should be preferentially
independent, that is, decision makers’ willingness to trade-off between
two criteria should not be related to the level of a third. Finally, criteria
should be utility independent, meaning that the function form of each
must not be affected by the level of others. Satisfaction of all these as-
sumptions would be a tall order indeed, highlighting the need to test
the robustness of SAW results with sensitivity analyses.

Outranking Techniques

A second approach to aggregation is represented by the outranking
techniques. Compared with the additive utility techniques, these methods
are relatively free from restrictive assumptions. They seek to identify
relations of dominance between alternatives. An alternative is under-
stood to be dominated “if there is another alternative which exceeds it
in one or more attributes and equals it in the remainder” (Hwang &
Yoon, 1981, p. 58). The outranking methods are noncompensatory be-
cause the magnitude of the difference between two alternatives is not
considered.

The version of concordance analysis developed by Massam (1980) de-
fines two sets:

Civy the set of criteria j where, with respect to j, alternative i is
better than i’ (concordance set)
Ty the set of criteria ) where, with respect to j, alternatives i and 1’
are equal (tie set).

A concordance index c(ii’) is constructed for each pair of alternatives by
awarding the criteria weights to the preferred alternatives, or half the
weights in the case of ties, and dividing by the total of all the weights:

—{ Y w 13 [® EY b /'Y (9
C(ii’) =\ 4 “G) 1] & i) + .0 H‘VVU-) i) C T(ii') )r P vv\j}. \.’.a)
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The concordance indices for each alternative are summed, giving over-
all assessments for each.

Where the criteria are equally important the procedure uses only the
ordinal properties of the scores. Where criteria are unequally weighted,
it uses cardinal properties of the weights.

Qualitative Evaluation Techniques

In some circumstances the best measurements for criteria scores and
weights consist of ratings, such as “good, medium, bad” and “very im-
portant, not so important.” For example, it may not be feasible to meas-
ure some criteria, or it may be possible to establish scores and weights
only on such a coarse scale. Qualitative methods can be used to sum-
marize the available data systematically. In many of these techniques
a set of preference conditions is established and the aggregation proce-
dure consists primarily of counting the number of times that the condi-
tions accrue in the pairwise comparison of alternatives.

The Numerical Interpretation Method (NIM) is an example of the quali-
tative techniques. The version developed by Voogd (1981; 1983, pp. 137~
138) includes a detailed comparison of all alternatives on all pairs of
criteria, and consists of four steps. First, the set of preference condi-
tions (“cases”) is established and each is given a level of importance
{(“case weight”) as follows:

¢ (Case 1, case weight 1
the score for alternative Al is better than that for alternative
A2, and the criterion for which Al is being assessed is more
important than the criterion for which A2 is being assessed
* (Case 2, case weight 1
alternative Al is better on both criteria
¢ Case 3, case weight 0
the scores on both criteria are the same irrespective of the weights
¢ Case 4, case weight 0
the criteria weights are the same, and alternative Al is better
on one criterion and alternative A2 is better on the other
* Case b, case weight -1
all other cases.

In the second step a matrix M is constructed for each pair of alterna-
tives reflecting the cases. The order of each matrix is the number of
criteria. In the third step these matrices are reduced to a single matrix
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Q, which has the order of the number of alternatives, by summing the
relevant M matrix for each cell. The final step is to sum the rows of the
Q matrix to find the overall evaluation for each alternative.

Some modifications to Voogd's formulation have been suggested, prin-
cipally that unspecified cases should carry a case weight of zero to indi-
cate indifference (Skelton, 1990). In the results reported in the following
section these modifications have been adopted.

SENSITIVITY ANALYSIS

In sensitivity analysis systematic ways of evaluating changes to tech-
niques and assumptions are devised. The purpose is to identify the par-
ticular assumptions—whether in terms of the procedures used, the
alternatives and criteria included, and the weights and criteria scores—
which appear influential in the overall assessment of alternatives. In
addition to fostering familiarity with the problem at hand, this will
help to focus efforts in mediation by highlighting the most consequen-
tial conflicts. It may also suggest particular data points which might be
verified with further research.

Two broad categories of sensitivity analysis are discussed here: com-
parative and calculative. In comparative sensitivity analysis the alter-
natives are assessed under different specified assumptions and these
results are examined. In calculative sensitivity analysis the exact val-
ues which would produce different assessments are calculated and then
stakeholders determine whether these hypothetical criteria scores or
weights are plausible.

In comparative sensitivity analysis the simplest, and often the best,
approach is to inspect the assessments under different assumptions.
This might involve, for example, changing the criteria scaling techniques
and aggregation procedures or using alternative weights and criteria
scores to see if the alternatives typically end up in similar relative posi-
tions. As suggested by Massam (1988), benchmark alternatives such as
an ideal best or a hypothetical worst can be used. In problems with
large numbers of alternatives it may be helpful to use techniques such
as correlation analysis or Likert scaling to determine how consistent
the assessments are.

Calculative sensitivity analysis is usually possible only for cardinal
aggregation techniques, not for procedures which rely on ordinal rela-
tions or category counts. Nagel (1984) suggests threshold analysis in
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which the values of weights and criterion scores which would yield identical
assessments for two alternatives are calculated.

