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Multicriteria analysis under uncertainty with

|ANUS — method and empirical results

Bernd Klauer, Martin Drechsler, Frank Messner

Summary

IANUS isamethod for aiding public decision-making that supports efforts towards sustai nable devel opment and
has a wide range of application. IANUS stands for ‘ Integrated Assessment of Decisions uNder Uncertainty for
Sustainable Development’. This paper introduces the main features of IANUS and illustrates the method using
the results of a case study in the Torgau region (eastern Germany). IANUS structures the decision process into
four steps: scenario derivation, criteria selection, modeling, evaluation. Its overall aim is to extract the informa-
tion needed for a sound, responsible decision in a clear, transparent manner. The method is designed for use in
conflict situations where environmental and socioeconomic effects need to be considered and so an interdiscipli-
nary approach isrequired.

Special emphasisis placed on a broad perception and consideration of uncertainty. Three types of uncertainty are
explicitly taken into account by IANUS: development uncertainty (uncertainty about the social, economic and
other developments that affect the consequences of decision), model uncertainty (uncertainty associated with the
prediction of the effects of decisions), and weight uncertainty (uncertainty about the appropriate weighting of the
criteria).

The backbone of IANUS is a multicriteria method with the ability to process uncertain information. In the case
study the multicriteria method PROMETHEE is used. Since PROMETHEE in its basic versions is not able to
process uncertain information an extension of this method is devel oped here and described in detail.
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1 Introduction: The scope of IANUS

On the road to sustainable development, public decision-making should take responsibility for
our fellow humans, future generations and the environment (WCED 1987: 42). Acting e-
sponsibly means taking the foreseeable consequences into account, albeit without forgetting
that not all the consequences of current decisions can be known (Klauer 1999: 118-119). But
how can we deal with uncertainty and ignorance? How can conflicts of interests be solved and

good decisions made?

IANUS is a tool that supports the making of public decisions in conflict situations with
considerable and important consequences. It was developed during a four-year interdiscipli-
nary project on land-use conflicts between the protection of water resources and economic
development in the Torgau region — a rura region in eastern Germany (Horsch et al. 2001,
Klauer, Meyer et a. 2001). IANUS stands for | ntegrated Assessment of Decisions under Un-

certainty for Sustainable Development.*

The main function of IANUS is to structure the decision process. IANUS provides a
framework for the integration of separate models for estimating the consequences of potential
actions as well as methods to evaluate these consequences. Its overall aim is to extract in a
clear, transparent way the information needed for a sound and responsible decision from a
complex conflict situation. IANUS has been designed to provide practical support for public
decisions in conflict situations where environmental and socioeconomic effects are to be con
sidered and so an interdisciplinary approach is needed. Special emphasis is placed on a broad
perception and the consideration of uncertainty. Except for trivia cases, uncertainty is ubig-
uitous in decision-making. A good decision support tool provides the decision-maker with
information about the uncertainty involved. Moreover, the tool should produce its results in a
way which is transparent and easy to understand for outsiders in order to promote acceptance
among the decision-makers as well as the other stakeholders. These are requirements which
are al met by IANUS and in this respect it is atool to promote the ideal of sustainable devel-
opment. One aim of this paper is to introduce the main features of IANUS. A second aim is to
show how the method was applied to the concrete conflicts of the case study in the Torgau

region.
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The backbone of IANUS is a multicriteria method with the ability to process uncertain in-
formation. Multicriteria analysis (MCA) (e.g. Vincke 1992, Munda et a. 1994, Roy 1996,
Salminen 1998) is regarded as an alternative to the traditional economic decision tool, benefit-
cost analysis, for complex decision problems (Joubert et al. 1997, O’ Connor 2000). Different
effects are measured on different dimensions (criteria), which alows trade-offs and decision
conflicts to be explicitly analyzed (e.g. Matrinez-Allier et al. 1998). This usually requires the
participation of the various stakeholders and interest groups in the decision process (Roy
1990; De Marchi et al. 2000). In this paper, the multicriteria method PROMETHEE (Brans
and Vincke 1985) — an so-called outranking method — is used. Since PROMETHEE in its ba-
sic versions is not able to process uncertain information an extension of this method is devel-
oped here.? The description of this extension is a third aim of the paper. Yet note that IANUS
is not tied to one specific multicriteria method like PROMETHEE. Its key characteristics are
the structuring of the decision-making process,® the way it integrates uncertainty issues, and

the usage of models to predict the effects of the alternatives.

The paper comprises conceptual aspects (framing the decision process with IANUS), tech-
nical aspects (the extension of PROMETHEE for uncertainty) as well as empirical aspects
(the case study). In the following we proceed like this. In Section 2 we describe the land-use
conflicts in the Torgau region used later on for illustrative purposes. Then we explain in Sec-
tion 3 how IANUS structures the decision-making process into four steps. Section 4 recounts
why we chose PROMETHEE as the method to aggregate monocriteria evaluations to produce
a final recommendation in the case study. Section 5 elucidates how uncertainty is treated in
IANUS at the various stages of the decision-making process. In particular we precisely ce-
scribe how PROMETHEE is extended to deal with uncertainty. Finally, the results of apply-
ing IANUS to the Torgau case study are presented and discussed in Section 6.

! lanus is the Roman god who symbolizes beginning. He has two faces, one looking forward into the
future, and the other looking back. The month of January is named after him.

2 Apart from multiple attribute utility theory, only few multicriteria methods have been developed to
cope with uncertainty (Vincke 1992). Exceptions are D’ Avignon and Vincke (1988) who have designed a
probabilistic outranking procedure and Munda (1995) who extended NAIADE in order to cope with fuzzy
information.

