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ABSTRACT

Multi-criteria decision analysis (MCDA) is a technique for decision support which aims at providing transparent
and coherent support for complex decision situations taking into account subjective preferences of the decision
makers. However, MCDA does not foresee an analysis of multiple plausible future developments of a given
situation. In contrast, scenario-based reasoning (SBR) is frequently used to assess future developments on the
longer term. The ability to discuss multiple plausible future developments provides a rationale for strategic plans
and actions. Nevertheless, SBR lacks an in-depth performance evaluation of the considered actions.
This paper explores the integration of both techniques that combines their respective strengths as well as their
application in environmental crisis management. The proposed methodology is illustrated by an environmental
incident example. Future work is to conduct validations on the basis of real-world scenarios by public Dutch and
Danish chemical incident crisis management authorities.
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INTRODUCTION

Risks emerging from the production, transport, storage and handling of chemical substances have become an
important issue in environmental management. A major chemical accident can be described as a sudden, unexpected event, confronting decision makers with a situation threatening people, environment and society with
substantial consequences. Moreover, the decision makers face a complex situation, as the handling of industrial
risks involves the evaluation of many – at least partly conflicting – objectives. The situation is even more difficult because the information underlying the decisions can be limited, incomplete and uncertain. In case of emergencies there is frequently no time to reduce uncertainties through further investigations, as decisions must be
made immediately.
Multi-criteria decision analysis (MCDA) is often chosen as the basis for decision support systems in environmental crisis management (see, e.g. Levy and Taji, 2007, Papamichail and French, 2005), as MCDA aims at
providing transparent and coherent support for the resolution of complex decision situations with conflicting
objectives. Typically, a limited number of decision alternatives is assessed and evaluated in several respects
(criteria). Furthermore, MCDA facilitates the communication between all parties involved. Many MCDA methods are based on deterministic evaluations of the consequences of each alternative in terms of each attribute.
Although this paper places emphasis on (deterministic) multi-attribute value theory (MAVT), note that there are
MCDA methods dealing with the problem of uncertainties. Data uncertainties are e.g. considered explicitly in
multi-attribute utility theory (MAUT). MAUT characterizes unknown external random factors by a probability
distribution instead of by using deterministic values (see Belton and Stewart, 2002). Nevertheless, it is not evident that adequate probability distributions can always be identified. In addition, the independent modeling of
several variables by probability distributions can lead to inconsistent or even contradictory descriptions of the
situation. Hence, mechanisms that guarantee for the consistency of the situation’s description and its development should be included. Another problem is that there are no features inherent in MCDA to account for more
than one possible future development and for system changes (see Durbach and Stewart, 2009; Tietje, 2005).
Scenario planning has been applied predominantly in strategic planning in management, economics, environmental decision making and other areas (see e.g. Linneman and Klein, 1983). A prime aim of scenario-based
reasoning (SBR) is to facilitate the identification of uncertain and uncontrollable factors that may have an impact on the consequences of decisions without turning these uncertainties into probabilities (see Durbach and
Stewart, 2003; Schoemaker, 1995). The way scenarios allow to deal with uncertainty differs from conventional
methods that usually present one single model including uncertainties in terms of probability distributions or
Fuzzy logic. Instead, scenarios decompose complexity by presenting several alternative plausible developments
of the world. Finally, SBR strives for finding a strategy that is robust to a range of scenarios that encompass all
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plausible and relevant futures. In addition, the presentation of scenarios as stories about how the future might
unfold is likely to be attractive to users (cf. Heugens and van Oosterhout, 2001).
There are substantial benefits to be expected from a framework that integrates SBR into MCDA. The work
reported on in this paper is conducted within the context of the EU Seventh Framework Programme DIADEM
project, in which distributed expertise on environmental crisis management is brought together to address the
issue of chemical emergency preparedness and response.
The paper is structured as follows: The next section starts with a brief outline of MCDA illustrating how multiattribute value theory (MAVT) can be applied. Then the development of scenarios and the evaluation of alternatives on the basis of scenarios are explained. Subsequently, the problem of dynamics and different timeframes
(short and longer term consequences of a decision) is considered. Then, an example is introduced to highlight
the effects of extending MCDA with SBR. Finally, we summarize the main points and give an outline of open
research questions.
INTEGRATING SBR INTO MCDA
The traditional MAVT approach

