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Abstract 
Despite the fact that unguided decision making might lead to inefficient and non-
optimal decisions, decisions made at organizational levels seldom utilise decision 
analytical tools. Several gaps between the decision-makers and the computer based 
decision tools exist, and a main problem in managerial decision-making involves 
the lack of information and precise objective data, i.e. uncertainty and imprecision 
may be inherent in the decision situation. We believe that this problem might be 
overcome by providing computer based decision tools capable of handling the 
uncertainty inherent in real-life decision-making. 

At present, nearly all decision analytic software is only able to handle precise 
input, and no known software is capable of handling full scale imprecision, i.e. 
imprecise probabilities, values and weights, in the form of interval and 
comparative statements. There are, however, some theories which are able to 
handle some kind of uncertainty, and which deal with computational and 
implementational issues, but if they are never actually operationalised, they are of 
little real use for a decision-maker. 

Therefore, a natural question is how a reasonable decision analytical framework 
can be built based on prevailing interval methods, thus dealing with the problems 
of uncertain and imprecise input? Further, will the interval approach actually 
prove useful? 

The framework presented herein handles theoretical foundations for, and 
implementations of, imprecise multi-level trees, multi-criteria, risk analysis, 
together with several different evaluation options. The framework supports 
interval probabilities, values, and criteria weights, as well as comparative 
statements, also allowing for mixing probabilistic and multi-criteria decisions. The 
framework has also been field tested in a number of studies, proving the 
usefulness of the interval approach. 
 
Keywords: decision tree, decision analysis, decision tool, imprecise reasoning, probability 
theory, multi-criteria decision making. 
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1 Introduction 

Decisions made at all levels in organisations are often based on intuition and 
inadequate information, without any formal analysis being performed, such as 
using computer based decision tools, see, e.g., [Riabacke, 2006]. A reason for this 
has been suggested in [Riabacke et al., 2007], where a number of gaps between the 
decision-makers and computer based decision tools were found. A main problem 
identified in the report involved the lack of information and precise objective data. 
This is because precise objective values are very seldom available in real-life 
decision-making situations, see, e.g., [Merkhofer, 1987] and also due to that most 
people are having problems understanding the difference in probability between 
30 % and 70 %, see, e.g., [Shapira, 1995].  Requiring numerically precise 
information is therefore considered unrealistic in real-life decision-making. 

We believe that this problem might be overcome by providing computer based 
decision tools capable of handling the uncertainty inherent in real-life decision-
making, such as imprecise probabilities, values, and weights. As [Corner and 
Corner, 1995] describes it, “Assessment procedures should allow for ‘noisy” inputs… it 
is unrealistic to assume that decision-makers can provide precise inputs”. The idea is thus 
to handle, rather than trying to eliminate vagueness, not forcing the decision-
maker to deliver precise numerical information where this is unrealistic. 

Research activities in the decision analysis area, and particularly in the area of 
imprecise probabilities, have in general substantially increased, with special 
conferences and journals dedicated to this theme, e.g., [ISIPTA] and [IJAR]. Despite 
this progress, virtually none of the current decision analytical software dealing 
with decisions under risk is able to handle imprecise statements, even less the 
combination of such trees in a multi-criteria framework. Decision analytical 
software today only handle fixed numbers to represent the probabilities, values, 
and weights attached to the decision model. Providing numerically precise 
information is, as described above, often inappropriate and thus makes the 
decision model less suitable for real-life decision making. Sensitivity analysis, 
which involves testing how the evaluation result is affected by varying different 
parameters, could be a partial solution for these tools, but is difficult to handle 
with more than a few parameters at a time. 

1.1 Problem Formulation 
Some efforts have been made to implement decision analytical tools supporting 
imprecise information, see section 4, but there are quite severe drawbacks 
associated with such approaches, e.g., interactivity issues, not being able to handle 
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the calculations in an interactive manner; overlapping alternative values issues, 
providing little or no information when the interval values of the alternatives are 
overlapping; and bilinear solving issues, i.e. only one of the parameters can be in 
interval form. All in all, they have shortcomings when it comes to supporting real-
life decisions involving imprecise input information. 

Further, no known software is capable of handling full scale imprecision, i.e. 
imprecise probabilities, values and weights. There are, however, some interesting 
theories, dealing with both computational and implementational issues, capable of 
handling some kind of uncertainty, but if they are never operationalised, they offer 
little real use for a decision-maker. 
 

Thus, how can a reasonable decision analytical framework be created based on 
interval methods, thus dealing with the problems of uncertain and imprecise 
input? Further, will the interval approach actually prove useful? 
 

In order to accomplish this, our intentions are to conceptualise a framework, using 
interval methods as a starting point, and to transform the theories into an 
interactive decision tool. The aim is that the framework should consist of several 
evaluation options, allowing for decision analysis of various forms, whether the 
decision involves sequential decisions or events, uncertainty, risk, or multiple 
criteria, attempting to eliminate weaknesses of earlier implementations. An 
important aspect of this is also to field test the implementation in real-life 
situations, thus attempting to assess the approach. 

However, graphical user interface or HCI (human-computer interaction) 
discussions will not be dealt with in this thesis, and also elicitation methods will 
not be considered. This is not because they lack of importance, but rather that the 
main focus will be on operational functionality. 

1.2 Thesis Content 
In the next section, decision theories within the two dominating classes of models 
for decision making are presented; probabilistic decision theory and multiple 
criteria decision theory. Since we aim at building a decision tool based on an 
existing interval method, we present, in section three, state-of-the-art imprecise 
theories within these two classes, and various shortcomings of these methods. In 
section four we examine the functionality of existing decision tools, studying how 
they support the decision process in order to observe their advantages and 
disadvantages. In section five, the method for the thesis is discussed. In section six, 
the framework is presented and assessed, and in section seven the author’s 
contributions are described and separated. Finally, conclusions and further 
research are discussed. The second part of the thesis consists of a set of selected 
articles. 
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2 Decision Theories 

Many modern characterizations of decision theory and decision analysis have been 
suggested. French, Resnik, and Gärdenfors and Sahlin all have given their own 
views on the area: 

 

“Decision analysis is the term used to refer to the careful deliberation that precedes 
a decision. More particularly it refers to the quantitative aspects of that 
deliberation.” [French, 1993] 
 

“Decision theory is the product of the joint efforts of economists, mathematicians, 
philosophers, social scientists, and statisticians toward making sense of how 
individuals and groups make or should make decisions.” [Resnik, 2000] 
 

“The main aims of a decision theory are, first, to provide models for how we handle 
our wants and our beliefs and, second, to account for how they combine into 
rational decisions.” [Gärdenfors and Sahlin, 2000] 

 
Needless to say, this is still rather vague to be instrumentally meaningful, but we 
will discuss it in more detail below. 

Decision theory is usually classified into three categories according to the 
decision situation at hand: decisions under strict uncertainty, decisions under risk, and 
decisions under certainty. 

Decisions under strict uncertainty occur when the decision-maker has no 
knowledge of the uncertainties involved, and a number of approaches for handling 
such situations have been suggested. The Maximin rule, [Wald, 1950], the Minimax 
Regret rule, [Savage, 1951], the Pessimism-Optimism rule, [Hurwicz, 1951] and the 
Principle of Insufficient Reason, [Laplace, 1812] are examples of such decision 
rules. However, decisions under strict uncertainty do not occur frequently in real-
life situations and the decision approach presented later on in this thesis is likely to 
be a better option. Furthermore, more definite approaches to risk behaviour, such 
as the Maximin rule, can be generalised by the introduction of security levels in the 
analysis, see e.g. [Ekenberg et al., 2001]. 

Decisions under risk occurs when each action is known to lead to a specific set of 
outcomes with known probabilities. This is the case in for instance Black Jack, 
roulette, or a game of dice, but also in marketing decisions and investments. The 
latter might seem odd, but despite a precise probability being impossible to assign, 
e.g. in stock markets, it is best to treat it as a decision under risk. [Resnik, 2000] 
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Decisions under certainty arise when no probabilistic uncertainties are involved, 
i.e. the decision is deterministic. However, despite the absence of probabilities, the 
decision problem could involve contradictory objectives (criteria), and could 
therefore be difficult to solve. 