* Roy organizes his book (Roy 1996) following a similar structuring of a decision making process. An-
other structuring of a decision making process which is however focused on the application of benefit-cost
analysis can be found in Hanley and Spash (1993: 8-20). What distinguishes IANUS from these approaches
is above all the special emphasis on uncertainty and on integrating modeling from different disciplines that
leads to the concept of framework of development (see Messner, Klauer et a. 2001 and Section 3).
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2 Land-useconflictsin the Torgau region

In the Torgau region (Saxony, eastern Germany) there is a pressing land-use conflict between
groundwater protection and economic development. The debate on reducing wellhead protec-
tion zones in eastern Germany resulted from the sharp decline in the demand for water after
German reunification in 1989. The main reasons for this lower demand were the far-reaching
deindustrialization and the reduced water losses in the distribution network following exten-

sive repair work.

The Torgau region has a size of approximately 700 kn?. This rural and in economic terms
poorly developed area is crossed by the River Elbe — after the Rivers Danube and Rhine the
third biggest river in Germany. In the Torgau region, drinking water is extracted for the long-
distance water supply company Elbaue-Ostharz GmbH, which supplies about 600,000 nt of
drinking water per day to a population of 3.5 million. Torgau Waterworks has the capacity to
contribute about 40% of this volume. To protect the groundwater, 33% of the 686 knt of the
district of Torgau has been declared wellhead protection zones. In addition, 52% (partly
overlapping with the wellhead protection zones) is identified as landscape and nature protec-
tion zones. Agriculture, industry, and gravel-mining are subject to various restrictions within

the protection zones.

Under these circumstances, local politicians and economic pressure groups argued that the
wellhead protection zones obstructed several economic activities and hence hampered the
economic development of the region. The main land-use conflicts in the Torgau region are

between drinking water protection and:
agriculture: bound by certain conditions and restrictions on cultivation and pasturing;

sand and gravel mining industry: excavation only allowed (if at al) within the outer zones

of the wellhead protection zones,

construction of infrastructure (roads, sewers etc.): subject to certain restrictions and hence
saddled with additional costs;

settlement of new industry and other business: may opt for other locations given the scar-
city of building land and restrictions within the protection zones (Horsch and Ring 2001
23-29).

IANUS was used in the case study to analyze and evaluate different ways of alleviating the
conflicts in the region. The public authorities unexpectedly decided to reduce the protection
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zones shortly before the research project was finished. Therefore the final results of this study
should be regarded mainly as a policy evaluation rather than policy advice. Although the land-
use conflicts in the Torgau district are employed here to illustrate our decision support g-
proach, the methodology is not restricted to the conflict between groundwater protection and
economic development, but also provides a framework for assessing a wide range of land-use

and other environmental conflicts and advising decision-makers.

3 Four stepsof IANUS applied in the Torgau case study

The methodological procedure when using IANUS can be divided into the four steps ce-
scribed below aong with their application in the Torgau case study.

3.1 Step 1: Problem definition and scenario derivation

Using the IANUS method starts with a careful analysis of the conflicts existing in the region
of interest. The potential fields of action and appropriate options for resolving the conflict
situation are identified with local stakeholders. A combination of options from each of the
relevant fields of action is called an alternative It is the set of possible and relevant alterne-
tives that is the subject of evaluation. IANUS is restricted to consideration of a finite number
of alterretives.

In the Torgau region, work to reduce the complexity of the conflict and to isolate the ater-
natives began with an early meeting with important stakeholders. After several group and
individual interviews and discussions with different stakeholders and stakeholder groups, two
fields of actions appropriate to settle the local conflict were identified. The first field of action
was ‘groundwater protection’. In the region controversy raged over whether a certain well-
head protection zone should be reduced in size by the regional authorities (option 1) or not
(option 2). The second field of action was ‘gravel mining’ with the options of opening up new
gravel mining pits in the region (option 1) or not (option 2). The combination of the options of
the two fields of action resulted in four aternatives which were to be assessed later on. They
read:

Alternative 1: retention of wellhead protection zones and additional gravel mining pits
Alternative 2: reduction of wellhead protection zones and additional gravel mining pits

Alternative 3: retention of wellhead protection zones and no additional gravel mining pits
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Alternative 4: reduction of wellhead protection zones and no additional gravel mining pits
These alternatives represent the potential ways to solve the regional problem.

However, the assessment of these aternatives depends not only on the alternatives them-
selves, but also on the context in which the aternatives are considered. For instance, the wel-
fare effects of economic restrictions due to a wellhead protection zone may be more pro-
nounced under thriving economic conditions than at times when the economy is stagnant. As
a result, one crucia aspect of the IANUS methodology is to define different frameworks of
development that include important future developments regarding economic development,
socia life, environmental circumstances, etc. as well as anticipated reactions and adaptations
by consumers and firms to decisions. Since these frameworks of development cannot be n-
fluenced by the regional authorities, they are considered to be externaly set. They enable the
aternatives under investigation to be studied in the context of different circumstances. In
other words, instead of the assumptions underlying the predictions of the effects of aternative
actions being fixed, a variety of reasonable assumptions is investigated. Proceeding thus d-
lows including certain aspects of uncertainty over future developments in the analysis (see
below Sec. 5.2).

In the Torgau case study several different issues® were considered in the definition of three
frameworks of development: REALO for a redlistic development path, BOOM for a very op-
timistic future economic development, and STAGNATION for a stagnant economic path. In
the IANUS methodology, one alternative considered under one specific framework of devel-
opment is called a scenario. Thus, having defined three frameworks of development and four
alternatives, twelve scenarios were derived for the Torgau case study (see Messner, Klauer et
al. 2001 for details).