Diverse MCDA methods have been developed, which all address the problem that comparisons between alternatives must be made comprehensively with respect to all selected criteria. To reduce ‘incomparabilities’, preferences are taken into account explicitly. MAVT has been used successfully in emergency management, inter alia
in nuclear remediation management (see e.g. French, 1996).
Each MAVT analysis starts with the structuring of the problem aiming at identifying the relevant aspects,
demarcating boundaries and arriving at a common understanding of the problem. The result of the problem
structuring is an attribute tree that shows how the overall-objectives are broken down first into criteria and
finally into measurable attributes. For each alternative chosen, one (deterministic) score is assigned to each
attribute. In this paper, an alternative is the application of a measure at a particular time. Strategies are sets of
alternatives (i.e. bundles of measure-time-tuples). In the next step of MAVT, the relative importance of criteria
is elicited. Intra-criteria preferences are modeled by value functions that show how important it is to reach a
level close to the best performance with respect to each criterion, whereas inter-criteria preferences are integrated as weights. Various methods exist to support the elicitation of preferences (cf. Figueira, Greco, Ehrgott,
2005). The last step of MAVT is the aggregation to a total score allowing for a ranking of alternatives is
achieved.
Scenario definition and problem structuring

Scenarios are internally fully consistent and plausible future developments of a situation. They provide
meaningful cases for humans to talk about and enhance mental flexibility (cf. Tietje, 2005). Thus, scenarios
provide a context for decision making and help decision makers to cope with uncertainties in a structured and
easily understandable way.
Scenario-based reasoning entails exploring possible future scenarios to select the best possible actions given the
current situation. It can be interpreted as a problem structuring technique paying particular attention to uncertainty modeling (see Durbach and Stewart, 2003), making it an ideal candidate for integration into the MCDA
problem structuring process. In MCDA various problem structuring methods have been developed. While topdown approaches start with an analysis of important aspects of a decision problem, bottom-up approaches begin
with the feasible alternatives and list the differences between them. The fact that scenarios are complete narratives implies that SBR is equivalent to the implementation of a bottom-up approach. A combined top-down
bottom-up approach is suggested in the context of integrated MCDA-SBR: First, define an overall goal, associated criteria and attributes using a top-down problem structuring framework. Then, recursively use SBR to
check the model for completeness and add criteria, attributes or alternatives, whenever necessary. Furthermore,
the SBR framework introduces variables to account for different factors influencing the values of the attributes.
The result of this problem structuring is a set of relevant (or impact) variables, attributes and criteria. A variable
is said to be relevant, whenever it has a measurable influence on the performance of at least one attribute. Subsequently, boundary conditions which are certain are distinguished from still uncertain variables called storylines. Boundary conditions can be constant (e.g. location of the source) or varying (e.g. number of people in the
area at risk). Storylines whose values become certain (e.g. when the leakage rate is determined) then become
boundary conditions.
In order to design consistent scenarios, causal relations and interdependencies between the storylines as well as
the influence of the boundary conditions on the storylines have to be identified, described and – whenever
possible – quantified. A first step in this process is the differentiation of variables that can be influenced by the
alternatives implemented (modifiable variables, e.g. the number of people present in the affected area) and those
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that are independent from the decisions (decision independent variables, e.g. the weather determining inter alia
the dispersion of the chemicals). Thus, in the graph, there are only arcs from the alternatives to the modifiable
nodes (cf. gray boxes in Figure 1).
Finally, the result is an ideally complete set of boundary conditions, storylines, attributes and criteria as well as
the causal links between them. The structured problem can be presented as a network complementing the wellknown MCDA attribute tree (see Figure 1). The set of nodes is given by the union of the sets of relevant variables, attributes and criteria. Relevant variables can at the same time be attributes or even criteria. The arcs between the nodes represent causal links: A→B means that A influences B. Following the arcs, complete and consistent scenarios are constructed (cf. next section). The resulting graph is directed as the underlying relations are
causal. A hierarchical order extending from constraints and variables, attributes, criteria and (sub-)objectives to
the overall goal can be read off easily from the graph.