It is our intention that the framework must be able to handle all three categories, 
but we have focused on supporting two dominating classes of models for decision 
making, on equal basis. These are probabilistic decision theory, classified as decisions 
under risk, and multiple criteria decision theory, often (but not always) classified as 
decisions under certainty. However, in more complex multi criteria decision 
problems probabilistic outcomes may be inherent, see, e.g. [Danielson et al., 2007], 
and it would therefore be of importance to combine these two classes in the same 
decision model. 

2.1 Models for Probabilistic Decision Theory 
An integrated theory on subjective probability and utility was first provided by 
[Ramsey, 1926]. Somewhat later, the foundations of modern probability theory 
were laid by [Kolmogorov, 1933]. Sometimes [von Neumann and Morgenstern, 
1944] is described as the foundation of modern utility theory and later Savage 
published a thorough treatment of a complete theory of subjective expected utility 
[Savage, 1954]. At that time, it could be stated that the classical theory had been 
completely formed in its essentials. 

Decision problems in probabilistic decision theory are often evaluated according 
to the principle of maximizing the expected utility (PMEU), which can be defined as 
below: 

□ Let )( iaEU  denote the expected utility of strategy ai such that 

∑
=

⋅=
m

j
ijiji upaEU

1

)( , where pij denotes the probability and uij denotes the 

utility. 
□ To maximize the expected utility, choose the strategy ak such that 

)}(max{)( ik aEUaEU = . 

PMEU, as a decision rule, was first suggested in [Bernoulli, 1738] and has since 
dominated decision theory. It has been accepted as a normative model of rational 
choice [Keeney and Raiffa, 1976], and has also been widely applied as a descriptive 
model of economic behaviour, e.g. [Friedman and Savage, 1948] and [Arrow, 1971]. 
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2.2 Models for Multiple Criteria Decision Theory 
Decision-makers involved in business decisions are typically required to consider 
multiple objectives of often conflicting characters, i.e. multiple criteria decision 
making (MCDM). In classic decision theory the different alternatives are merely 
objects of choice, but when dealing with decisions involving a set of different 
conflicting criteria this is seldom the case. Thus, the ordering of alternatives is a 
delicate matter and an equitable mathematical representation is crucial. All MCDM 
models require the providing of weights for the different criteria, thus determining 
their relative importance. 

There are two main classes of theories determining the preference ranking within 
MCDM; multi-attribute utility techniques (MAUT), see e.g. [Fishburn, 1970], 
[Keeney and Raiffa, 1976], and [Keeney, 1992a]; and outranking techniques, see e.g. 
[Roy, 1968]. 

MAUT techniques consist of aggregating the criteria into a function that has to be 
maximised, whereas the outranking techniques uses pairwise outranking 
assessments that can be combined into a partial or complete ranking. 

Belonging to the MAUT theories are, e.g., simple multi-attribute rating technique 
(SMART) [Edwards, 1977], but also the analytic hierarchy process (AHP) [Saaty, 
1980]. The two most famous outranking techniques are the ELECTRE methods 
[Figueira et al., 2005] and the PROMETHEE methods, [Brans et al., 1984]. 
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3 Imprecision in Decision Theories 

Classical decision theory has been criticized from various viewpoints, see, e.g., 
[Ekenberg, 2000]. A main criticism is that the requirements of precise estimates are 
unrealistic [Corner and Corner, 1995]. The decision-makers often do not have the 
ability to perform precise estimations of utilities, probabilities or weights 
[Merkhofer, 1987]. Most people also have problems in understanding the 
difference in probability between 30 % and 70 % [Shapira, 1995], and even if a 
decision-maker can distinguish between different probabilities, there is often a lack 
of complete and precise information. In order to cope with this uncertainty a 
sensitivity analysis, which involves testing how the evaluation result is affected by 
varying different parameters, might simplify the problem, however, these are 
difficult to manage with more than a few parameters at a time. Requiring 
numerically precise information is therefore considered unrealistic in real-life 
decision-making. 

There is, however, no shortage in theories supporting imprecise information, see 
sections below, but if never operationalised they offer little real use for a decision-
maker. Since the aim here is to create a decision analytical framework capable of 
handling imprecise input, transforming theories into an interactive decision tool, 
an adequate theory must be found which can be operationalised. 

3.1 Imprecision in Probabilistic Decision Theory 
A number of approaches have been suggested to generalise this requirement to 
representations allowing for imprecise probability (and sometimes utility 
statements), e.g., [Wald, 1950], [Hurwicz, 1951], [Hodges and Lehmann, 1952], 
[Kyburg, 1961], [Weichselberger and Pöhlman, 1990], [Walley, 1991], [Levi, 1974], 
[Levi, 1980], [Gärdenfors and Sahlin, 1982], and [Gärdenfors and Sahlin, 1983].1 

These theories provide a solid basis, but there has been little effort involved in 
making them applicable to real-life decision making. A severe limitation is that the 
vast majority of these theories focus more on representational issues, and less on 
issues regarding evaluation. Further, they do not address computational and 
implementational issues. In our efforts to conceptualize a framework, 
computational aspects are fundamental. While still theoretically interesting, these 
facts severely limit their use in real-life decision problems. 

                                                           
1 For a more comprehensive overview of various approaches to imprecise information in 
decision making, see [Ekenberg et al., 2006].  
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However, the Monte Carlo technique, see e.g. [Rubistein, 1981], has the ability to 
handle imprecise value statements. The Monte Carlo technique uses simulations in 
order to obtain a distribution over the interval. However, being based on 
simulations the technique can yield uneven evaluation results and is strongly 
dependent on the number of simulation runs. In order to get a more reliable result 
the number of simulation runs must be high, thus lowering the interactivity grade, 
and for large sets of problems this severely affects the usefulness of the model. 
Further, although the Monte Carlo technique handles interval value statements in 
the form of different distributions, it cannot easily be modified to handle interval 
probability statements using normalisation constraints, due to its inability to 
handle comparative relations between these intervals statements. 

One approach addressing this problem is the Delta method, suggested in a 
number of papers by Danielson and Ekenberg, see e.g., [Danielson and Ekenberg, 
1998] and [Danielson and Ekenberg, 2007]. This approach is an evolution of earlier 
work on handling decision problems involving a finite number of alternatives and 
consequences, see e.g., [Malmnäs, 1994]. The Delta approach is a good starting 
point for our framework, due to the ability to handle imprecision in the form of 
both intervals and comparative relations and has addressed both computational 
and implementational issues. However, the approach has several drawbacks 
needed to be addressed, such as not being able to handle multi-level decision trees. 

3.2 Imprecision in Multiple Criteria Decision Theory 
Many types of decisions involve utility measures of non-monetary outcomes which 
then must be measured on some precisely defined interval scale. Such 
measurements can be difficult to ascertain due to underlying ethical 
responsibilities or democratic issues. Therefore a number of interval multi-criteria 
decision theories have been developed which are able to handle imprecision with 
regards to the input parameters. Some approaches have also been developed with 
computational issues in mind, such as Interval SMART/SWING, see, e.g., 
[Mustajoki et al., 2005], Preference Ratios in Multiattribute Evaluation (PRIME), 
see, e.g., [Salo and Hämäläinen, 2001], and the Rank Inclusion in Criteria 
Hierarchies (RICH), see, e.g., [Salo and Punkka, 2005], and will be discussed in 
more detail in the Tool Support section. 

However, these theories do not allow for combining interval statements with 
comparative statements, and in cases where interval statements are used no 
distributions can be applied, instead only the boundaries are used in the 
calculation, making it difficult for the decision-maker to receive any further 
information as to whether any parts of the intervals of the evaluation result are 
more likely than any other.  
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Another focus has been on employing special concepts for elicitation and 
representation, but a main hurdle in communication with real-life users can be the 
acceptance of concepts used. In complex real-world problems, exhaustive scoring 
and weighting can be wearing for decision-makers and more so as the number of 
options and criteria increases. [Katsikopoulos and Fasolo, 2006] 

Further, none of these theories are able to deal with values, weights and 
probabilities in the same model; in fact none can handle probabilistic input at all, 
since they are built for decisions under certainty. The approach by [Park and Kim, 
1997], on the other hand, has the capability of handling uncertain events in multi-
criteria decisions, and has also addressed some computational issues. However, 
the result is merely based on ordinal ranking in the form of weak dominance 
graphs, c.f. [Idefeldt et al., 2006]. Further, the approach has no support for 
sensitivity analysis and is unable to handle hierarchical structures. The approach 
has been refined to a pure multi-criteria approach capable of handling hierarchical 
structures, see [Lee et al., 2002], but then lacks the capability of handling 
probabilities in the same framework. In more complex multi criteria decision 
problems probabilistic outcomes may be inherent, see e.g. [Danielson et al., 2007]. 
It would therefore be of importance if these two representations were able to be 
handled and combined in the same decision model, thus supporting the whole 
decision process. 