Step 1 of IANUS, which essentially covers the problem definition, is certainly the step
where the involvement of the decision-makers as well as local experts and stakeholders is

mogt necessary.

* Population development, economic growth, gravel demand, drinking water demand, intensity of agri-
cultural production, forest conversion, reforestation and land sealing as well as adjustments by farmers,
gravel-mining firms and other economic actors.
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3.2 Step 2: Selection of problem-specific evaluation criteria

Working towards the overall concept of sustainability, the criteria should be chosen by
stakeholders with the assistance of the analysts such that they appropriately reflect the sce-
narios economic, social and ecological effects. Furthermore, they need to be suitable for the
models and methods available for estimating the scenarios’ effects. In the Torgau project, an
interdisciplinary committee including local stakeholders worked out five criteria (see Table 1
and Klauer, Messner et al. 2001 for details). Inserting the criteria into the columns of a matrix

and the scenarios into the rows produces a multicriteria matrix.

Table 1. Thefive evaluation criteria in the Torgau case study.

Category Criterion Explanation and justification
. Benefits minus costs Measures the welfare effects of adecision. It is calculated by
Eco_?or_m C | (net-benefits) means of benefit-cost analysis.
criteria
Gross value added Isanindicator for the economic performance of aregion.
Saocial This number frequently plays an outstanding role in political
criteria Number of employees discussions and partly reflects the social state of aregion.
Nitrate concentration in the Nitrate is the most !mportant pollutant in regi ons Where agricul-
. ture affects the environment. The amount of nitrate in the perco-
) percol ation water : ) - ; X .
Ecological lation water is a good indicator of its environmental i mpact.
criteria  FQualitative environmental Exploring for gravel irreversibly changes the landscape as well
impact assessment of gravel | as ecosystems. Assessment is done by experts. Possible marks
mining were ‘good’, ‘mean’ and ‘bad’.

3.3 Step 3: Modeling and Estimation of Scenario Effects

The third step of the IANUS method involves the scientific modeling and estimation of the
scenario effects. In the Torgau case study, the economic analysis consisted of regional secto-
ra effect analyses and a dynamic input-output model designed to reflect the interconnections
between the various economic sectors. The input-output model enables the direct and indirect
effects of land-use changes on economy and society to be estimated (gross value added, em-
ployment figures) (Klauer 2001). The input-output model was fed with the results of regional
sectoral studies (Franko et al. 2001, Messner and Geyler 2001) in which the development of

individual economic sectors under the conditions of the various scenarios had been worked
out.
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From an ecological viewpoint, the main effects to be expected by the relevant land use
changes in the Torgau case study were changes in the water balance and in the level of
groundwater nitrate pollution. The hydrological effects were smulated with a hydrologica-
ecological runoff model (ABIMO), which was used to model data for natural groundwater
recharge (Volk et al. 2001). This was then taken as a basis in conjunction with area-related
nutrient balances to estimate nitrogen discharge (Franko et al. 2001). The ecological effects of
gravel mining were estimated by experts on the basis of existent ecological maps Bruns et al.
2001).

Regarding the modeling, estimation and the scenario effects, extensive sensitivity analyses
were carried out. As aresult not only point estimates for the criteria values were generated but
also probability distributions reflecting various kinds of data and model uncertainties (see
Sec. 5).

3.4 Step 4: Monocriteria and multicriteria assessment

The fourth step can be divided into two parts. monocriteria and multicriteria assessment. The
monocriteria assessment evaluates the aternatives with respect to each single criterion ®-
lected in step 2. The multicriteria assessment aggregates the monocriteria assessments into a
final recommendation.® This subsection concentrates on monocriteria assessment. How the
subsequent multicriteria assessment works and how it was applied in the Torgau case study is
explained in the Sections 4 and 5.

The common approach of economic decision aid, i.e. benefit-cost analysis, is to assess all
the effects of the alternatives under investigation by one criterion. This makes all the effects
comparable and enables a complete ranking of the alternatives. Benefit-cost analysis suffers
from several methodological weaknesses, chiefly (see Hanley and Spash 1993, Mansson
1999):

practical problems of monetarizing environmental, social and macroeconomic effects,
Inappropriate consideration of irreversibility and long term effects, and

the exclusive focus on efficiency in order to measure welfare.

> However, the latter need not consist of a complete ranking of the alternatives.
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As arationale of assessment, it was required to evaluate as many effects as possible in wel-
fareterms - as far as monetary evauation is feasible, makes sense, and is based on reliable
data. In the case study indirect methods of monetarization were exclusively used (Messner
and Geyler 2001).

All the effects that could not be evaluated by means of benefit-cost analysis were to be as-
sessed by the additional criteria being defined and derived in Step 2. Some of these additional
assessments seem to be less complicated then benefit-cost analysis at first glance. For exam-
ple, input-output analysis directly provides the values for the economic criterion ‘gross value
added’ and the socia criterion ‘employment’. Since the easy assessment rule ‘the more the
better’ is valid, the actual monocriteria assessment in these instances takes place implicitly
with the modeling. Monocriteria assessment was more sophisticated regarding ecological cri-
teria. Choosing the nitrate concentration in the percolation water as a criterion was a first &
sessment step. The modeling, however, produced data on the spatial distribution of nitrate
concentrations such that aggregation over space was a compulsory assessment step. The &
sessment of the ecological impacts of gravel mining was done by means of risk assessment
referring to the objects of protection defined by the natural protection law (Bruns et al. 2001).

The result was a classification of the alternatives into ‘good’, ‘mean’ and ‘bad’.

