






6.2. THE UPPSALA CASE: AN APPLICATION TO LEAKAGE DETECTION

et al. (2018), illustrates the di�erence between expected utility theory and regret
theory for two cases: �rst, when the inspection's remediation e�ect is ignored, and
second when the inspection's treatment e�ect is considered for a plausible leakage.
It should be noted that this example does not advocate using one theory over the
other and is just performed to illustrate the di�erences.

Building the current example on the Uppslas case, it is considered that possible signs
of defects in the network are identi�ed when anomalies in signals are observed. At
this point, the rehabilitation team considers several decision alternatives, as stated
earlier: M 1 � M 4. However, in this case, only those actions that come at this
study's �rst decision-making level are considered,M 1 for taking no action and M 2

for more investigation. Rehabilitation would either not be undertaken or postponed
until further supporting evidence if minor detected anomalies in signals remained
for less than 24 hours,M 1. Typically, investigation actions (M 2) are performed to
establish a failure and �nd its location. In this example, M 2 is considered to be
conventional leakage detection action. According to Tables 6.3 and 6.4, the
cost associated with conventional leakage detection is 20,000 SEK, and the water
cost is 10,000 SEK for seven working days and two persons working actively on
leakage detection and remediation. Figure 6.7 presents a schematic decision tree
describing the decisions to inspect or do nothing.

Figure 6.7: Schematic decision trees for leakage detection. Left: Expected utility-
based tree (EUT), Right: Expected regret-based tree (ERG).

Considering Figure 6.7, the factorP corresponds to the actual probability of leak-
age,RR is the relative risk reduction, and Ui presents the value of the action. The
decision tree on the left side is the expected utility-based tree (EUT), and the one
on the right side is the expected regret-based tree (ERG). Regret is assumed as the
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difference between the taken action’s utilities and the action that, in retrospect,
should have been taken. The expected utility is calculated by:

EUT =
(
P (RR)U1 + (1 − P )(RR)U2) +

(
PU3 + (1 − P )U4) (6.5)

The expected regret is calculated as:

ERG =
(
P (RR)(U4 − U2) +

(
P (U1 − U3)) (6.6)

where U1 is considered the cost for conventional leakage detection plus the water
cost associated with leakage; U2 is only the cost of the conventional leakage de-
tection action, and U4 is considered 0 when no action is taken, and no leakage
has happened. By taking no action in the presence of leakage, the problem lies
in undetected leakage going on for a long time, which can cause seepage, damage
infrastructure, or allow contamination to enter the pipe. On the other hand, some
leakages are visible at the ground surface, and large water retention makes them
easy to detect. Accordingly, for the calculation of U2, it has been assumed that the
plausible leakage in case of taking no action would appear after four weeks, so U3
is four times as great as water cost. The probability of leakage, P , is assumed 30%,
and the RR as 60%. The relative risk reduction shows the ratio of the leakage
rate in the present time in Uppsala, 15% (14%-16%), to the leakage rate before
employment of active leakage detection before 2013, 25%. The left parenthesis in
both equations presents the expected cost for the conventional leakage detection
either in the presence of leakage or in its absence, and the right side shows the cost
if the team takes no action. Table 6.6 presents the EUT for the alternative actions
considering leakage detection, when RR = 1 and P = 0.3, the probability column’s
header in the following tables is shown as Pr. Solving the decision problem based
on the regret theory, when RR = 1 and P = 0.3, Table 6.7 shows the result

Table 6.6: The calculated expected utility (SEK) for the leakage detection decisions
alternatives, either choosing inspection or doing nothing. The effect of inspection
in leakage remediation is ignored, RR=1.

EUT

Action Event Pr Cost Utility EUT-act

Inspect Leakage P U1 5,400 23,000No leakage (1-P) U2 14,000

Do nothing Leakage P U3 12,000 12,000No lekage (1-P) U4 0

190



6.2. THE UPPSALA CASE: AN APPLICATION TO LEAKAGE DETECTION

Table 6.7: The calculated expected regret (SEK) for the leakage detection decisions
alternatives, either choosing inspection or doing nothing. The effect of inspection
in leakage remediation is ignored, RR = 1.