It has been determined that none of the above approaches are suitable to use as a 
basis for the framework, except for perhaps an extension of [Park and Kim, 1997] 
or [Lee et al., 2002], but we find that the drawbacks of these methods are more 
severe and would be more difficult to overcome than extending the Delta method 
to handle multi-criteria decisions. In Delta’s current form it handles either 
probabilities or weights, as the mathematical representation of two concepts are 
closely related. A reason for the choice of approach, however, is its ability to 
handle both numeric input, in the form of intervals, but also qualitative input, in 
the form of comparisons. This method also possesses the quality of using only 
concepts previously familiar to decision-makers such as values and probabilities or 
weights, in order to make it immediately acceptable to the decision-makers. In 
collecting experiences from several real-life projects, see e.g. [Danielson et al., 2005] 
and [Brouwers et al., 2004], the conclusion was that the concepts of probability, 
value, and weight were easily accepted by decision-makers. This is, however, 
entirely pragmatic and not a statement of inappropriateness on the part of other 
uncertainty techniques. 
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4 Tool Support 

In 1957 a study was made focusing on the decision making process, where a large 
number of doubtful to catastrophic decisions were observed. The outcomes were 
caused by important, available information having been ignored, disregarded or 
not given sufficient attention. The conclusion drawn was that the technique of 
collecting and organising the information had to be improved. A better approach, 
concerned with collecting and considering all important information, would be of 
great help for rational decision making. [Kepner and Tregoe, 1981] Different 
models have been developed for this purpose, structuring information and 
handling uncertainties in order to make the decision process more efficient. 

Tools for decision support range over a vast area, where the concept of decision 
support system (DSS), a computerized system aiding the process of decision 
making, is well established, see e.g. [Finlay, 1995] and [Turban, 1995]. DSS belongs 
to an environment with multidisciplinary foundations, such as data mining, 
artificial intelligence, human-computer interaction, simulation methods, as well as 
decision analytic methods. While the focus of e.g. data mining tools lies in 
retrieving information, constituting the basis for the decision, the focus herein lies 
closer to the end of the decision process; modelling and analysing the decision 
problem, using the retrieved information. 

According to [Clemen, 1996] the first steps in a decision analysis process are to 
identify the decision situation and identify the alternatives, see Figure 1. Given this 
information, the decision is then structured and the uncertainty and preferences 
are modelled. Once the input and representation steps have been dealt with, the 
actual analysis is performed according to a chosen decision theory, resulting in 
output in the form of evaluation results and often a sensitivity analysis. 
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FIGURE 1. The decision analysis process (based on [Clemen, 1996]). 

The purpose of a decision tool is to support the stages of the decision analysis 
process. However, a decision tool does not constitute any form of mathematical 
formula which is always able to lead to optimal decisions, but serves as a mean of 
systemising and handling the decision problem. The models used in decision tools 
are created in different ways, where e.g. decision tables often are used for simpler 
decision problems involving lesser parameters. However, many real-life problems 
are often too complex for a two-dimensional decision table, and in situations 
involving multiple choices in a certain order, or where the outcome of one event 
affects the next, decision trees are much more suitable than decision tables. 
[French, 1993] Decision trees overcome the limitations of decision tables in 
representing the structure of complex decision problems. 

We will therefore focus on decision (and value) tree software, examining the 
functionality and how they support the decision analysis process, pointing out 
advantages and disadvantages associated with these tools. 

4.1 Probabilistic Decision Tree Tools 
The remarkable development in graphical user interfaces during the last decade 
has caused the proliferation of several decision analytic tools, see, e.g., [DASS] and 
[Olson, 1996]. An extensively used, but very simple, decision tool is Microsoft 
Excel, but there are also decision analytical plug-ins using decision trees to 

Identify the decision situation and understand objectives. 

Identify the alternatives. 

Choose and implement alternative. 

 

No 

Yes 
Is further information needed? 

Decompose and model the problem: 
- Model of problem structure 

- Model of uncertainty 
- Model of preferences 

Analysis phase: 
- Evaluation 

- Sensitivity analysis 
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structure and analyse the decision situation, such as [PrecisionTree], adding more 
decision support to Microsoft Excel. 
 
PrecisionTree 
PrecisionTree is developed by the Palisade Corporation and is a plug-in package to 
Microsoft Excel. The structure information used in PrecisionTree involves decision 
trees (and influence diagrams), which are directly applied to the users’ 
spreadsheet. The decision trees handle decision, event and consequence nodes, as 
well as logic nodes (true or false) and reference nodes (pointing to other nodes). 
PrecisionTree does not, however, handle multiple criteria in the decision trees.  The 
inputs used are precise values and precise probabilities, thus the decision analysis 
in PrecisionTree conforms to the PMEU, presenting a regular expected utility (or 
value). The output can also be viewed in the following formats: statistics report 
(presenting, e.g., the standard deviation), a policy suggestion (presenting the 
chosen path in the decision tree), and risk profiles (ordinary, cumulative and 
scatter). 

Since PrecisionTree does not have the capability of handling imprecise 
information, it allows for one-way and two-way sensitivity analysis. However, 
throughout the software the normalisation constraint of the probability is 
nonexistent, therefore a sensitivity analysis of a probability actually does not 
provide true results, since changing one probability affects the other probabilities 
in that event. 
 
Other software that includes decision trees, as components of larger frameworks, 
are, e.g., [Vanguard Studio], [TreeAge Pro] and [DPL]. 
 
Vanguard Studio 
Vanguard Studio (VS) is a rather large framework designed to perform a wide 
range of tasks required in business decision analysis, including general modelling 
and problem solving, collaborative modelling, data analysis, and advanced 
analytics. VS uses methods such as forecasting, decision tree analysis, sensitivity 
analysis, Monte Carlo Simulation, Markov processes, optimization, and application 
development. In the decision trees the following node types are supported: 
decision nodes, event nodes, and consequence nodes. VS is, however, unable to 
handle multiple criteria in the decision trees. 

When using precise probabilities and values as input, the output is in the form of 
PMEU, combined with risk profiles (either as a table or as a graph). Stochastic 
input, in the form of distributions, can be applied, but when calculating PMEU 
only the mean values of the distributions are used. The stochastic input can instead 
be used in the Monte Carlo technique supported by the tool, simulating 
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distributions which are able to provide cumulative distributions, frequency 
distributions and a simulation summary. However, as has been mentioned in 
section 3.1, this technique yields uneven evaluation results and is strongly 
dependent on the number of simulation runs. Further, probability distributions are 
not supported and only imprecision in the value variables can be handled. 

The sensitivity analysis offered is either in the form of an input sensitivity table 
or a graph. VS has also a feature calculating the value of imperfect information, 
displaying how the expected value will be affected given the knowledge of which 
state of the chance event will occur. 
 
TreeAge Pro 
TreeAge Pro is another software package used for modelling, analysing and 
evaluating decision trees (and influence diagrams), developed by TreeAge 
Software Inc. The decision trees handle decision, event and consequence nodes, as 
well as logic nodes (true or false) and Markov nodes (representing events that 
recur over time). TreeAge Pro also handles multiple criteria in the form of the 
weighted sum, where the weights are in a single level, thus not handling 
hierarchical weights. The inputs supported are precise probabilities, values, and 
weights, where the roll-back method can be used for calculating expected values, 
showing payoffs, using the Maximin rule, or displaying path probabilities. 