4 Multicriteria analysis

At first we discuss why we chose PROMETHEE as the multicriteria method to be applied in
the case study. To understand how PROMETHEE is extended for uncertainty in Sec. 5 it is
necessary to explain the concept of preference function (Sec. 4.2) as well as PROMETHEE

under the assumption of certainty (Sec. 4.3).

4.1 Different monocriteria and multicriteria approaches

In contrast to benefit-cost analysis, multicriteria analysis allows for measuring the perform-
ance of an alternative by various criteria using different units. In planning sciences, operations

research and increasingly aso economics, multicriteria analysis® is considered an adequate

® We concentrate on the so-called multi-attribute decision methods (MADM) which assumes a finite
number of aternatives to be compared, in contrast to the methods of multi-objective decision analysis
(MODM) which assume a continuous decision space.
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tool to aid public and private decision-making (e.g. Bana e Costa 1990: Chap. 5, Vincke 1992,
Munda 1995, Roy 1996, Beinat and Nijkamp 1998). Welfare can be integrated by treating it
as one criterion of many.

Several methods of multicriteria analysis are available. Stewart (1992), Vincke (1992), and
Roy (1996) distinguish between:

1. utility-based methods such as the multi-attribute utility theory (MAUT) (Keeney and
Raiffa 1976) and the analytical hierarchy process (AHP) (Saaty 1980),’

2. interactive methods like the step method (STEM) (Benayoun et a. 1971) and interac-
tive multiple goal programming (IMGP) (Spronk 1981), and

3. outranking methods such as ELECTRE (Roy 1968), PROMETHEE (Brans and Vincke
1985, Brans and Mareschal 1990) and NAIADE (e.g. Munda 1995).

To analyze the above-described problem for public decision-making, either a utility-based
method or an outranking method appears to be most appropriate. Outranking methods are
characterized by the fact that the overall ranking of the alternatives is ultimately based on a
pairwise comparison of the aternatives with respect to each criterion using pairwise prefer-
ences. The main difference between outranking methods on the one hand and MAUT as well
as interactive methods on the other hand is that the latter assume the existence of an overall
value, utility, that is to be maximized and governs all human decisions. Consequently, most of
the work of a MAUT or interactive method analyst consists in extracting this utility function

from the decision-maker’s mind.

In outranking methods alternatives are always valued relative to other alternatives (using
pairwise preferences). One consequence is that in outranking methods the inclusion of even a
clearly dominated aternative may change the ranking of all the alternatives, which may be
regarded as a disadvantage. On the other hand, the use of relative valuesis a— for our purpose
decisive — advantage in the consideration of model uncertainty, as will be seen below in Sec-
tion 5.3.

" In contrast to MAUT, in the AHP there may be a hierarchy of goals. Like MAUT, the AHP method

makes use of a scalar value function to aggregate these goals and athough being formulated only with
regard to MAUT, our arguments below apply for AHP, as well.
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4.2 Preferencefunction

The concept of preference function to be explained below forms the basis of PROMETHEE.

Let A be the finite set of all alternative actions. The decision problem is to select the best
action or — more extensively — to rank all aternatives. The performance of an alternative with

respect to an objective of the decision-maker is measured by a criterion. Formally, a criterion i
isafunction g, : A® R, taking its value in the totally ordered set R, and representing the
decision-maker’s preferences according to some point of view (Vincke 1992: 27). A central
step in al outranking methods is the pairwise comparison of aternatives by a preference
function. A (partial) preference function is a function P, : A" A® [01]. The quantity
P.(ab) ° P(s (ab)) isafunction of the difference s (a,b) = g,(a) - g,(b) between the per-
formances of aternativesa and b in criterion i. A value of P (a,b) =1 represents strict pref-

erenceof a over b in criterion i, a value of O represents indifference or a preference of b over
a. Figure 2 shows two common forms of the (partial) preference function.

Figure 1. Preference of an alternative a over an alternative b in a criterion i as a function of
the difference between the values (s (a,b) = g, (a) - g,(b) ).
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Solid line: normal preference;
Dashed line: preference with indifference and weak preference (indifference threshold dy and preference threshold dy: see
text).

The form in solid lines is called ‘normal preference function’ and assumes that aternative

aisdtrictly preferred (indifferent) to alternative b in criterion i if g,(a) is greater than (equal
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to) g;(b). The form in dashed lines acknowledges that people are not aways willing or able
to strictly decide whether alternative a is better than b in criterion i, even if s(a,b) >0. In
thiscase a is strictly preferred to b only if its performance g, exceeds that of b by a quantity

dri which is called a preference threshold. There is indifference between two alternatives a

and b if s(a,b) is below an indifference threshold dy. If s(a,b) lies between the two

thresholds, d; < s (a,b) <d;, then there is hesitation between strict preference and indiffer-

pi ’

ence called weak preference (Vincke 1992: 74).8

The total pairwise preference P (a,b) of an aternative a over an aternative b is the

weighted sum® of partial pairwise preferences:

P(ab)=8 wP,(ab) (1)

4.3 PROMETHEE

Severa ways exist to deduce arank order from the pairwise preferences P, which lead to dif-
ferent outranking methods, such as ELECTRE (Roy 1968), NAIADE (Munda 1995) and
PROMETHEE. In contrast to other outranking methods, PROMETHEE has the advantage
that the concepts and parameters involved have some physical or economic interpretation
easily understandable by the decision-makers (Vincke 1992: 73). The simplicity of
PROMETHEE makes it easy to integrate uncertainty. PROMETHEE is, due to the pairwise
comparisons, restricted to discrete decisions, i.e. only a finite number of aternatives can be
ranked.