Figure 1: Integrated representation of attribute tree and factors influencing the attributes
Composition and update of consistent scenarios

To ensure their acceptance, scenarios have to be developed in close cooperation with experts and users. Only a
transparent and understandable scenario development will avouch credibility. Scenarios are by definition fully
consistent, i.e. the values of all relevant variables belonging to one scenario at a certain time t, describe, when
combined, a situation that is in no respect contradictory. One consistency guaranteeing approach of scenario development is consistency assessment (cf. Tietje, 2005). At first, a set of possible values for each relevant variable is defined. Then the values of all pairs of relevant variables are assessed using consistency indicators varying from “totally inconsistent” to “inducing”. This method has the disadvantage that the computational effort is
very high. The scenario completion in the MCDA-SBR process uses the information elicited during the problem
structuring phase and follows the causal links to estimate the performances of each variable. The starting point
is an analysis of the current situation which allows for the attribution of the known values to the boundary
conditions and the estimation of (several plausible and relevant) values for decision independent story lines (e.g.
weather). Values for the factors that are either certainly known or not influenced by other factors are determined. Thereafter, the scenarios can be completed inductively by developing unambiguous and consistent partial scenarios taking into account constraints and interrelations: Let

be the (non-empty) set of

variables influencing B. In the graph, I is the set of predecessor nodes. Assume there is a consistent partial scenario P containing values for all nodes in I. If there are deterministic methods to determine the value for B under
P, accept the value for B, set P’=P ∪ B and continue with another, still undetermined variable assuming P’.
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Sometimes there is just qualitative or uncertain information about a link from Ai to B. In this case, heuristics are
used or experts are asked to estimate values for B under P. Continue completing the scenario, until values are assigned to all variables.
Ideally, scenarios explore the whole set of relevant and plausible future states of the world. In practice, it has
been found out that decision makers can only cope with up to seven scenarios effectively. Usually, three scenarios are used, where one is classified as ‘bad’, one as ‘normal’ and the third as ‘good’ (see Schnaars, 1987).
Various filtering and screening techniques that help the decision makers to select the most relevant scenarios
have been developed (see Tietje, 2005). Nevertheless, it can prove useful to prepare more scenarios than those
that actually enter the evaluation process: In emergency management situations are often very uncertain and
susceptible to dramatic changes. To keep track of the situation indicators are defined that trace the development
of the situation (e.g. the number of health complaints). Whenever an indicator (and thus, the situation) changes
dramatically such that the development is not covered in the current reasoning process, the scenarios must be
adapted accordingly. In case these changes are already included in one of the originally discarded scenarios, this
scenario then enters the reasoning process as the new basis for the decision making. In this way, the scenario
updating process can be accelerated and the reactions to the new situation can be performed quickly.
Evaluation of options using MAVT and SBR