Distributions, such as normal, uniform, and triangular distributions, can be 
applied, but are not used in the roll-back method, instead only the mean values of 
the distributions are used. However, this information can be used in the Monte 
Carlo technique supported by the tool, simulating distributions yielding an 
expected value distribution. However, the normalisation constraint is unable to be 
supported when two or more distributions are used in an event utilising the Monte 
Carlo technique. Thus, only one of the probability parameters for each event can 
handle imprecise information, and the same problem applies to weights. TreeAge 
Pro also allows for both one-way and two-way sensitivity analysis. 
 
DPL 
DPL is marketed by Syncopation Software Inc., and is a software supporting 
modelling, analysis and evaluation of decision trees (and influence diagrams). In 
the decision trees the following node types are supported: decision nodes, event 
nodes (discrete and continuous), consequence nodes, and strategy tables (multiple 
decisions in one model). The decision trees can either be symmetric, asymmetric or 
a mix thereof.  DPL can also handle multiple criteria, where the objective function 
can be specified by the user. The weights are, however, applied as single level 
weights, and thus it is not possible to handle hierarchical weights. When using 
precise probabilities, values, and weights as input (not continuous event nodes), 
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the decision analysis in DPL conforms to PMEU. The results are presented in a 
policy summary and a policy tree, where the expected utility is shown and the 
recommended alternative is marked, or as a cumulative risk profile. 

When using continuous event nodes, i.e. using distributions, it is not possible to 
use the ordinary decision analysis; this feature can only be explored when using 
the Monte Carlo simulation. The Monte Carlo analysis results in a histogram or 
cumulative risk profile. 

The sensitivity analysis offered is either in the form of a tornado diagram or a 
rainbow diagram (one-way or two-way). DPL has also a feature which calculates 
the value of imperfect information, displaying how the expected value will be 
affected given the knowledge of which state of the chance event will occur. 
 
All these rely on graphical decision models such as decision trees or influence 
diagrams and are used by various professional decision analysts and decision-
makers. As can be seen, these software packages have various merits, but are, in 
essence, based on classical decision theories, i.e., they require numerically precise 
information to represent the probabilities and values. As argued above, this is 
problematic in real-life decision making and is the crucial issue in this thesis. 

4.2 Multiple Criteria Value Tree Tools 
There are also various implementations of MCDM techniques, such as [Decision 
Lab] (outranking methods), [Expert Choice] (AHP), and [Criterium DecisionPlus] 
(AHP + SMART). 

However, these software packages only use numerically precise data as input 
when analysing and evaluating decision problems. Some software supporting 
numerically imprecise data has, however, been developed by the System Analysis 
Laboratory [SAL], such as Winpre, PRIME Decisions, and RICH Decisions. 
 
Winpre 
Winpre supports the Preference programming, see e.g. [Salo and Hämäläinen, 
1995], PAIRS, see e.g. [Salo and Hämäläinen, 1992] and Interval SMART/SWING, 
see e.g. [Mustajoki et al., 2005]. In Winpre the decision structures are a form of 
multi-level hierarchy of the criteria, with the alternatives at the end of the tree. As 
Winpre is limited to a maximum of 9 sub criteria or alternatives, it is not suitable 
for decision problems involving a greater number of parameters. 

In the Interval SMART/Swing mode it is not possible to use comparative 
statements, only interval statements are used, and when eliciting weights a 
reference criterion must be set. In the Inpre mode no interval values or weights can 
be given, instead pairwise comparisons are made, such as )2.()1.( critwXcritw ⋅< , 

)1.()2.( critwYcritw ⋅< , where X, Y ∈[0.1, 9.0]. In the PAIRS mode, it is possible to 
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use interval values with pairwise weight comparisons, which is thus a mix of the 
above two techniques. 

The evaluation feature of Winpre is simply the interval bounds of the results, 
together with a presentation of dominated alternatives. 
 
PRIME Decisions 
PRIME Decisions is a software implementation of the PRIME method, see e.g. [Salo 
and Hämäläinen, 2001]. In PRIME Decisions the decision structure is in the form of 
a value tree, displaying the goals and criteria. Another table displays the 
alternatives, and yet another displays the preference information, where the score 
and weight assessments are made. The score assessments are made using ordinal 
and cardinal rankings, where a cardinal ranking is in the form of “The increase in 
value when consequence is changed from alt. y to alt. x is at least a times and at most b 
times greater than the increase in value when the consequence is changed from alt. z to alt. 
y.”. The weight assessments are in the form of intervals, where a reference criterion 
is assigned the value [100, 100]. The calculation provides the actual weight 
intervals used, together with the interval bounds of the results and a dominance 
matrix. 

A severe limitation associated with PRIME is determined by the considerable 
time involved in the calculations of large models, and thus this software is unable 
to handle these problems in an interactive manner. This is because the increase in 
calculation capacity is not linear. In typical cases the factor is somewhere between 
O(N2.2) and O(N3), where N is the number of linear programs, thus doubling the 
size of a model may multiply the calculation time by 8. [Gustafsson, 1999]. Further, 
in the software, comparative weight statements are unable to be made, neither 
does PRIME support interval value statements, and when using numerical input, 
this is a severe shortcoming.  
 
RICH Decisions 
RICH Decisions is a software supporting the RICH method, see e.g. [Salo and 
Punkka, 2005]. Decision structures in RICH Decisions are modelled in a similar 
manner to those in Winpre, as a multi-level hierarchy of the criteria, with the 
alternatives at the end of the tree. The difference when compared to Winpre in 
PAIRS mode, in addition to being built as a Java Applet, is that RICH Decisions 
uses ordinal ranking of the weights with a lower bound for the weights, instead of 
pairwise comparisons. The evaluation results are in the form of value intervals of 
the alternatives, in combination with a pairwise dominance matrix, and the 
decision rules under strict uncertainty. 

However, a severe limitation associated with RICH Decisions is the calculation 
speed of the weight elicitation procedure. The weight elicitation procedure has 
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difficulties in producing any ordinal rankings if more than approximately 12 are 
ranked simultaneously, since this is too computationally demanding. In RICH 
Decisions, neither interval weight statements nor comparative value statements are 
supported. 
 
These software are, however, developed for pure multi criteria decisions, therefore 
none are able to handle probabilistic input. Further none of these software can 
apply distributions over the interval statements, only the interval boundaries are 
used in the calculation. A focus of these software has also been on employing 
special concepts for eliciting weights, but a problem which arises when 
communicating with the decision-makers can be the acceptance of concepts used. 
As mentioned earlier, in complex real-world problems, extensive scoring and 
weighting can also be exhausting for decision-makers and more so as the number 
of options and criteria increases. [Katsikopoulos and Fasolo, 2006] 

All the issues presented here must be overcome, which is also our intentions 
with the proposed framework provided in section 6. 
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5 Method 

The areas of ontology, epistemology and methodology are fundamental for all 
research. The most abstract area is ontology, which is the philosophical study of 
reality and being, i.e. the exploration of the fundamental kinds of things that exist 
in the world. Epistemology is the critical study of the nature, grounds, limits and 
criteria of validity of human knowledge. The most concrete area is methodology, 
the science of method, which is the philosophical evaluation of investigative 
techniques within a discipline. [Love, 2000] 

In general, there are two distinct research perspectives that differ within the 
areas of ontology, epistemology, and methodology; the positivist perspective and 
the interpretive perspective. The positivist views the world as a single reality in an 
objective way, whereas the interpretivist looks at the world in a subjective way and 
regards the world as consisting of multiple realities. 

However, there is also the design science research perspective, which has been 
strongly backed during the last decades. See Table 1 for a comparison of the three 
research perspectives. 

TABLE. 1. Philosophical assumptions of three research perspectives, 
(modification of [Vaishnavi and Kuechler, 2006]) 

 

The roots of design science can be found in engineering and other applied sciences. 
[Venable, 2006] One of the most important contributions to this area, according to 
many researchers, is Simon’s work The Sciences of the Artificial [Simon, 1969], where 
he identified the need to develop various design sciences. Design science contains 
problem-solving methods and explores research ideas through innovations by 
analysis, design, implementation, test, and validation of artefacts [Hevner et al., 
2004], in this case a decision analytical framework. 