One important common feature of all outranking methods is that the rank orders they pro-
duce are not necessarily complete but may be partia (pre)orders, meaning it is not always
possible for al pairs of alternatives to decide whether the first aternative is ranked higher,
lower or equal to that of the second alternative. This can be seen very simply in the
PROMETHEE method, which acknowledges that there are (at least) two possible ways to

® Even if the consequences of the alternatives are certain, the decision makers might hesitate to decide
between indifference and strict preference of one alternative with respect to a certain criterion if there are
additiona criteria. For instance a price difference of 100 Euro for a car seems to be irrelevant if the buyer is
also concerned about the design, equipment, fuel consumption etc.

® The importance of the weights is discussed in detail in Sec. 5.4.
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create a complete rank order of alternativesin aset A of all aternative actions. The rank of an
dternative al A could be measured by the sum of the pairwise preferences of this aternative
over al the aternatives in the set A:

F'(@=4P(ax @)

X A
whereais preferred to b if F*(a) >F " (b). Alternatively the rank of A could be measured by

the sum of the preferences of the other alternativesin the set A over a:

F (@=4 P(xa €)

a0 A
whereaispreferredtob if F~(a) <F ~(b). If weak preference exists in some of the criteria,
i.e. if some of the thresholds p, and g, are nonzero, then the sum P (a,b)+ P (b,a) is not a
constant for al pairs of aternatives (a,b) and thus F*(a)>F "(b) does not imply
F (a)<F (b).
Now PROMETHEE combines both measures and defines:

apreferredtobif F*(a)>F " (b) and F~ (a) <F "(b);

b preferredtoaif F*(a)<F " (b) and F~ (a) >F " (b);

aandb areindifferent if F*(a)=F*(b) and F (@) =F " (b);

aand b are incomparable otherwise.°

Consequently, if there are weak preferences in one or more criteria incomparability can occur

and lead to a partial rank order.*

1% There exist different variations of PROMETHEE: The described definition of the preference, indif-
ference and incomparability relations are called PROMETHEE I. In contrast to this version in
PROMETHEE Il it is F(a,b)=F "(a,b)- F (a,b) and a is preferred to b iff F(a,b)>0. In
PROMETHEE Il the result is dways a complete rank order of the aternatives.

™ If only normal preferences are used in PROMETHEE the intensity of preferences have no impact on
the ranking of the alternatives. This is — at least to a certain degree — not the case if weak preferences are
applied.
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5 Extending decision support methods for uncertainty

5.1 Typesof uncertainty and ignorance

In order to discuss how IANUS is able to deal with uncertainty it is important to distinguish
between different forms of uncertainty. Throughout this article we use uncertainty as a g-
neric term for all kinds of ‘being not certain”. According to Knight (1921) in an uncertain
decision situation one can distinguish between risk and uncertainty (sensu strictu). There is
risk if the decision-maker knows all the possible events and their probabilities. Knight calls a
Situation uncertain (sensu strictu) if the decision-maker only knows the set of possible events
but not (all of) their probabilities. Faber and Proops (1997: 113) supplement this distinction
by a third category — ignorance. Ignorance occurs if in contrast to risk and uncertainty situa-

tions the set of all possible events is not completely known. *?

This classification is not completely selective. However, it is useful to explain how IANUS
approaches uncertainty. In general, a decision situation is characterized by ignorance. A thor-
ough analysis can reduce ignorance. In the IANUS approach (as well as in many other deci-
sion-support methods), modeling is extensively used to improve knowledge about the deci-

sion’s effects.

A strategy widely used to deal with ignorance — including in this paper — is to subsequently
treat it as if it were arisk situation. This is done by assuming in a first step that all essentia
effects of the alternative actions can be anticipated. This assumption is justified by the argu-
ment that unknown effects cannot be included in the analysis. The decision problem can be
further simplified to arisk situation by the usage of subjective probabilities if objective prob-
abilities are unavailable. In contrast to objective probabilities derived for instance from natu-
ral laws (e.g. tossing a fair coin), subjective probabilities reflect the beliefs of individuals.
Therefore they generally differ from person to person. In the case of a single decision-maker,
the strategy would be to use his subjective probabilities for a further analysis. But if thereis a

group of decision-makers the identification of probabilities may cause serious problems.

In the literature, three types of uncertainty are formally discussed within the framework of

multicriteria analysis. development uncertainty, model uncertainty (e.g. D’Avignon/Vincke

12 Faber and Proops further refine their classification. For our purpose this coarse distinction is suffi-
cient. In the economics literature there exist severa other classifications of uncertainty (e.g. Ravetz 1986,
Funtowicz/Ravetz 1991, Perrings 1991).
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1988, Zimmermann 1986, 1990, Bouyssou 1990, Munda 1995) and weight uncertainty (e.g.
Bana e Costa 1990, Janssen et al. 1990). The following sections are devoted to describing
these types in more detail and outlining how they are included in the IANUS method.

5.2 Development uncertainty

Development uncertainty arises if the decision depends on assumptions concerning the future
and so the values of the multicriteria matrix depend on some external factors describing the
future development of the system or region considered. As these are uncertain, the values of
the multicriteria matrix are uncertain as well. Technically, this development uncertainty may
be regarded as a form of data uncertainty. However, it makes sense to distinguish between the
many small sources leading to uncertain data, such as variability in soil or ground water con
ditions and data measurement failures, and the large few dominating external factors, such as
climate change or economic growth. IANUS deals with the latter form of uncertainty by dis-
tinguishing severa frameworks of development and using them as variable descriptions of

more or less likely external circumstances for the evaluation process.

There are two ways of dealing with development uncertainty within multicriteria analysis.
First, a complete analysis for each developmental framework can be performed and the results

compared visually. Second, the multicriteria matrices for the various developmental frame-
works can be aggregated. For this a likelihood p, for each development framework
k=1,..,K isestimated. Then the preference of an aternative a over an alternative b, consid-

ering al frameworks of development, is the weighted sum

P (ab)=8 ppP L (ab) 4
k

where P § (a,b) isthe pairwise preference of a over b in framework k (cf. Eqg. 1).