The main aim of the combined MCDA-SBR approach is the evaluation of each alternative under each scenario.
To this end, MAVT techniques as introduced above can be used. However, it is possible that some aspects of a
scenario are not important for the evaluation of all alternatives. The wind direction is for example important to
determine the dispersion of a toxic gas cloud and when the decision where people must be evacuated is made,
but it is rather unimportant when deciding how to close a leakage in a tank. Furthermore, attributes or even criteria may become irrelevant under certain scenarios. These problems can be solved through the construction of
partial scenarios which are derived from one exhaustive scenario assigning zero weights to irrelevant parts. The
use of instantiated scenarios that contain only significant information relevant for the evaluation of the
alternatives under consideration is suggested in order to accelerate the computation.
For the purpose of comparing the performances of alternatives under several scenarios, different approaches can
be chosen. One option is to choose the most robust alternative. We understand robustness as a “capacity for
withstanding ‘vague approximations’ and/or ‘zones of ignorance’” (Roy, 2009). That means an alternative that
results in the most similar performances under all scenarios is opted for. Robustness alone is not a satisfactory
approach, as only similarity of results under all scenarios – not the performance – is taken into account. Another
option is to choose the alternative that minimizes the regret. Regret is a measure for the distance between the
best possible result and the actual result under each scenario is constructed, and the alternatives are evaluated
accordingly (cf. French, 1986). In the integrated MCDA-SBR framework the most natural approach is to
integrate the scenarios fully into the MCDA process. That means, the decision makers are asked to assign
weights to each scenario. The procedure should be performed similarly to the preference elicitation for the intercriteria weights.
According to the results of the evaluation, alternatives can be refined, altered and/or combined into strategies.
These recursions are helpful, but time-consuming: The number of iterations should be carefully chosen. Furthermore, it is important that only strategic decisions can be analyzed in this framework. The question of how
these decisions are executed on an operational level should be left to the experts working in the field. Otherwise,
decisions would become too complex and time-consuming. Another danger is that the simultaneous evaluation
over too many abstraction levels would overburden the cognitive abilities of the decision makers.
Timeframe

Directly after an incident, there is a need for fast decisions in disaster response, whereas in later phases decisions on remediation strategies that help bringing the situation back to ‘normality’ must be made (cf. French and
Geldermann, 2005). One of the main problems in the implementation of the MCDA-SBR approach is that making a decision can be (very) time-consuming. We propose the development of scenario and problem structure
templates and corresponding default values for the preferences. By replacing default values in templates with already available information, the templates can speed up the (early) iterations of the decision making process in
contrast to static emergency response or disaster management plans that are frequently used in chemical
emergency planning (see e.g. Erickson, 1999, Ramabrahmam and Swaminathan, 2000). As the templates will be
developed within an MCDA framework, transparency and stakeholder involvement are ensured. Thus, greater
acceptance of the mitigation measures in case of an emergency can be expected. Furthermore, whenever there is
a need and sufficient time, the model can be adapted according to the actual situation and/or changing
preferences and value judgments
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ILLUSTRATIVE EXAMPLE USING THE INTEGRATED MCDA-SBR FRAMEWORK

A small example illustrates the role and use of SBR combined with MAVT in the early phases after an incident.
This academic example highlights the main features of the proposed framework and gives an outlook how the
methods can be applied in practice.

Village

Field
with
cows

Wind
from
South

ditch

Possible
plume
contours

road
ditch

Figure 2: Example situation sketch
Example Description

Assume that a tanker-truck slips, gets off the road and is stuck in a small ditch with water. The truck transports
chemicals, the tank is ruptured and the chemicals are leaking.
Boundary Conditions

Consider the certain, immediately known information available in the early phase after the incident:
I. Location/area
• size of the ditch, flow direction
• escape and access routes
• surrounding industries and housing
II. Time
• weekend or working day
• daytime or night
III. Chemicals inside the tank
• threat potential
• fugacity
• ways of dispersion
Storylines