[van Aken, 2004] argues that academic management research has serious 
utilization problems, and suggests that the classical description-driven research 
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should be complemented with prescription-driven research in order to circumvent 
or at least mitigate this problem. Explanatory sciences, such as the natural sciences 
and the traditional social sciences, are descriptive driven, resulting in theories 
which are able to explain some phenomenon. Design science, on the other hand, is 
more prescriptive in attempting to develop knowledge for the design and 
realization of artefacts, to find procedures and ways of working in order to achieve 
something or complete some task [van Aken, 2004], in this case make better 
decisions. 

Generally, there are three approaches to decision-making. Descriptive theories 
focus on explaining how decisions actually are made by people and predicting the 
decisions they might make. Normative theories deal with rational procedures for 
making decisions and how decisions should be made to be a rational decision-maker. 
The prescriptive theories are a mix of these two, and are concerned with “helping 
people make informed, and hopefully better, decisions” [Keeney, 1992b], see table 2. 

TABLE 2. Features that distinguish normative, descriptive and prescriptive theories of 
decision making, (based on [Keeney, 1992b]) 

 
 
 
 
 
 

 
As we in this thesis have been guided by design science methodologies, we have 
been striving towards prescriptive thinking, providing a useful framework that can 
be utilised by analysts in real-life decision situations; but the framework in itself, 
i.e. the theories supported by the framework, is purely normative. 

According to [Hevner and March, 2003], the goal of information systems (IS) 
research is “to produce knowledge that enables the application of information technology 
for managerial and organizational purposes”. In pursuing this goal, IS researchers 
follow two complementary but distinct paradigms, the design science paradigm and 
the behavioural science paradigm. [Hevner and March, 2003] 

The research in this thesis has followed the design science paradigm, viewing 
information systems as a technical science. The process of the design science 
research can be viewed in Figure 2. 

Theories Criterion Judges of theories 
Normative Correctness Theoretical sages 
Descriptive Empirical 

validity 
Experimental 
researchers 

Prescriptive Usefulness Applied analysts 
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FIGURE 2. The general methodology of design science research [Vaishnavi and Kuechler, 
2006] 

The behavioural science paradigm views information systems as a social science 
and is also relevant to the study of decision making, but the main focus is on 
developing theories that explain or predict organizational and human decision 
making, with or without aids, and thus is not suitable as the main methodology 
used in this thesis. 

The research contributions in this thesis are not mainly theoretical but are 
connected to the development and design of a sequence of artefacts demonstrating 
the viability of this type of approach to decision making aids, involving explicit 
representation of uncertainty and lack of information. The research has been 
carried out through a sequence of artefacts in the form of versions of the decision 
analytic framework DecideIT. Each new version of the framework was the result of 
one iteration in the iterative design process, where gathered information in the 
assessment stage is reused in the research, design, and implementation stage. It is 
important to point out that the designs were created to study the operational and 
functional aspects of the decision analytical software, not the human-computer 
interface issues. 

Using Figure 2 as a guideline, we have created a decision analytical model for 
use in this research process, see Figure 3. 
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FIGURE 3. The analytical model used in the research process. 

The starting point in our research was an observation of the necessity for tools able 
to handle imprecision, see e.g. [Riabacke et al., 2007] and [Corner and Corner, 
1995]. As a directed search, a comprehensive literature study was conducted. From 
the material gathered, a compilation of state-of-the-art methods and tools was 
made, some of which have been discussed in the previous sections. The drawbacks 
and problems associated with current approaches were discovered, where the 
requirement to handle imprecision was not completely satisfied. This concluded 
the awareness of the problem phase in Figure 3. 

The next phase is the suggestion phase, where the creation of a decision analytical 
framework based on interval methods was suggested, thus dealing with the 
problems of uncertain and imprecise input. The choice was also made to use the 
Delta method [Danielson, 1997] as a starting point, since this method was the most 
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appropriate approach due to the reasons discussed earlier, but some drawbacks 
associated with this method were discovered. 

Phases three and four, the development phase and the evaluation phase, have been 
intertwined since we are using an iterative design process. Thus, we designed and 
implemented a graphical user interface as the basis for the framework, in order to 
be able to deliver a structured decision process, and deliver the output in an easy 
and manageable way. This resulted in the first version of the framework, see 
[Danielson et al., 2003a]. During the second iteration it was discovered that 
handling multi-level decision trees were somewhat complicated and if these were 
not handled correctly could generate errors in calculations, which resulted in 
methods that could handle multi-level decision trees in a correct manner, 
[Johansson, 2005]. 

The evaluation functionality was also extended in order to facilitate decision 
making, developing new evaluation techniques, such as different ranking 
procedures [Idefeldt et al., 2006], facilitating the understanding of the evaluation 
results. The built in sensitivity analysis was also complemented by the ability to 
handle critical parameters [Idefeldt and Danielson, 2007]. 

An important aspect is to field test the artefacts in real-life situations in order to 
assess the approach, and as new versions became available they were used in some 
experimental setting (such as in a case study or by students in a course). The 
matches (and mismatches) between the intended functionality of the artefact and 
the outcomes were recorded and dealt with. The framework has been assessed on 
two levels, tool level and process level, see section 6.2. Since the tool and model 
embodied as a computer program has been the main theme of the thesis, the 
author’s focus has been on the tool level. At this level, the appropriateness of the 
tool and its associated models has been studied in four real-life case studies 
ranging from investment decision analysis, see [Danielson et al., 2003b], flood 
policy management, see [Danielson et al., 2003c], three public infrastructure 
decision problems in Nacka municipality, see [Danielson et al., 2007], to a choice of 
new price structures in the district heating market, see [Björkqvist et al., 2007]. The 
flood policy management investigation showed the necessity to model multiple 
criteria in a more sophisticated manner, and also in conjunction with probabilities, 
which is treated in [Larsson et al., 2005]. 

Finally, we arrive at the result phase, where all of the above methods and 
functionality have been implemented in the decision analytical framework 
DecideIT described in [Idefeldt and Danielson, 2006], see also section 6.1. 
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6 The Proposed Framework 

All of the above approaches have shortcomings in supporting real-life decisions 
involving imprecise information. No known software is capable of handling full 
scale imprecision, i.e. imprecise probabilities, values and weights, in the form of 
intervals and comparative relations, which could be of great importance in 
situations where the information quantity is very limited. As has been described 
above, there is no shortage in interesting interval theories, but if they are never 
actually operationalised, they offer little to a decision-maker. The most interesting 
interval theory, from our perspective, was the Delta approach, as has been argued 
in section 3.1 and 3.2. 

We will in this section present the proposed framework, where the Delta 
approach has been extended, see [Johansson, 2005] and [Larsson et al., 2005], and 
transformed into an interactive decision tool. The framework, see [Danielson et al., 
2003a] and [Idefeldt and Danielson, 2006], consists of several different evaluation 
options, see e.g. [Idefeldt et al., 2006] and [Idefeldt and Danielson, 2007], allowing 
for decision analysis of various forms, e.g. decisions involving sequential decisions 
or events, uncertainty, risk, and multiple criteria, eliminating weaknesses of other 
implementations. 

6.1 The Underlying Framework 
The framework has been based on the stages in the decision analysis process in 
Figure 1, see Figure 4. 

 
 

 
 

 
 
 
 
 

 

FIGURE 4. The decision analysis process in the framework 

The structure information models supported in the framework are regular decision 
trees or multi-criteria hierarchy (value) trees. In these trees, there is the ability to 
handle imprecise weights, probabilities and utilities in the form of interval 

Output presentation: 
- Evaluation results: 
Risk profiles and 
security thresholds, 
ordinal and cardinal 
rankings, pairwise 
comparisons. 
- Sensitivity: Built-in 
and tornado 
diagrams. 

Input and representation: 
- Structure information in the form 
of decision trees and multi-criteria 
models 
- Input statements in the form of 
probability (P), value (V) and 
weight (W) interval statements, 
and comparative relations of P, V 
or W. 

Calculation 
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statements and comparative relations. Based on this, we have developed 
techniques and implementations for several different evaluation techniques. The 
framework is presented in detail below. 
 