This section uses the small sample problem shown in Table 1 to assess
the need for additional child care service in the four Ministry of Com-
munity and Social Services regions of Ontario: North; South West; Centre
and East. The criteria C1 to C5 are, respectively: the existing number
of half-day equivalents of child care service weekly, in thousands; the
number of children under six, in thousands; lone parent families as a
percent of all families; female workforce participation; and mean household
income in thousands. C1 refers to 1984 and was provided by the Minis-
try. C2 to C5 are from the 1981 Census of Canada. C1 and C5 are nega-
tively associated with need and the other criteria are associated positively.
Figures in parentheses in Table 1 are the weights used in most of the
experiments reported. The purpose here is to demonstrate an approach
to need assessment and sensitivity analysis, not to make statements
about actual service need. That would be a much more complex task
than the project reported here.

Table 1
Sample Data
C1 C2 C3 C4 C5
Alternative (-.35) (.35) @) ) -1
N 20.85 79.50 11.00 58.09 23.38
SW 143.66 251.85 10.25 66.18 2411
c 216.40 24324 11.75 7218 2811
E 76.58 139.39 10.76 66.80 24.51

Sensitivity Analysis: Comparisons Among Aggregation Procedures

The first comparative sensitivity analysis shown here examines “method
uncertainty,” the effect of alternate aggregation techniques. The likeli-
hood that results depend on the particular technique selected has been
estimated by Voogd. Using hypothetical data and over 30 different pro-
cedures, he found “a minimum 40 percent chance that a technique re-
sults in a different ranking from any other technique” (Voogd, 1983, p.
209).

The overall assessment was calculated with simple additive weighting,
with concordance analysis and with the numerical interpretation method,

after the criterion scores were assigned ranks. The results are shown in
Table 2.
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Table 2
Comparison of Assessments Under Altemative Aggregation Methods
Alternative SAW CA NIM
N 15.66 155 19
SW 21.08 1.70 16
C 8.80 1.30 19
E 16.68 1.45 15

The results show that under SAW and CA, SW is rated neediest over-
all, followed by E and N (SAW) and N and E (CA). C is assessed least
needy. The results for NIM are very different, however, with C assessed
as needy as N, and both of these more needy than SW. The NIM tech-
nique makes use of different properties of the data than do the other
two techniques; if it were certain that the assumptions of SAW and CA
were satisfied, then we could be equally satisfied that the results for
these two techniques contain relatively low method uncertainty—al-
though it might be advisable to experiment further to assess the close-
ness of N and E. In a mediation situation in which stakeholders disagreed
over the choice of aggregation technique, the stability of the results
here would suggest that the choice may not matter much.

Sensitivity Analysis Within SAW

Within the SAW technique, comparative sensitivity analysis could be
employed to examine the impact of alternating the criterion scaling
technique, or the weights used or differences in criteria scores, or ex-
periments could also be run with adding or dropping criteria and/or
alternatives. This section demonstrates threshold analysis (Nagel, 1984)
as a type of calculative sensitivity analysis.

Suppose it were important to know just how close N and E really lie.
With threshold analysis the criterion weights needed to give equal as-
sessments to these alternatives are calculated. Upon reflection, it will
be clear that the equation used to identify the threshold criteria scores
will depend on the scaling technique employed. In this example (in con-
trast with Nagel’s) criteria were standardized by dividing each raw score
by the largest value for the criterion. This technique maintains the
ratio characteristics of the raw data. Table 3 shows the threshold val-
ues calculated.
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Table 3
Threshold Analysis: N and E

1 C2 c3 C4 Cs
Original Weight -.350 350 A 100 -100
Threshold Weight -390 307 598 056 -.353
N Original Score 20.85 79.50 11.00 58.09 23.38
N Threshoid Score 14.56 86.83 12.20 57.44 2052
E Original Score 76.58 139.39 10.76 66.80 2451
E Threshold Score 82.88 132.06 9.5 59.45 2737

It can be verified that by substituting any one of these values into Equation
(1), N and E are determined to have equal need assessments. It is noted
1n passing that this use of threshold analysis differs from that of Brown
and Valenti (1983) in their Multi-attribute Trade-off System. Those
authors consider only changes in the less attractive (needy, in this case)
alternative, which could bring it up to tie the more attractive (needy;
alternative. They also disregard solutions which fall outside the do-
main of the original criteria scores.

The task now is to assess whether the values in Table 3 are plausible.
Looking first at the threshold weights, the calculated values are over
10 percent different from the original weights. It can be seen that N
and E would be assessed equally if the weight of C1 were -.39, instead
of the assumed weight of - 35. The assessment is more sensitive to the
weights for C1 and C2 and less sensitive to the weights for C3, C4 and
C5. This could provide a useful context to mediation on the importance
of the criteria, for example, it shows that large differences in the impor-
tance of lone parent families would not affect the relative positions of N

and E. However, it would be important to try to achieve consensus on
the weights for C1 and C2.