In the case study of the Torgau region, the probabilities attached to the framework of de-
velopment were calculated based on assumptions on the subjective probabilities of the devel-
opment of the issues mentioned in Footnote 5. The resulting probabilities are REALO 60 %,
STAGNATION 35 % and BOOM 15 %.
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5.3 Mode uncertainty

Model uncertainty occurs when the input data of the model used to predict the effects of the
alternatives are uncertain or if the modd itself is not accurate. In the following we describe an
extension of PROMETHEE that takes model uncertainty into account.'® This is basically done
by adjusting the preference functions P, (a,b) to uncertainty. Let us assume for the moment
that all preference functions are normal (see Fig. 1). Thresholds and weak preferences are

discussed at the end of this subsection.

Figure 2: Probabilistic distributions of the performances gi(a) and g;(b) of two alternatives a
and b. The scales of gi(a) and g;(b) are arbitrary.
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Figure 2 shows the uncertain performances g; (&) and g, (b) of two alternatives, a and b,
inacriterion i, described by probability distributions. If the uncertainty in the performances of
the alternatives is large, it becomes difficult to clearly decide which of the two alternatives is
superior with respect to criterion i and by how much. The basic rationale in the probabilistic
comparison of two aternatives is, the smaller the overlap between the two membership func-
tions, the larger the preference for the superior alternative. Based on this idea, a straightfor-
ward way of calculating the preference of a over b is to relate it to the probability that ater-

13 Uncertainty is usually considered either by fuzzy set approaches (Zimmermann 1986, 1990, Munda
1995) or by probabilistic approaches (D’ Avignon/Vincke 1988, Bouyssou 1990). Even though the concep-
tual basis of fuzzy set theory and probability theory differ, in practice there are strong similarities between
the two approaches within the framework of multicriteria analysis.
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netive a performs better than alternative b, i.e. P(g; (a) > g, (b)) . But four plausible require-

ments should be met by a stochastic preference function:

1. If P(g;(a) > g, (b)) =1 we are sure that a performs better than b in criterion i and de-

cide on drict preference: P ?(a,b) =1 (the letter s stands for ‘stochagtic” to distin-

guish this ‘stochastic preference function” P (a,b) from the preference functions

discussed in Sec. 4.2).

2. If P(g,(a)>g, (b)) =P(g, (b) >g, (a)) =0.5 then the observation of a outperforming b
is as likely as the observation of b outperforming a, and there should be indifference

between aand b: P ®(a,b) =0.

3. For intermediate probabilities, i.e. if 0.5<P(g;(a)> g,(b)) <1 the preference should
satisfy 0<P ¥ (a,b) <1.

4. For small probabilities P(g;(a) > g, (b)) <0.5 the observation of a outperforming b is
less likely than the observation of b outperforming a and it should apply that a is not
preferredtob: P (a,b) =0.

These requirements are fulfilled by the following formula for the stochastic preference func-

tion:
P {¥(a,b) = max{ 0, P(g, (a) > g; (b)) - P(g, (b) > g, (a))} ®)

One issue that is often overlooked is that uncertain quantities may be correlated. In the
Torgau study, for example, much of the variation in the nitrate concentration is caused by the
unknown rainfal. This uncertainty, however, affects al aternatives in the same way. Hence if

an aternative a is better than an alternative b under a high rainfall condition, it is also better
under a low rainfall condition. Consequently, P(g;(a) > g;(b)) =1 and despite the uncer-

tainty, a is strictly preferred to b. The reason for this is that the uncertainty in the g; is per-
fectly correlated between the aternatives a and b. If in contrast most of the uncertainty in

g, (&) was caused by factors that are not correlated with those factors that cause most of the
uncertainty in g, (b) (and provided there is some overlap between the two probability distri-
butions, as in Fig. 2), there would be a non-zero probability that g; (b) > g, (a) . Consequently,

P(gi(a) > g, (b)) <1.



18 Bernd Klauer, Martin Drechder, Frank Messner

To capture these correlations, it is not sufficient to know for each aternative al A the cor-
responding probability distributions of the performances g, (a) . What is needed for all pairs
of aternatives (a,b)T A~ A are the probability distributions of the differences between the
performances of the alternatives, i.e. the probability distributions of {g,(a)- g;(b)} . One ex-
ample of such a probability distribution of differences between two aternatives a and b is

shown in Fig. 3 (dashed line). The probability P(g;(a) > g, (b)) isgiven by:

¥

P(g:(@)>g;(0) = Op(s(a b)) ds(ab) with s (a,b)=g;(a)- g;(b) (6)

Figure 3: Combination of uncertainty and preference function.
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Dashed line: first example of a probability density p(s(a,b));
Dotted line: second example of a probability density p(s(a,b));
Solid lines: example of apreference function P(s(a,b))

In Egs. (5) and (6) we assumed a normal preference function. In other words, each positive

difference s (a,b) leadsto a strict preference P (s(a,b)) =1. To generaize Eq. (6) for arbi-
trary preference functions, P (s(a,b)) (e.g. the onein Fig. 3, solid line), we use the fact that

both Eg. (6) and the preference function only depend on the difference s (a,b) and write:

P(g,(a) > g,(b)) = Op(s (a,b))P (5 (a,b)) ds,(a,b) (1)
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Equation (7) can be interpreted in two ways. First, one can say that for each difference
S (a,b) the probability density p(s(ab)) is taken and weighted by the preference
P (s (a,b)) . These weighted probability densities are formed for al s (a,b) >0 and summed
up to yield a“‘modified’ probability |5(gi (@) > g, (b)) that is roughly speaking the probability
P(g,(a) > g, (b)) weighted by the preference function P, (a,b). Alternatively, and mathe-
matically more precisely, Eq. (7) is the average of the preference function P (s (a,b)) taken
over all postive s(a,b) weighted by probability density function p(s (ab)). Then

P (g;(a) > g;(b)) hasthe meaning of an average preference.