ERG

Action Event Pr Cost Utility ERG-act

Inspect Leakage P 0 0 -14,000No leakage (1-P) U4 − U2 -14,000

Do nothing Leakage P U1 − U3 -3,000 -3,000No lekage (1-P) 0 0

In this case, both EUT and ERG suggest that taking no action is the most economi-
cal choice: maximizing the expected utility when choosing the action with minimum
cost or minimizing the regret. Considering the absolute cost differences between
the two actions, by employing EUT or ERG, the result is 10,000 SEK, where 10,000
SEK in EUT can be recognized as gain by an DM. At the same time, this amount
in ERG is an emotional experience of loss or regret. Looking at the situation from
the prospect theory perspective, the 10,000 SEK would not be recognized as equal
between the two theories, considering the utility associated with any outcome un-
der prospect theory (see Eq.(4.12)). For the EUT and ERG considering β ∼= 0.88
and γ ∼= 2.25, the recognized results are 3,600 SEK and -8,100 SEK respectively.
The difference between the two alternative actions is vital to acknowledged as there
would be a threshold at which the DM is indifferent between the two cases.

Solving the decision problem by taking into account the effect of inspection for
treatment of leakage, RR = 0.6, the results would be changed as shown in Tables 6.8
and 6.9 .

Table 6.8: The calculated expected utility for the leakage detection decisions al-
ternatives, either choosing inspection or doing nothing. The effect of inspection in
leakage remediation is considered, RR = 0.6.

EUT

Action Event Pr×RR Cost Utility EUT-act

Inspect Leakage P(RR) U1 5,400 13,800No leakage (1-P)(RR) U2 8,400

Do nothing Leakage P U3 15,000 15,000No lekage (1-P) U4 0
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Table 6.9: The calculated expected regret for the leakage detection decisions al-
ternatives, either choosing inspection or doing nothing. The effect of inspection in
leakage remediation is considered, RR = 0.6.

ERG

Action Event Pr×RR Cost Utility ERG-act.

Inspect Leakage P(RR) 0 0 -8,400No leakage (1-P)(RR) U4 − U2 -8,400

Do nothing Leakage P U1 − U3 -6,000 -6,000No lekage (1-P) 0 0

As it can be seen for this particular case, the EUT result recommends the inspection
action while the ERG takes no action as the desired alternative considering the
choice with less regret. Different results would be achieved by changing the cost
of actions, probability of leakage, or the RR. This can include recommending the
same action by the employment of either theory.

6.3 Discussion

The complexity of urban infrastructure systems poses challenges in understand-
ing their functionality and the multifaceted interactions between the vast num-
ber of system components. Thinking through a decision problem considering the
fundamental components of decision analysis, rather than deploying complex and
time-consuming analysis, would lead to better decisions (Hemming et al., 2022).
Following this notion, a conceptual model was presented in this thesis, illustrating
the first steps of developing a theoretical framework for a rational yet practical
decision-making process. The proposed IM model comprised four main features:
time, uncertainty, system setup, and aggregation. In addition, the four distinct yet
related features involved in the model are input data, strategies and interests, val-
ues and utilities, and uncertainties. The main features and affecting circumstances
are combined into the IM model to describe the dynamic nature of decision-making
within the rehabilitation of infrastructure projects. The ultimate goal of the IM
model is to help DMs define the problem and elicit objectives and values relatively
early in the decision-making process to ensure that decisions and alternatives to be
selected would support the desired outcomes, actions, and the core values. Through
this effort, some aspects of the IM model through the evaluation of the Uppsala
case study and two semi-fictitious cases were critically assessed, believing that all
decisions should begin rapidly working through the components of the IM model. If
this kind of decision analysis is established at the early stage of the decision-making
process, it can provide insight for determining which decision model is most suitable
for the problem being studied or if there are approaches that are less appropriate
for one reason or another.
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In many cases, the fundamental problem stated by analysts and DMs is to find the
rational basis through which the decision was made. This may similarly include
finding out how it is possible to assess the DM’s preference model leading to the
same decision as the actual one or at least the most similar decision. Capturing the
descriptive theme of decision theory, the proposed IM model can be undertaken as
a documentation tool to list the rational basis for making a decision. Moreover,
it can be used by drawing advice on how to frame the decision-making approach
through the lens of normative or prescriptive theory. This may also help to include
different levels of the organization pyramid (strategic, tactic, and operational) in
the decision-making process, which may be affected by diverse points of view in
ranking the best decision choices.