Similarly, looking at the threshold criteria scores, it appears that they
might be plausible for C1because they lie well within the domain of the
criterion. However, the threshold value for N is over 30 percent smaller
than the original, so that we can be quite sure that the assessment is
not very sensitive to this score. The threshold value for E shows that it
would have to be about 8 percent worse than the actual score for C1. It

is unlikely in this particular example that criteria scores contain such a
magnitude of error.
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Looking at C4, it can be seen that the threshold value for N is outside
the original domain, but extremely close to the original value. It might
be necessary to verify the criterion scores in this situation, particularly
in a case similar to the sample problem with data series are for differ-
ent years.

The cautionary note must be made that threshold weights must be in-
terpreted carefully, because a weight set which includes a threshold
weight will not sum to the same total as the original set, thus introduc-
ing some imbalance in the relationships among the weights.

Sensitivity Analysis Within CA

In CA comparative sensitivity analysis can be undertaken to investi-
gate the effect of varying the parameters, as illustrated in the compari-
sons above. In this section two specific analyses are described: a
comparative sensitivity analysis examining criterion scores and a
calculative sensitivity analysis of the weights.

Considering the criterion scores, it has been suggested (Massam, 1980)
that the sensitivity analysis can be approached by considering a pair of
objects equal in terms of a criterion if the ratio of the smaller score to
the larger is greater than or equal to a Just Noticeable Difference (JND)
value, say 90 percent or 95 percent. It is suggested here that the con-
cept of JND can alternatively be operationalized by applying it to stand-
ardized criterion scores, to facilitate comparison of the values among
criteria. In the example used here the raw scores were standardized to
maintain their interval characteristics.

Table 4
Experiments with Just Noticeable Difference
Alternative JNDforC2= 05 JND for C4 = .05
N 1.55 155
SW 1.53 175
o 1.48 1.30
E 1.45 1.40

Inspection of Table 1 shows that scores are very close on C2 (SW, C)
and C4 (SW, E). In Table 4 the Concordance Analysis is run with aJND
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of 95, that is, under the assumption that regions are equivalent on these
respective criteria if the difference is within 5 percent of the range.
Implementing the JND on C4 produces larger difference between the
aggregate scores because the need that C has over SW is eliminated.
The effect of the JND on C2 is to equalize the aggregate scores. The
positions of E and C are switched, because C gains half the weight of
this criterion in its comparison with SW. Similarly, as SW loses half of
this weight, it drops below N into second place.

Concerning weights, a calculative sensitivity analysis can be performed
to find the threshold weights and these are shown in Table 5. The re-
sults show that if C3 had a weight of zero, that is, effectively, if it were
excluded from the analysis, the alternatives would be equally rated.
Similarly, if C1, C2 and C4 had greater weight, or if C5 had less weight,
then the alternatives would be equivalent in terms of their aggregate
scores.

A caution is in order here. If a threshold weight were calculated with
the sign reversed from the original value, it would not be a true thresh-
old weight, because changing the sign of the weight would also change
the concordance set and using the weight would not produce equivalent

scores.
Table 5
Threshold Weights for Concordance Analysis

C1 C2 C3 Ca Cs
Original Weight -35 35 10 10 -10
Threshold Weight -25 45 .00 15 -05

Sensitivity Analysis Within NIM

For NIM only comparative sensitivity analyses are feasible. Experi-
ments could be run altering the case marks assigned, adding or delet-
ing cases considered, or changing other decision rules, in addition to
altering the original data. Furthermore, the categorization of criteria
scores into ranks could be executed more or less strictly. For the results
shown in Table 2, criteria scores were grouped into ranges prior to the
analysis; had they been ranked exactly according to the criteria scores
then SW would be rated most needy, followed by N, and then C and E
which would be tied. Thus it can be seen that the assessment is fairly
sensitive to the criterion scoring procedure in this particular example.
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SUMMARY AND OUTLOOK

The extensive use of MCDA in a variety of problems has established
these methodologies as a useful framework for comparing alternatives.
The emphasis on making explicit the assumptions which are often im-
plicit in an analysis—for example, decisions about criteria included,
about their importance and their measurement, and about how data
should legitimately be used—opens potentially useful opportunities for
investigating the influence of these assumptions. As discussed in this
paper, sensitivity analysis is an important component of MCDA, indi-
cating whether an assessment is stable, or whether it hinges substan-
tially on the assumptions.

The need to adopt a flexible framework for evaluation in the public
sector is particularly important in the contemporary planning context.
There has been widespread recognition that there is not a single way of
conceptualizing most social problems, let alone arriving at a single so-
lution; and that there is not even a single way of identifying priorities
in many areas of social life. These have underscored the need to find
alternative planning paradigms (Forester, 1989; Friedmann, 1987) which
will embrace multiple and competing points of view. More than ever,
planning and evaluation will surely involve mediation and consensus
building as more and more groups and individuals seek participation
in public decision making.

The use of sensitivity analysis in MCDA provides a set of evaluation
tools which lend themselves readily to analyzing how particular sets of
assumptions affect the overall assessment of alternatives. As media-
tion efforts can be more focused on the assumptions which have the
most influence on the results it allows for more informed and consen-
sual public decision making.
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