Storylines are uncertain aspects of the problem. Consider:
A. Weather
• general conditions (rain, sun)
• wind (speed, direction)
B. Leaking rate
C. Contamination in ditch
D. Chemical reaction near tanker-truck
E. Dispersion of gas cloud
F. Number of cattle present in the area at risk
• inside a cattle shed
• outside, on a pasture
G. People affected
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• people at home
• people at work
• children, old and other people needing special attention
H. Traffic flow obstruction
• type of roads affected
• number of vehicles usually using the road
• switchover facilities (e.g. railway system)
I. Resources spent
• material
• working hours
• costs
J. Media coverage
K. Economic damage
• direct costs
• production downtimes
• lack of work force
• tourism (image problems)
• agriculture (integrity of pastures and fields, willingness to buy products)
Finally, the decision problem can be structured as in Figure 3. The boundary conditions representing the immediately known facts are depicted in the black boxes, the storylines in the white ones. As Figure 3 shows the
situation in an early phase of the incident, there are only three nodes for boundary conditions. In later phases
more information will become available and some storylines will become boundary conditions (e.g. the leaking
rate will be determined). Consistent scenarios are developed as described above. The attribute tree (gray boxes
in Figure 3) in this illustrative example is kept small. In practice, there will be more attributes and criteria.
In the next step, the scenarios that enter the reasoning process are chosen. Assume that there are three scenarios:
N, W and B. Scenario N describes a situation with maximum likelihood (the ‘best guess’ or ‘normal’ scenario).
W describes a situation that is worse than the maximum likelihood scenario. In contrast, B represents a scenario
that is better than N.
The corresponding decision table containing the (performance) scores si(a) of each alternative a with respect to
each attribute i (where 1 ≤ i ≤ m and m denotes the number of attributes) are completed for each of the three
scenarios (see Table 1). In the example, the mitigation options are already grouped into strategies. The values

Figure 3: Integrated representation of relevant factors and attribute tree for the example
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are estimated with the help of experts and computational tools following the causal links as described above. In
this case estimation of costs and exposure can be performed by decision support systems for chemical, nuclear
and biological emergencies, for example ARGOS (see http://www.pdc.dk/argos/, for more detailed information
see e.g. Baklanov, Sørensen, Hoe and Amstrup, 2006). The necessary inputs (e.g. meteorological conditions,
source term) will be delivered by the different scenarios.
Table 1: Decision table with performances for each scenario

Using the MAVT-approach, the next step is the elicitation of preferences. For each criterion, a value function reflecting the decision maker’s intra-criteria preferences is elicited, e.g. via methods described in (Belton and
Stewart, 2002). Different types of value functions can be used for each preference. Here, exponential value
Attributes
Scenario avoided minor ex- avoided major expo- material costs
labour costs
posures
sures
Alternatives
[thousand hours]
[thousand hours]
[thousand €]
[thousand €]
Strategy x
(do nothing)

Strategy y

Strategy z

W

0.0

0.0

0.0

0.0

N

0.0

0.0

0.0

0.0

B

0.0

0.0

0.0

0.0

W

0.2

0.2

0.3

0.5

N

0.7

0.8

0.2

0.5

B

1.1

1.0

0.1

0.1

W

0.9

0.9

1.0

1.0

N

1.0

1.0

1.0

1.0

B

1.0

1.0

0.1

0.5

functions are used to represent the importance of attaining a very good performance in the health criteria; this is
reflected in a very steep decline of the value function when the performance diverges from the optimal level. For
decreasing preferences, we have:

where

and n is the number of values for each attribute. While for increasing preferences:
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The parameter

reflects the curvature

of the value functions and thus the importance that is attributed to the fact of
being ‘close’ to the best possible value
(see e.g. Keeney and Raiffa, 1976). For
the exposure attributes, ρ is set to -0.1
and the preferences are increasing,
whereas for the costs, ρ is set to 0.5 and
the preferences are assumed to be
decreasing (see Figure 4). The exponentially increasing line represents the value function for both exposure attributes
(minor and major), the decreasing line
the value functions for both cost attributes (labour and material).
The scores of the alternatives for the
example are presented in Table 2.
Figure 4: Value Functions for exposure and cost attributes
Table 2: Decision Table with values according to the chosen value functions for the example

Attributes

Scenario

avoided collective
exposure

W

0.0

0.0

1.0

1.0

N

0.0

0.0

1.0

1.0

B

0.0

0.0

1.0

1.0

W

0.0001

0.0003

0.8713

0.7311

N

0.0183

0.1353

0.923

0.7311

B

1.0

1.0

0.9653

0.9653

W

0.1353

0.3679

0.0

0.0

N

0.3679

1.0

0.0

0.6652

B

0.3679

1.0

0.9653

0.7311

Alternatives
Strategy x
(do nothing)