In the comprehensive case that studied the water sector’s leakage detection strate-
gies in Uppsala, Sweden, a theoretical model of the decision process through Bayesian
decision theory was used capturing the descriptive theme of decision-making ap-
proaches. The theory was employed by focusing on the value of further information
through more investigation and experimentation for handling uncertainty in the
decision-making process. Then, the Bayesian decision strategy was critically evalu-
ated by comparing the performed approach with the proposed IM conceptual model.

Despite applying less advanced utility functions, the studied Bayesian model pro-
vided a general rational guideline for the responsible actor at the operating level,
enabling an early leakage detection and repair strategy as an essential tactic for
water loss management to minimize the loss volume. However, according to the
studied case results, considering a utility-based decision model for comprehensive
water loss management might seem impractical because multiple reasons affect such
strategies. For example, as the results from the sensitivity analysis reveal, a deci-
sion based on the minimum expected utility action is not necessarily the desired
choice as the preferred choice should take action to remediate the more significant
leakages in real-time. Thus, it seems crucial to reformulate the mathematical model
to revise the decision scenario and utility functions in the case of no action.

Similarly, the effect of leakage rate on the choice of the most desired decision
demonstrates that the cheapest action is not necessarily the desired choice. This is
because the employed utility-based model considers even the treated leakage with
a higher water expense as a costly action. In contrast, without doubt, as the leak-
age rate becomes severe, it must be located and treated within the necessary time;
thus, the area dominated by the no-action alternative is expected to be reduced for
higher leakage rates (see Figure 6.5). Hence, it might seem impractical to consider
a less advanced utility function in decision models by considering the cheapest al-
ternative, as different criteria, not just monetary values, can be combined in the
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utility functions. Considering the outcome of the second semi-fictitious case study,
the treatment effect could change the result of the decision-making analysis when
employing the expected utility theory. This formulation was, unfortunately, lack-
ing in the Uppsala case when assessing the effect of the leakage rate. It should be
noted that, when facing uncertainty in the decision-making process, there would
be some outcomes, read threshold, at which the DM may be indifferent between
the choices. As such, a budget threshold for the chosen alternatives and a well-
scheduled action plan should be employed to constrain the decision process. This
would be conducive, particularly when altering the utility functions to penalize no
action. Nonetheless, the model’s limitations suggest some issues for further re-
search, e.g., comparing the current model with a traditional cost-benefit analysis
by considering the life cycle assessment.

The results of the comprehensive case gave an insight into less costly decisions
through variation of the leakage probability and the consequences that may be
caused by untreated leakage. For example, the assessment of excavation cost on
the choice of action could be a clue for the vital role of competing or collaborative
group decision-making. In such a case, the trade-off evaluation of excavation cost
or any cost that would be of interest to stakeholders would be assessed with the
help of Game theory.

Caselton and Luo (1992) argued that the issue of imperfect information would be
practically ignored if the conventional Bayesian approach continued to be adopted
as the only choice. Moreover, the IM model recommends that the choice of deci-
sion model should be compatible with the problem’s level of uncertainty. The D-S
theory employed in the first semi-fictitious case could be considered an option for
dealing with an imperfect information situation. Based on imprecise probability
specification, this theory can be viewed as a reflection of the practical reality that
probabilistic inputs are not always specifiable at the level of accuracy implied in
conventional Bayesian analysis. When facing imperfect information, the decision
choice should naturally be indeterminate by introducing an extra dimension or de-
gree of freedom into the formal expression of uncertainty. However, indeterminism,
rather than being an inadequacy, can be perceived as a strength, more accurately
reflecting the reality of the situation. Then, a choice can be made to either pro-
ceed with a decision or expend additional resources to reduce indeterminacy further.