However, Is(gi (@) > g, (b)) does not meet the Requirement 2 for stochastic preference
functions (see above). To see this, imagine for instance a probability density function that is
symmetrical where positive and negative s (a,b) are equally likely (cf. dotted line in Fig. 3).
Here I5(gi (@) > g, (b)) would be positive — running against Requirement 2, which calls for

indifference in such a case. Instead, the appropriate preference function is the analogue of Eq.

5):
P © (a,b) =max{ 0,P (g (a) > g, (1)) - P(g, (b) > g, (a))} ©®

where the letter ¢ stands for ‘combined’” and means that now the preference includes both the
uncertainty in the g and the preference function P, (a,b). To check consistency, for a normal
preference function in the case of uncertainty, Eq. (8) isidentical to Eq. (5) while in the case
of certainty it reproduces the preference function P, (a,b) from Sec. 4.2. To incorporate this

combined preference into the framework of PROMETHEE, we replace the P (a,b) by
P ©(a,b) in Egs. (1)-(3).

54 Waeight uncertainty

The outcome of the multicriteria analysis depends to quite some extent on the values of the
weights w;, which reflect the belief of the decision-maker about the relative importance of the

criteria. The selection of weightings is hence an important preliminary decision which has to
be taken by decision-makers — if necessary with the assistance of decision analysts. If the de-

cison-makers are unable to attach weights to the criteria, we call this phenomenon weight
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uncertainty. One reason for this might be that the decision-makers are just not certain about
the importance of the criteria. In public decision processes where a large number of peopleis
involved or concerned, another reason might be that the weights differ among the decision-
makers and that it is therefore practically difficult to dlicit all the weights precisely.'* A third
reason could be that the interest of stakeholders should be taken into consideration. Normally,
neither the decision-makers nor the stakeholders know their beliefs regarding the importance

of the criteria

Therefore, a procedure was developed and applied in the Torgau case study that moves

from a non-normative and explorative analysis to a normative one.*

1. In afirst explorative step the weights are not fixed; instead a large number (1,000) of
weight combinations is drawn randomly.'® For each weight combination the
PROMETHEE method is performed and a rank order of the alternatives determined. Then
for each aternative the frequencies of the aternative being on rank 1, rank 2, etc. is cal-
culated. If, for example, one dternative is very often in first place, it is likely to satisfy

many people — and so this step is able to assess the general acceptance of an alternative.

2. In the second step, the variability in the weights is partly restricted by fixing the ratios of
some of the weights. For this the criteria are organized into groups. In the case study of
the Torgau region, one group contained the ecological criteria, another the social and a
third the economic criteria. Usually it is easier to fix the weights within individual groups.
In Torgau it was assumed that the net benefits (reflecting the welfare) should weigh twice
as much as the gross added value (taken as an indicator of the economic power of the re-
gion). The ratio between the ecological criteria ‘nitrate concentration’ and environmental
impact assessment was set at 9:1. The group of social criteria contained only employment.
The relative weights of the whole groups, which alow the discussion of the big trade offs
between ecological, social and economic values, are still kept variable. Asin the first step

they are drawn randomly and the probabilities of an alternative a being on arank r are

! The latter cause is not uncertainty in a rigorous sense since it is assumed that each decision-maker is
certain about his weighting. However, from the point of view of a decision analyst the reasons for the in-
ability of determining the weights are of secondary interest.

15 Other approaches to deal with weight uncertainty were developed by Bana e Costa (1990a) and Jans-
sen et al. (1990).

'® The weights were drawn randomly in a way that the mean weight was the same for each criteria. Of
course this assumption can be changed if there are good reasons for an unbalanced probability distribution.
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determined. As the weights are partly fixed in this step, it is partly normative and partly

explorative.

3. Inthelast step al weights are fixed and we have arrived at a completely normative analy-
ss. In the Torgau case it was decided that the groups of economic, social and ecological
criteria are of the same importance - reflecting an aspect of sustainable development. The

resulting weights were:
economic criteria: net-benefits %" % = 0.222, vaueadded %~ % =0.111;

social criterion: employment 0.333;

ecological criteria: nitrate concentration %"~ %, =0.3, environmental impact as-

sessment %” % = 0.033.

6 Resultsof IANUSIn the Torgau Region

The monocriteria assessments of the different scenarios for the case study are aggregated over
al three frameworks of development by calculating their expected value, i.e. their sum
weighted by their probabilities.’” The result is a multicriteria matrix which shows for each

aternative its performance with regard to the five criteria (Table 2).

Considering the ranks of the scenarios with respect to each evaluation criterion it becomes
apparent that the results are heterogeneous, i.e. the scenario rankings differ between the crite-
ria. Even comparison of the economic and social criteria (net benefit, value added, and em
ployees) reveals large deviations. These trade-offs between the ranking of different criteria

clarify that a multicriteria assessment is necessary in order to attain an overall scenario rark-

ing.