Strategy y

Strategy z

avoided individual
exposure

material costs

labour costs

The next step is aggregation. Following the attribute tree (cf. Figure 3), two aggregation steps have to be
performed. First, the attributes are aggregated to form the sub-objectives. Suppose the weights for both exposure
as well as for both cost attributes are 0.5 respectively. Then, the sub-objectives are aggregated to the ‘overallgoal’. Suppose the weight for “exposure of population” is set to 0.7, whereas the weight for “costs” is set to 0.3.
This results in the scores shown in Table 3.
Table 3: Scores for strategies under each scenario

Strategy

Strategy x

Strategy y

Strategy z

Scenario

W

N

B

W

N

B

W

N

B

Score

0.3

0.3

0.3

0.2405

0.3019

0.9896

0.1761

0.4788

0.7332

The most robust alternative is strategy x, as the score of this strategy is independent from the scenario chosen.
To determine which of the strategies is recommended, the intra-scenario scores have to be aggregated for which
weights for the scenarios are needed. The traditional MAVT process relies completely on the estimates and values of maximum likelihood. In this case, weights would be set to 0 for scenarios W and B, while the weight for
scenario N would be set to 1. In this case, strategy z is recommended as it has the highest score under scenario N
(cf. grey boxes in Table 3).
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Table 4: Scores for pessimistic point of view

Score

Strategy x

Strategy y

Strategy z

0.3

0.2814

0.779

Now assume that the decision makers are more pessimistic: Let the weights be set to 1/3, 2/3 and 0 for scenario
W, N and B respectively. The scores are presented in Table 4. Again, strategy z will be chosen.
A sensitivity analysis can be
performed to analyse the
consequences of a variation
of the decision makers’ scenario-preferences. This technique has already been used
successfully for the analysis
of inter-criteria preferences
(see Bertsch, Geldermann
and Rentz, 2007). Suppose
the ratio of the scenario
weights for scenarios W and
N is kept constant at 1:2,
whereas the weights for scenario B are varied from 0 to
1.
Figure 5 shows that scenario
z (red, continuous line) is
always better than scenario x
Figure 5: Sensitivity analysis varying the weight for the "better" scenario
((blue, dotted line). The
relative performance of strategy y (green, dashed line) with respect to strategy x and z improves, the more importance is accorded to the “better” scenario. When a weight greater than 0.3 for the “better” strategy is chosen
– that is, the decision makers are rather optimistic –, strategy y is recommended.
CONCLUSION

An approach has been developed that allows for an integration of SBR into MCDA, aiming at facilitating the
decision making under uncertainty arising from possible future developments of an emergency situation (particularly for chemical incidents), exploring the robustness of the decision and allowing for deeper insights into
the decision situation. A small example combining MAVT and SBR has been used to illustrate our approach and
to highlight its advantages. The framework developed provides us with a model to start an elicitation process
with experts and users within the DIADEM project, such as at DCMR and DEMA, two public authorities responsible in case of chemical incidents in The Netherlands and Denmark, respectively. The aim of this process
is on the one hand to validate the theory presented in this paper and on the other hand to tailor the model so that
it fits the decision makers’ (currently perceived) needs.
During this process some open questions will have to be analysed in more detail, e.g. whether other MCDA
techniques are particularly suitable for our approach, e.g. combining goal-programming and SBR (cf. Durbach
and Stewart, 2003). Additional open questions are, e.g., if preferences for scenarios can be elicited in parallel to
the preferences for weights or if a separation of both elicitation steps is more useful. Care must be taken in order
to avoid the double or multiple counting of parameters reflecting risk aversion (e.g., the parameter ρ in the value
function and the weight for the “worse” scenario). Further research will also address the dynamics of the
interdependencies, allowing for an in-depth evaluation of the situation at each stage. Finally, the results must be
presented in a transparent and easily understandable way so that users and stakeholders will accept the findings
of integrated SBR-MCDA reasoning.
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