Comparing the D-S upper lower expected utilities with the Bayesian expected util-
ity calculated for the ignorance prior options shows that each decision’s expected
utility is within the D-S range. This implies that the D-S results are reasonable
from a Bayesian perspective, supporting a general agreement on the magnitude of
the assessed risk between the conventional Bayesian and D-S methods. Bayesian ex-
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pected utility obtained for each decision action falls on about 30% of the D-S range,
indicating that the Bayesian analysis can partially reflect the imprecision detected
by the D-S analysis. This may imply that the Bayesian approach overlooks some
degrees of uncertainties. Considering all, one might argue that the more general
D-S scheme should always be used as it can replicate any Bayesian decision result.
Nevertheless, the less complicated and familiar Bayesian scheme is preferable when
the inputs can be satisfactorily specified in Bayesian terms.

The employment of Bayesian decision-making for solving problems under uncer-
tainty has been a significant breakthrough that permits more varied qualities of
information. For example, the result of the comprehensive case presents that the
employed Bayesian model with its limited input data seems to be a helpful tool for
the operative level of loss management under uncertainty. Hereon, the proposed
Bayesian model seems helpful in this respect by accelerating the awareness and lo-
cation of leakages. This may even save some time for focusing on repair solutions.
On the other hand, imprecise probability concepts can bring a broader perspective
to uncertainty by further expanding the input information options. An imprecise
probability application highlights the significance of the decision indeterminacies
in a decision-making approach under ignorance, specifically in an organization’s
strategic level of planning.

Many theoretical and empirical studies have investigated individuals’ heuristic prin-
ciples and cognitive strategies to deal with risky and uncertain situations. The
results of these studies revealed a significant inconsistency between the objective
risk and the perception of the individuals. Being aware of the long tradition in the
application of expected utility theory, the evidence presented by Kahneman (1979)
and many others indicates several instances where the conventional expected utility
axioms are violated. Considering that these violations are neither small nor ran-
domly distributed may imply that some crucial factors affecting DM’s choices have
been overlooked or misspecified by conventional expected utility theory. Commonly,
regret is a valuable emotion that can alter the DM’s future actions in a situation of
imperfect information (Bleichrodt and Wakker, 2015; Gelberg, 2002; Loomes and
Sugden, 1982). Concerning the IM model recommendations in considering the DM’s
cognitive strategies, regret theory was employed as an alternative explanation of
rationality in the second semi-fictitious case study.

The prevailing hypothesis of prospect theory, in 1982, was a total reflection of pref-
erence, with risk aversion for gains coupled with equally substantial risk seeking for
losses (Bleichrodt and Wakker, 2015; Gelberg, 2002; Loomes and Sugden, 1982).
Accordingly, the main goal of the second semi-fictitious case study was to present
that the expected utility theory and the expected regret theory would result in
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different decision alternatives in particular cases, as the results present. Although
there is no normative theme for regret theory, its enormous descriptive value makes
this approach of the most important contributions to decision theory.
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Chapter 7

Conclusions and future research

7.1 Conclusions

This thesis aims to increase the knowledge about the applicable decision support
methods by identifying relevant factors that should be considered in the decision-
making process. Accordingly, a conceptual decision model is proposed to pinpoint
the most appropriate models across numerous decision technique choices to be fur-
ther employed in urban pipelines’ rehabilitation strategies. Hopefully, this effort
could successfully bring attention to the fact that a proper decision-making model is
a cornerstone for efficient infrastructure management. This infinity mirror approach
ensures that the chosen decision technique, out of the many available, has explicitly
considered different levels of uncertainty and would be the best-established solution
for a particular type of problem, organization, and stakeholder. The following con-
clusions can be drawn from the suggested decision model and the presented case
study:

• By acknowledging the importance of non-complex decision models, a utility-
based decision model supported by the Bayesian theory was adopted for a
water distribution network in Sweden to locate and rehabilitate leakages.
Despite its simplicity, the proposed model seems a valuable tool in an orga-
nization’s operative level for minimizing the time for leakage detection and
localization besides giving a general insight about the least costly inspection
decision in the context of uncertainty.

• Different levels of data scarcity in water utilities cause difficulties in esti-
mating some inputs/relations in the decision-making process; faced with this
incomplete data, proposed model(s) should show an ability to make sound
decisions where the existing data is limited.

• The strategies and interests for solving the decision problem should be clarified
early in the decision-making process. For example, placing constraints or
setting agendas can affect the preference order of the individuals.