A decision frame (Ψ) is a model of the decision problem in the form of a decision 
tree or a multi-criteria hierarchy model (or a combination of these two), containing 
a set of alternatives (A), a set of consequences (C), and a set of events (E) in a 
probabilistic decision, or a set of criteria (G) in a multi-criteria decision. From the 
value statements in C, the value constraint set (V) is created; a set of linear 
constraints containing the interval value statements of the leaf nodes together with 
the comparative value statements. From the probability statements in E, the 
probability constraint set (P) is created in a similar manner, but since the event nodes 
can be found at different depths in the decision tree, P is a union of all local 
probability constraint sets, such that P = ∪Pi. Similarly, the same applies for the 
weight constraint set W. Also, an additional constraint must be taken into account 
for at each local probability and weight constraint set; the normalisation constraint 
Σ pi = 1 and Σ wj = 1. 

In order for the decision-maker to be able to take advantage of this, the tool 
keeps track of all constraint sets, constantly performing consistency checks after a 
new statement has been added. When performing a consistency check, the tool 
computes the orthogonal hull (Ξ) for each constraint set, yielding the consistent, i.e. 
the minimum and maximum, interval boundaries for each variable in Ψ. The 
distribution over the orthogonal hull is, however, not uniform, but triangular. In 
addition to Ξ there is also a most likely point, a focal point (Φ), in the interval. Φ is 
interpreted as the point where the belief mass is concentrated, thus there are higher 
beliefs close to Φ than farther away. Φ can be retrieved in two ways, either by the 
decision-maker explicitly, or calculated by the tool as the centre of mass based on a 
uniform Ξ. 

As has been previously mentioned, since the application takes imprecise input, 
the uncertainty will also be reflected in the evaluation result, yielding overlapping 
expected value intervals, i.e. one alternative might not dominate. The probabilities, 
values, and weights are therefore subject to a sensitivity analysis shown as a 
tornado diagram of the influences of the probabilities, values, and weights on the 
evaluation result, see [Idefeldt and Danielson, 2007]. There is also an embedded 
sensitivity analysis that examines in which parts of the intervals it is possible to 
obtain a dominant alternative. This is made by introducing contraction levels (τ), 
contracting the intervals, thus moving the interval boundaries closer towards Φ. 
τ = 0 preserves the boundaries, and τ = 1 transforms the constraint sets into single 
points, coinciding with Φ. The use of contraction levels offers the decision-maker a 
better understanding of the stability of the result and how important the interval 
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boundary points are. For a more formal discussion on contraction levels, see 
[Danielson, 2004]. 

 
Evaluation options 
The ability to handle imprecise information affects the presentation of the output, 
requiring the evaluation functions to be adjusted and extended to cope with this 
uncertainty. In our framework this extension is made in the evaluation options 
described below. 
 
Risk Profiles and Security Thresholds 
Cumulative risk profiles provide an overview of the risks inherent in the 
alternatives in a probabilistic tree. The risk profile (Π) is a graphical projection of the 
risks inherent in Ψ, where each of the outer bounds and Φ are reflected as 
individual cumulative probability distributions, such that ∑
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probability at a certain level of utility (x). 
When only using fixed numbers, this is readily calculated and displayed, but when 
the input consists of intervals and comparisons, it becomes more complicated since 
it involves a number of optimization problems. 

In order to exclude any alternatives having too risky outcomes, a security 
threshold, see e.g. [Ekenberg et al., 2001] can be applied. The security threshold is 
defined as ∑
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maximum probability of obtaining r or less. 
 
 
 
Total Ranking 
After excluding any alternative involving too risky outcomes, the next step in the 
evaluation phase could be to find an ordinal ranking of the alternatives; in the tool 
this ranking is referred to as total ranking. The total ranking uses the α-strength in 
order to yield a quick overview of the alternative preference order. The α -strength 
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strength of alternative i at a 100% contraction will be denoted by Φαi.  
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The total ranking is a semi-order ranking derived from Ai I Aj ⇔ Φαi ≥ Φαj +I, 
where I is the indifference interval expressed as a percentage of the employed value 
scale, i.e., a sub-interval of the real line on which the consequence’s values are 
assigned, and may be seen as a particular form of constant preference threshold. 
Thus, alternatives differing by less than I will be collected in the same indifference 
group. Needless to say, depending on the order of such comparisons, the resulting 
indifference groups may differ. For a more general discussion on different ranking 
procedures, see [Boeva et al., 2004], [Danielson, 2005], and [Idefeldt et al., 2006]. 
 
Cardinal Ranking 
The cardinal ranking presents the differences in expected utility between the 
alternatives. This is determined by means of the upper and lower bounds on the 
expected utilities for each alternative vs. the average of the alternatives. The 
cardinal ranking yields the range of αi for each alternative Ai, under a user 
specified τ. An overlap in expected values indicates that there are instances in the 
solution space which favour different alternatives. However, relationships may 
exist between alternatives, which are not visible. In order to study the alternatives 
in more detail, a pair wise comparison can be performed. 
 
Pair wise Comparisons – Expected Value Graphs 
The next step is comparing the alternatives pair wise, taking full advantage of τ, 
and it is preferable to use this towards the end of the decision process when the 
number of alternatives under consideration has decreased. 

Pair wise comparisons use the concept of strength, i.e. the difference in expected 
value between the alternatives, such that )()( jiij AEUAEU τττδ −= . The expected 

value graph shows the strength between two alternatives under different τ. An 
intersection level is also provided in the expected value graph, depicting the 
minimum τ required for non-overlapping expected values, such that 0)min( >τδij  

or 0)max( <τδij . 

 
Extreme Values 
The extreme values supports decisions under strict uncertainty, where a number of 
evaluation functions are available. Maximin rule chooses the alternative with the 
highest minv , where =)(min

iAv )AVmin( i
min ∈ . Maximax rule chooses the 

alternative with the highest maxv , where =)(max
iAv  )AVmax( i

max ∈ . Optimism-
pessimism rule, a combination of these two, chooses the alternative with the 
highest opv , where =)( i

op Av  )()1()( minmax
ii AvAv ⋅−−⋅ αα , at α=0.2, α=0.4, α=0.6, 

α=0.8. Insufficient reason rule chooses the alternative with the highest irv , where 
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Tornado Diagram 
If the evaluations do not suggest a single preferred alternative, the next step to 
further distinguish between the alternatives could be to extend the information 
gathering. In order to allocate the resources in the most efficient way the variables 
having the greatest impact on the expected value must be identified. For this 
purpose, tornado diagrams are employed. 

The positive impact on EU by varying pi is defined as Φ++ −=Ω EUEU
ii pp , where 

ΦEU  is the expected utility based on Φ, and where +
ipEU  are calculated through 

varying pi, retrieving new Φ, in order to yield the maximum EU. The negative 
impact on EU is defined as Φ−− −=Ω EUEU

ii pp . Positive and negative impacts 

caused by varying vi and wi are calculated in a similar manner. The tornado 
diagram can be used for probabilities and values in decision trees, and for weights 
and weighted values in multi-criteria models. One difference compared to 
traditional tornado diagrams is that the interval ranges have already been set by 
the decision-maker, so that the variables are varied within the intervals using the 
focal point as a base. Furthermore, it may not be possible to vary one variable at a 
time due to dependencies between the variables derived from, e.g., comparative 
relations and probability or weight normalisation constraints. This is problematic 
since a change in one variable might affect the other variables, forcing the tool to 
once again compute Φ. 

6.2 Assessing the approach 
An important aspect is also to field test the artefacts in real-life situations in order 
to assess the approach. The framework has been assessed on two levels, tool level 
and process level. 

At tool level, the appropriateness of the tool and its associated models has been 
studied in four real-life case studies. The first assessment was made in corporate 
decision-making [Danielson et al., 2003b], were we applied the framework on an 
investment decision regarding a new system for logistics control. The background 
information was collected mainly through interviews, and the decision was 
structured and analysed using the framework. The output points out a reasonable 
action, but also what aspects are crucial to consider for a reliable result. The 
investigation shows that the framework worked as a considerable decision 
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support, and the framework itself also proved to be useful for structuring the 
decision thus improving visibility. 