7 Of course, it is also possible to analyse the three frameworks of development separately (see Messner,
Drechler et a. 2001: 294-299).
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Table 2: Multicriteria matrix aggregated over all frameworks of devel opments *

Criteria Ng,-t benef;(tad Value added Employees Nitrate concen- e ctal ¢
(;?fe'fgr?genwi i |(differencewith | (differencewith tration mﬁgi r?g
regard to A, regardto A ;) regardto A ;) (mean value)
) [Mio. Rank [Mio.[ Rank |[Person Rank [mg/l] Rank | Assess|{ Rank
Alternatives \| DM] DM] years] men
(A) classes
A1 wpz= 0 3 0 3 0 1 78 1 Mean 3
gravel+
Azl wpz— —75 4 14.8 1 -88.1 3 A 3 Bad 4
gravel+
Az wpz= 5.9 1 7.6 4 -39.9 2 78 1 Good 1
gravel=
As:wpz— 4.9 1 9.5 2 -128.3 4 A 3 Good 1
gravel=
wpz =/ - no changes (=) or reductions (- ) in the size of the wellhead protection zones (wpz)
gravel+ /= opening of new gravel pits (+) or no further openings (=)

* Regarding the ranks in the table, indifference and preference thresholds (cf. Sec. 4.2) were introduced for each
criterion. The indifference threshold values are DM1 million for net benefit, DM2 million for value added,
10 person years for employees, 1 mgl/litre for nitrate concentration. The preference threshold values are
DM5 million, DM 10 million and 5 mg/l, respectively.

Source: Messner, Drechsler et al. 2001, p. 306.

Let us take a closer look on some of the figures in Table 2. The first column tells us that
additional gravel mining has adverse welfare effects. The main reason for this is that addi-
tional gravel production is not likely to be very profitable due to a stagnation and low gravel
prices that already can be observed in the German construction and gravel markets for severd
years. . Regarding value added and nitrate concentration we remark that a reduction of the
wellhead protection zones leads to a more profitable agriculture, but also to increased nega-
tive ecological effects. Comparing the results for the criteria value added and employees re-
vedls that a reduction of the protection zones has a positive effect on the economic perform-
ance of the region but not on employment. The rationale behind this is that agriculture within

wellhead protection zones is compelled to additional, labor-intensive measures.

Based upon the application of the extended PROMETHEE method as described above,
Figure 4 shows the result for the first step of weighting (analysis of a thousand randomly se-

lected weight combinations).



Multicriteria analysis under uncertainty with IANUS — method and empirical results 23

Figure 4: Relative frequency of the alternatives™ rankings
(with aggregation of frameworks of development and with data uncertainty).
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The third alternative is located with an outstanding frequency on the first two ranks while
aternative 2 is very frequently positioned on the last rank. Alternative 1 seems to be preferred
to Alternative 4 if one looks at the avoidance of rank 4, but both alternatives cannot be dis-
criminated clearly. Thus, this first tentative analysis with random weights tends to indicate the
following ranking of aternatives: 3, 1/4, 2. However, a final assessment of the ranking must

be left to the decision-maker.

Amazingly, these results were largely confirmed in steps 2 and 3 of the multicriteria analy-
sis with normative weights (results not shown explicitly here). Only Alternative 1 performs
increasingly better than Alternative 4. Furthermore, it became evident that in the case study
the inclusion of uncertainty variations in the data did not have an impact on the resulting

rankings. Thus, the result can be labeled as robust. '8

From a methodological point of view these results indicate for the case of Torgau:

'8 For a detailed description of the method, the assumptions and the results, including a separate analysis
for al three frameworks of development, cf. Drechsler 2001 and Messner, Drechder et a. 2001.
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Despite the heterogeneity in the data of the multicriteria matrix, the extended
PROMETHEE method can produce clear findings.

Compared to the results of the benefit-cost analysis (column 1 in table 1), the multicri-

teriaanalysis resulted in a similar but a much more clear-cut scenario ranking.
Theinclusion of different types of uncertainty did not change the ranking.

The first explorative analysis with randomly selected weights already produced results
that were confirmed in later stages of the analysis.

With regard to the conflict situation in the Torgau region, the results indicate the follow-
ing:

Alternatives 3 and 1, which after the multicriteria analysis are on the first two ranks,
contain no reduction of wellhead protection zones. Considering Table 1, it can be seen
that many economic, social and ecological criteria support those two alternatives - the
only exception being the value added criterion. Thus, our recommendation regarding
this dispute is straightforward: the wellhead zones in the Torgau region should not be
reduced.

Furthermore, one of the major arguments in favor of wellhead protection zone reduc-
tions reads that welfare effects from the gravel mining sector are prevented by the re-
tention of the zones. This could not be confirmed. On the contrary, aternatives 1 and 2
with additional gravel mining were revealed to be less welfare-increasing than alterre-
tives 3 and 4 without additional gravel mining (cf. table 2, column 2, net benefit). Two
major arguments underpin this result. First, large gravel production over-capacities ex-
ist in eastern Germany while gravel demand is stagnant - therefore gravel mining in
the Torgau region is not likely to be very profitable in the years to come. Second, it
was revealed in the study that mining pits inside well head protection zones with thick
gravel layers are not necessarily more profitable than those outside, because the latter

sometimes show a larger gravel fraction.

7 Outlook

IANUS is an integrated method for the support of public decision-making based on a multi-

criteria approach. The method has been developed for a problem that was characterized by
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conflicting claims on land use and by trade-offs between the protection of natural resources
and economic development. It proved to be an appropriate method for the analysis of conflicts
over water management. It is a methodological approach for a problem originated in the ac-
tual practice of public decison-making. But the scope of problems to be analyzed with
IANUS is very broad. It can be applied to any kind of usage conflicts between natural e-
sources and economic development on different spatial scales. The method helps sound deci-
sions to be made which take responsibility for the environment, fellow humans as well as fu-

ture generations. Therefore, it is atool which contributes to sustainable devel opment.
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