• Though, under some circumstances, the decision-making should be a solo
approach, considering the socioeconomical aspects of decision-making, shared
views can significantly affect the dynamics and outcomes of decision-making.
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• Clearly, the cheapest action is not necessarily the most desirable choice in
particular cases, like the case of blind pits for inspection with different costs
shown in the sensitivity analysis and the influence of the leakage rate on the
extension of the no action case.

• Values and utilities are essential, least understood, and thus often under-
appreciated components in decision-making approaches. As such, this feature
should involve the risk associated with the outcome of decisions by considering
the cognitive perspectives (risk-averse, risk-prone, or risk-neutral) to deal with
risky and uncertain situations.

• To choose the right model for solving a decision problem, the DM needs to
foresee outcome(s) or consequence(s) that could result from the taken de-
cision. In some cases, the decision should be taken under the condition of
deep uncertainty or ignorance where more than one possible outcome is plau-
sible, and likewise, the magnitude and probability of the consequences are
unknown. Nevertheless, the paradigms of uncertainty analysis do not exclu-
sively include the conventional probabilistic approaches; as an alternative,
imprecise probabilities exist based on interval variables.

• On occasion, the most promising approach for coping with uncertainty is
not to analyze or reduce it; instead, the wiser approach is to seek creative
alternatives for dealing with it, particularly when the problem suffers from
ignorance or deep uncertainty.

• Time is usually a limiting factor as it is a barrier to making sound decisions,
while in some cases helps to raise DM’s level of certainty in a particular
subject. It defines the short or long-term strategies while considering the
vulnerability of the problem by deciding to postpone it untreated.

• What is missing in most decision-making approaches is a philosophical, method-
ological viewpoint to facilitate an understanding of driving forces (values) for
identifying decision opportunities and creating alternatives.

• The decision model to be used in rehabilitation strategies should be tailored
to particular problems, considering the several interacting factors of services
and the availability of information systems.

7.2 Future research

Infrastructure rehabilitation approaches involve multidisciplinary issues that re-
quire system thinking; this licentiate report reviewed applicable decision methods
for maintenance and rehabilitation of urban pipelines. For disentangling complexi-
ties associated with decision models, a utility-based decision model was adopted on
a water distribution network in Sweden to the decisions associated with locating
and rehabilitating leakages. The case study implemented and evaluated a Bayesian
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decision model for the maintenance planning. Despite its simplicity, this approach
could fruitfully include the treatment of uncertainties in evaluating the best decision
from a short-term perspective. Later on, the potential reliability and applicability
of the proposed conceptual model were assessed. Without a doubt, the remain-
ing issues are numerous; accordingly, additional research should be conducted to
improve the proposed model considering disregarded aspects and move further in
the research topic. This section gives recommendations for future research in three
target themes, decision model development, uncertainty reduction, and the
research implication.

Decision model development
The current study investigated several decision-making methods applicable to the
maintenance and rehabilitation of urban pipelines; given this, a conceptual model
was proposed to replicate the challenges the DM faces in seeking a piece of advice
in the essence of deciding how to decide. Though the proposed conceptual model
would increase knowledge and understanding about the factors that influence the
choice of the decision model, this framework should be revised recurrently and pru-
dently. In this matter, the possibility of more than one optimum choice should
not be neglected; as such, considering any combination of applicable methods is of
relevance.

Finding the most appropriate decision model is the first yet crucial step to provid-
ing practical recommendations and guidance on the most appropriate maintenance
and rehabilitation actions of urban pipelines and associated structures. As such,
the proposed model should be capable of delivering recommendations on gathering
more evidence by assessing the value of information, taking immediate actions, or
postponing the decision. This should be performed with the help of insight gained
through the IM model, considering data sufficiency and availability, time pressure,
the strategic perspective, etcetera. To this end, conducting condition assessment
and understanding a system’s deterioration process is a crucial stage in developing
the rehabilitation decision model; it is vital to recognize the dynamics of failure,
including the level, type, and severity. Moreover, evaluating the associated risk of
failure considering the infrastructure type, redundancy level, the surrounding envi-
ronment, customers, and failure consequences should be seen in the model. If these
pieces of knowledge could be appropriately employed in the decision-making pro-
cess, the DM(s) would be able to apply the most appropriate decision method(s) to
evaluate rehabilitation actions to fix problems and upgrade the system’s reliability.