The second assessment of the framework was in a flood risk management 
program in Hungary [Danielson et al., 2003c], which constitutes an example of the 
use of modern computational decision methods to assist in decision-making in 
society. The goal of the study was to create an acceptable flood management policy 
that shifted the economic disaster liability from the government to individuals. The 
Hungarian study was based on interviews in the Palad-Csecsei basin, and also on a 
simulation model developed at Stockholm University, where geographical, 
hydrological, social, and institutional data was taken into account. All this 
information was used as input and analysed in the framework. The analysis made 
it clear that the choice of policy was heavily dependent of the ranking of the 
stakeholders’ relative importance. Further, the investigation would have been 
almost impossible to carry out if the framework had not been supplied. This was 
primarily due to the size and the complexity of the problem, with more than 600 
consequences under three criteria involving imprecise information. 

In the third assessment of the framework, [Danielson et al., 2007], we 
demonstrated the applicability of the tool in a case study regarding three public 
infrastructure decision problems which had remained unresolved during a number 
of years. Each different view of the participants, consisting of experts, politicians, 
civil servants, and layman citizens, were collected into intervals while letting their 
collective average form the most likely point. In two of the infrastructure decision 
problems it was possible to bring down the alternatives from six to two, which was 
agreed on by the participants even though several of the alternatives seemed rather 
equally preferable before applying the framework. For the third infrastructure 
decision problem it was possible to bring down the alternatives from five to a 
single preferred alternative. 

In the fourth assessment, [Björkqvist et al., 2007], Sundsvall Energy was 
intending to offer their customers a three-year contract in the district heating 
market, instead of a one-year contract. The longer time-horizon affects the risk 
situation, since the uncertainty increases and Sundsvall Energy was therefore 
seeking methods for analysing risk factors and deciding an adequate risk premium 
level. In order to cope with this task a risk premium assessment model was 
created, consisting of two input modules; a risk premium estimation module, and a 
probability assessment module. The outputs from the input modules were 
transferred to the risk evaluation module, i.e. the framework. The result of the 
evaluation module was a suggested risk premium that was dependent on the risk 
Sundsvall Energy was willing to take. The investigation clearly shows that the 
amount of data needed for the tool is manageable, and the interaction with 
Sundsvall Energy also indicated that the result presentation is useful, although it 
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demands some effort by the facilitators to understand the underlying meaning of 
the resulting graphs.  

At process level, decision processes have been studied in which the tool have 
been utilised. Since the tool and model embodied as a computer program has been 
the main theme of this thesis, and partly to avoid bias, these studies have been 
conducted by other researchers. In the flood risk management program in 
Hungary, a stakeholder workshop was held involving all stakeholder groups, viz. 
the government, the insurance industry, and the property owners. During the 
workshop, the policy options were discussed using results from the framework as 
a basis. Depending on which of the three policy options they preferred they were 
divided into separate groups. [Vari et al., 2002] Despite conflicting opinions at the 
beginning, the stakeholder involvement eventually led to an agreement on an 
acceptable policy option. [Brouwers and Påhlman, 2005] The policies were based 
on results from the simulation model, the outcomes of which contained a large 
degree of uncertainty. This was handled by the framework in a way 
comprehensible to all participating stakeholders. 

In the Nacka case, a post-case study was performed by an independent 
eGovernment researcher that had not taken part in the investigation. In the study, 
decision-makers and stakeholders were interviewed on their experiences with the 
tool and the model in making transparent public decisions, see [Danielson et al., 
2005]. In brief, the method provided better information, but no clear outcome. 
However, the increased understanding of the decision problems was found to be 
beneficial by all parties and there was an indication of acceptance of tool 
assistance, at least in cases where the unaided decision making is complicated. 

The conclusion of the assessment phase is that the framework worked as a 
considerable decision support in the field tests, and proved useful for structuring 
the decision and improving visibility, thus increasing the understanding of the 
decision problems. The framework often provided a preferred alternative or 
consensus, even in cases where groups initially had conflicting opinions. In some 
cases, however, no clear outcome could be achieved, but instead the number of 
alternatives could be substantially decreased. 

The decision situations provided in the field tests would have been difficult to 
solve without using a decision tool, or with the decision tools available on the 
market today, because of the size, complexity and information quality and quantity 
available. The field tests also showed that the amount of data needed by the 
framework for solving these decision situations was quite manageable, due to the 
capability of handing qualitative information. The underlying meaning of the 
evaluation results was, however, quite demanding to comprehend, but despite this 
we received indications of the acceptance of tool assistance. All in all, the field tests 
did yield many positive assessments of the model. 
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7 Research contributions 

The purpose of this work has been to transform an interval theory into an 
interactive decision analytical framework allowing for decision analysis of various 
forms, whether the decision involves sequential decisions or events, uncertainty, 
risk, or several different criteria. The framework has been accomplished by 
extending the Delta approach to a generalization allowing for multi-level decision 
trees, multi-criteria and risk analysis. 

The major differences between the general decision analysis tools and this 
framework do not lie in their interpretation of decision analysis or at what stage of 
the decision process they could be employed. Our tool differs from other similar 
approaches essentially because it allows for the possibility of different kinds of 
user inputs with respect to setting risk attitudes and methods for assigning 
probabilities, values and weights in various ways, both in the form of interval as 
well as comparative statements. 

This is made possible using calculation techniques yielding interactive response 
times. The switch from precise numbers to interval and qualitative estimates has of 
course, computational effects, but, equally important, also involves many 
conceptual aspects. 

7.1 Key Areas of Contribution 
Given the underlying framework described in section 6, the key areas of 
contribution are 1) evaluation algorithm development and evaluation principles 
[Johansson, 2005], [Larsson et al., 2005], [Idefeldt and Danielson, 2007], and 
[Idefeldt et al., 2006]; 2) tool development [Danielson et al., 2003a] and [Idefeldt and 
Danielson, 2006]; 3) case studies to assess the approach [Danielson et al., 2003b], 
[Danielson et al., 2003c], [Danielson et al., 2007], and [Björkqvist et al., 2007]. 
 
The following is a selection of papers written by the author, and which are 
included in this thesis: 

[Johansson, 2005] presents a set of computationally meaningful algorithms for 
extending the Delta approach to allow for multi-level decision trees and has been 
one of many problematic areas when implementing the decision analytic 
framework. 

[Idefeldt and Danielson, 2007] deals with the difficulties of rendering algorithms 
for modelling multi-dimensional sensitivity analysis in imprecise domains. 
[Idefeldt et al., 2006] shows different ranking methods for alternatives containing 
imprecise information. 
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All of these theories and more have been implemented in the framework 
DecideIT and in [Danielson et al., 2003a] the most prominent features of the 
framework are presented. In addition, the means of extending the method to a 
multi-attribute decision tree evaluation method is presented in [Larsson et al., 
2005], and [Idefeldt and Danielson, 2006] is a further development of the 
framework into multi-criteria support. 

Obviously, a decision theoretical approach is of very limited value if it cannot be 
used in real-life decision-making. Therefore, further demonstrations regarding 
how decision problems can be modelled and evaluated taking into account the 
imprecise input data are also presented in this thesis in the form of four empirical 
field-tests: [Danielson et al., 2003b], analysing an investment decision problem at 
SCA Transforest; [Danielson et al., 2003c], presenting an evaluation of three flood 
management strategies in Hungary; [Danielson et al., 2007], presenting a case study 
at the Nacka municipality; and [Björkqvist et al., 2007] providing a case study at 
Sundsvall Energi, deciding adequate risk premium levels. 

7.2 Separating Individual Contributions 
Most of the work has been performed in the environment of the DECIDE Research 
Group. Thus, the papers are written together with other researchers within the 
group, and it is sometimes difficult to exactly pinpoint the author’s own 
contributions. However, the following division of contribution in the papers seems 
reasonable. 

[Johansson, 2005] is written and developed solely by the author. The problem 
covered in [Idefeldt and Danielson, 2007] was discovered by the author, and 
generating the solutions have been made by the author and Mats Danielson, who is 
also a co-writer of this article. The basic ideas for the ranking methods in [Idefeldt 
et al., 2006] were laid by Mats Danielson, and have been analysed, extended, and 
refined by the author and Aron Larsson. 

In [Danielson et al., 2003a] some of the algorithms are based on previous research 
results of Mats Danielson and Love Ekenberg, while the author and Aron Larsson 
have been responsible for implementational issues. The author has suggested and 
designed the architecture of the tool to facilitate interactive response times and also 
introduced multi-level trees. The paper was a close collaborative effort of all four 
researchers. 