The interdisciplinary nature of decision-making leads DMs to be concerned about
the influences of organizational culture on making rational decisions. The descrip-
tive prototype of decision-making arose from organizational cultures; however, or-
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ganizations are unlikely to achieve normative approaches, despite their capability to
improve managerial decision-making. The prescriptive approach based on both the
solid theoretical foundation of normative theory and the observations of descriptive
theory may help uncover what organizations should and can do. Thus, realistic set-
tings should be emphasized to study the impact of organizational business models
on rational decision-making, considering the prescriptive approaches.

Apart from the type of technical system, having insight into how several factors
interact or influence the situation helps determine the best decision model for a
particular problem. The proposed conceptual model presented in this thesis con-
siders the rehabilitation of urban pipelines; however, with some modifications, it
may apply to various engineering fields and other urban infrastructure consider-
ing maintenance and rehabilitation. Even so, strong caution should be used in
extending the validity of this type of model to other practices. Because there
would be no potential single decision model that could be generalized to be appli-
cable for resolving decision problems concerning the rehabilitation of all technical
systems. Instead, future studies should consider the feasibility of generalizing a
central-multidisciplinary framework compatible with several technical systems (in-
frastructure) and business models. This should be performed by studying the fac-
tors that matter in rehabilitating urban infrastructure systems regardless of the
system type. Later in the process, when it comes to a detailed assessment of the
particular system, the framework must have the ability to be complemented by
specific model applications compatible with the particular type of infrastructure.

Uncertainty reduction
Uncertainty can rarely be avoided in decision-making; thus, reducing that to zero of-
ten seems impossible. Robustness analysis, dynamic decision-making, and adaptive
management are promising alternatives that can be employed to cope with uncer-
tainty; accordingly, these approaches should be involved in the proposed model
development’s further efforts.

Determining the probability and the consequences of failure are the most chal-
lenging part of probabilistic decision modeling. The uncertainty analysis does not
exclusively include probabilistic theories; as an alternative, possibilistic approaches
exist. Given that, estimating probabilities, if applicable, examining that versus
possibility theory, and assessing consequences of events and decisions should be
conducted through realistic case studies.

In many decision-making circumstances, different sources of evidence or expert
opinions in the form of objective or subjective knowledge should be combined into
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a single value. Further efforts to develop the decision model should examine the
evidence fusion methods from several sources such as big data, monitoring, condi-
tion assessment models, inspection, and expert opinion.

The utility function employed in the decision-making approach would alter the
calculated cost and preferences toward decision alternatives. Being inspired by
Dempster’s theory, further research should examine the possibility of extending
utility preferences not to include only crisp results; instead, it should consider
ranges for the costs, e.g., upper and lower expected values. The result from the
expected utility function demonstrated in the first case study replicated that the
cheapest action is not necessarily the desired choice. Hence, as a valuable topic
for further research, the utility preferences could be extended to include the whole
life-cycle of the pipeline system from an asset management perspective. Here, the
effect of non-monetary preferences (sustainability) besides the shift of desire in the
future could be of interest.

The research implication
The proposed framework has yet to be verified with representative case studies for
water utilities under realistic circumstances. Comparison of results achieved from
different cases would permit confidence in implementing the framework and help
develop that in the further steps.

The entry of digitalization into the urban system has started leading to the employ-
ment of real-time awareness platforms via monitoring devices, sensors, inspection
robots, automation devices, AI, IoT, etcetera. Water utilities with the same desire
are moving towards digitalization, alternatively called smart or sentient approaches.
As a result, the rehabilitation strategies have to adapt and meet utilities’ demand in
the digital paradigm. In this matter, the decision-making approaches are required
to be value-added by systematically applying proven and potential edge technolo-
gies. Accordingly, the critical strategic steps towards a smart condition assessment
(e.g., SHM) and maintenance strategy should be studied to make the proposed
model compatible with infrastructure owners’ digitalization effort in an interactive-
attractive manner, e.g., employment of serious games.
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