[Larsson et al., 2005] was mainly written by Aron Larsson. However, the content 
of the paper involves the results of the author’s and Aron’s discussions and 
insights following the participation in a summer school on multi-criteria models. 
The final manuscript also involved assistance from Love Ekenberg and Mats 
Danielson. 
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[Idefeldt and Danielson, 2006] is a compilation of the accomplishments of the 
authors’ years of research in implementing the framework. The paper is written 
together with Mats Danielson, the founder the Delta-method upon which the tool 
is based. 

[Danielson et al., 2003b] is based entirely on the author’s research, but has been 
written in collaboration with other researchers in the DECIDE research group. 

In [Danielson et al., 2003c] the preliminary investigation on site in Hungary was 
mainly carried out by Love Ekenberg. The author has, however, together with 
other researchers, written the paper. The evaluations, which constitute the 
conclusion of the paper, would not have been possible without the tree modelling 
capability that the author conceived and developed in the tool. 

In [Danielson et al., 2007] the main involvement in the actual decision  
situation involved Love Ekenberg and Mats Danielson, and they in turn provided 
the author and Aron Larsson with new demands on the employed tool which was 
implemented by them. The paper itself was a close collaborative effort of all four 
authors. 

[Björkqvist et al., 2007] is based on a case study made at a Swedish Energy 
company by the author, Aron Larsson, and Olof Björkqvist, where Björkqvist was 
responsible for the risk premium module, and the author and Larsson were 
responsible for the probability assessment module and the risk evaluation module. 
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8 Conclusions and Further Research 

No earlier decision analytical implementation is capable of handling full scale 
imprecision, i.e. imprecise probabilities, values and weights, in the form of 
intervals and comparative relations. As has been described above, there is no 
shortage of interesting interval theories, but if they are never operationalised, they 
offer little to a decision-maker. The most interesting interval theory, from our 
perspective, with the least shortcomings of the prevailing theories is the Delta 
approach. As a consequence, the research has been focused on developing a 
theoretical foundation, algorithms and a user interface to enable a framework with 
the characteristics lacking in prevailing approaches. 

We have presented the conceptualisation and creation of a decision analytical 
framework based on the Delta method, capable of handling full scale imprecision, 
i.e. imprecise probabilities, values and weights, in the form of intervals and 
comparative relations. The goal of this work has been to provide a framework for 
analysing probabilistic as well as multi-criteria decisions, with a focus on power of 
expression and evaluation concepts, rather than on the elicitation process. In the 
framework we have also combined probabilistic decision analytical methods with 
multi-criteria methods, thus allowing for the connection of individual probabilistic 
decision trees to the multi-criteria model. Further, the decision analytical 
framework adopts the approach of attempting to incorporate the sensitivity 
analyses into the representation, making uncertainty a first-class citizen in the 
model. Moreover, a primary goal associated with the framework has been to make 
it immediately acceptable to decision-makers in organizations and society. In 
collecting experiences from several real-life projects, the conclusion was that the 
concepts of probability, value, and weight were easily accepted by decision-
makers. 

In order to study whether the interval approach actually is proven useful the 
framework has also been assessed on two levels, tool level and process level. At 
tool level, the appropriateness of the tool and its associated models has been 
studied in four real-life case studies. At process level, decision processes have been 
studied in which the tool have been utilised. Partly to avoid bias, these studies 
have been conducted by other researchers. The results from the assessments were 
that the framework worked as a considerable decision support, and that the 
decision situations would have been difficult to solve without the imprecision 
supported by the framework, because of the size, complexity and information 
quality and quantity available. All in all, the field tests did yield many positive 
assessments of the model. 
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Keeping the applied value of decision theory in focus, we will, in the near future, 
further investigate which properties are considered most important for a decision 
tool from a user-friendliness perspective. Furthermore, the issues regarding 
probability and value elicitation are one of the more important problems of 
practical decision making. We will therefore address the necessity for the process 
support in the tool. We also believe that domain specific applications should be 
developed with the same machinery. Still, a general tool would be difficult to use 
for an actual decision-maker, but in combination with predefined templates and 
data bases with domain knowledge, the usability would increase dramatically. 
Finally, one important extension is to combine this framework with data mining 
techniques to automatically generate decision trees. The idea is quite 
straightforward, but there are several complexity issues that remain to be solved. 
The future applicability of this framework or others will be heavily dependent of 
how well these features are supported for decision-makers. 
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Part II 

This part contains the ten papers, divided into the following sections: 
 
Evaluation Algorithms 
Two papers on algorithms necessary for tool functionality. The first paper deals 
with computational tree modelling in general and the second with problems 
specific to multi-criteria models: 
 
Paper I 
[Johansson, 2005] Johansson J., Methods for Evaluating Multi-Level Decision Trees 

in Imprecise Domains, Proceedings of the 18th International Florida AI 
Research Society Conference, AAAI Press, 2005. 

 
Paper II 
[Larsson et al., 2005] Larsson A., Johansson J., Ekenberg L., and Danielson M. , 

Decision Analysis with Multiple Objectives in a Framework for Evaluating 
Imprecision, International Journal of Uncertainty, Fuzziness, and 
Knowledge-Based Systems, vol. 13/5, pp. 495-510, 2005. 

 
Evaluation Principles 
Two papers on problems associated with the evaluation principles of interval 
decision models. The first paper deals with algorithms and presentational issues of 
preference orderings, and the second with generation and presentation of 
sensitivity information in the form of tornado diagrams in interval decision 
models: 
 
Paper III 
[Idefeldt et al., 2006] Idefeldt J., Larsson A., and Danielson M., Preference Ordering 

Algorithms with Imprecise Expectations, Proceedings of the 2006 International 
MultiConference of Engineers and Computer Scientists, IAENG, 2006. 

 
Paper IV 
[Idefeldt and Danielson, 2007] Idefeldt J. and Danielson M., A Note on Tornado 

Diagrams in Interval Decision Analysis, to appear in Proceedings of 
the World Congress of Engineering 2007, IAENG, 2007. 
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The Assembled Framework 
Two papers on functionality and aspects of the framework DecideIT. The first paper 
deals with an early version of the tool and the second with a more recent version 
incorporating multiple criteria and probabilistic trees in the same model. 
 
Paper V 
[Danielson et al., 2003a] Danielson M., Ekenberg L., Johansson J., and Larsson A., 

The DecideIT Decision Tool, Proceedings of the 3rd International 
Symposium on Imprecise Probabilities and Their Applications, Bernard, J-
M., Seidenfeld, T., and Zaffalon, M. (eds.), pp.204–217, Carleton Scientific, 
2003. 

 
Paper VI 
[Idefeldt and Danielson, 2006] Idefeldt J. and Danielson M., Multi-Criteria Decision 

Analysis Software for Uncertain and Imprecise Information, Proceedings of 
the 11th Annual Conference of Asia Pacific Decision Sciences Institute, 2006. 

 
Assessment of the Tool and its Associated Models 
The appropriateness of the tool and its associated models has been studied in four 
real-life case studies ranging from flood policy management to heating markets. 
Each of the four papers in this section describes one case study. 
 
Paper VII 
[Danielson et al., 2003b] Danielson M., Ekenberg L., Johansson J., and Larsson A., 

Investment Decision Analysis – A Case Study at SCA Transforest, 
Proceedings of the 2003 International Conference on Information and 
Knowledge Engineering, CSREA Press, pp.79–85, 2003. 

 
Paper VIII 
[Danielson et al., 2003c] M. Danielson, L. Ekenberg, and J. Johansson, Decision 

Evaluation of three Flood Management Strategies, Proceedings of the 16th 
International Florida AI Research Society Conference, AAAI Press, pp.491–
495, 2003. 

 
Paper IX 
[Danielson et al., 2007] Danielson M., Ekenberg L., Idefeldt J., and Larsson A., 

Using a Software Tool for Public Decision Analysis, to appear in Decision 
Analysis Journal, 2007. 

 
Paper X 
[Björkqvist et al., 2007] Björkqvist O., Idefeldt J., and Larsson A., Risk Assessment 

of New Pricing Strategies in the District Heating Market, submitted for 
publication, 2007. 

 




