THE BALTIC JOURNAL
1862

OF ROAD SEUH I
AND BRIDGE ISSN 1822-427X/elSSN 1822-4288 z{{}\! TAI-
ENGINEERING .
2018 Volume 13 Issue 4: 404-415 RIGA TECHNICAL TECH
2018/13(4) https://doi.org/10.7250/bjrbe.2018-13.425 UNIVERSITY

ROBUSTNESS OF THE MULTI-ATTRIBUTE
UTILITY MODEL FOR BRIDGE
MAINTENANCE PLANNING

ZAHARAH ALLAH BUKHSH™, IRINA STIPANOVIC™?,
SANDRA SKARIC PALIC?, GIEL KLANKER?

'Dept of Construction Management and Engineering,

Faculty of Engineering Technology, University of Twente,
Enschede, The Netherlands

%Infra Plan Consulting Ltd., Zagreb, Croatia

Rijkswaterstaat Ministry of Infrastructure and the Environment,
Utrecht, Netherlands

Received 24 November 2017; accepted 14 November 2018

Abstract. Optimisation of maintenance planning is an essential part of bridge
management. With the purpose to support maintenance planning, a multi-
objective decision-making model is introduced in this paper. The model is based
on multi-attribute utility theory, which is used for the optimisation process when
multiple performance goals have to be taken into account. In the model, there are
several parameters, which are freely chosen by the decision maker. The model is
applied to the inventory of 22 bridges, where four Key Performance Indicators
were determined for four performance aspects: reliability, availability, costs
and environment. A sensitivity analysis is performed by changing risk tolerance
parameter and attribute weights to determine the robustness of the model. The
Multi-Attribute Utility model and sensitivity analysis presented in this paper
will help decision-makers to examine the robustness of the optimal solution by
dynamically changing the critical parameters.
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Introduction

Functional and serviceable road infrastructure presents one
of the most integral predispositions for the economic growth of
countries around the world. One of the most important parts of road
infrastructure are bridges which present a vital link in any roadway
network. It is estimated that the ratio of expenses per route km of
bridges or tunnels is 10 times the average expenses per route km
of roads (Egger, 2012). Also, the length of bridges compared to the
whole length of the road network is only approximately 2%, but at the
same time, they present 30% value of the whole network (Das, Micic,
& Chryssanthopoulos, 1999). When these statistics are taken into
consideration, it is easy to understand why, an increasing number
of deteriorating bridges led to the development of many Bridge
Management Systems (BMS) and life cycle maintenance models (ERA-
NET ROAD, 2012). Infrastructure managers are facing conflicting
requirements, to improve the availability and serviceability of ageing
infrastructure while budget restrictions constrain the maintenance
planning. Many research efforts are ongoing ranging from development
of BMS, optimisation models, life-cycle Cost Analysis, to big data
analysis and implementation of artificial intelligence models into
decision support tools (Allah Bukhsh, Saeed, & Stipanovic, 2018;
Nufiez, Hendriks, Li, De Schutter, & Dollevoet, 2014). Since transport
infrastructure is deeply embedded in society, it is not only subject
to technical requirements, but it must also keep up with societal and
economic developments. Therefore, bridge maintenance planning must
accommodate multiple performance goals that need to be quantified
by various performance indicators and Key Performance Indicators
(KPIs) (Strauss & Mandi¢ Ivankovi¢, 2016; Allah Bukhsh, Stipanovic,
Klanker, Hoj, Imam, & Xenidis, 2017). The application of Multi-Attribute
Utility Theory (MAUT) for bridge maintenance planning is presented in
detail in a previous study (Allah Bukhsh, Stipanovic, Klanker, O’Connor,
& Doree, 2018b. This paper builds on the previous study with the
aim to determine the robustness of the proposed model. The MAUT
model was applied to the group of 22 highway bridges, for which the
Condition Index (CI), chosen maintenance activity and Maintenance
Costs (MC) were known. Additionally, User Delay Costs (UDC) and
Environmental Costs (EC) were determined. The goal was to optimise
multiple objectives by suggesting a trade-off among them and finally
assign a ranking to the bridges considered. Utility functions of MAUT
appropriately account for the involved uncertainty and risk attitude
of infrastructure managers. Therefore, the purpose of this paper is to
determine the robustness of the model through sensitivity analysis, by
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Figure 1. Overview of the process for performance goals assessment

alternating risk attitude through the risk tolerance parameters and
performance attribute weights for all performance aspects. Multi-
Attribute Utility Theory provides a systematic approach to decision
making by accommodating multiple performance goals, uncertainty and
preferences of infrastructure managers, thus enabling complex problems
involving many parameters to be solved. Modern decision-making
processes dealing with bridge management have to go far beyond
choosing an optimal solution based on just single indicators (i.e. the
lowest long-term cost). There is a need to have decision models that are
capable of implementing multiple performance criteria.

1.  Multi-Attribute Utility Model

Utility theory provides a measure of preferences of a decision maker
over a group of alternatives (Ishizaka & Nemery, 2013). Based on the
six axioms of utility theory, MAUT is introduced by (Keeney & Raifa,
1993). Multi-Attribute Utility Theory provides a systematic approach
to reduce the qualitative values of various attributes (i.e. performance
indicators) into utility functions. The obtained utility scores are then
aggregated based on the relative importance of attributes. The final
score assigns a ranking to each alternative based on either minimisation
or maximisation function. In other words, MAUT assigns the relative
importance of performance indicators (e.g. condition, costs), when



comparing a number of bridges. These bridges are often referred to as
alternatives in MAUT.

Multi-Attribute Utility Theory involves the single decision maker
who is willing to make certain trade-off among the performance
goals while exposed to uncertainty and risk (Keeney & Raiffa, 1993).
The uncertainty is usually originated because of unavailable and
dynamic nature of data, and involvement of multiple stakeholders.
For instance, in the bridge planning the exact estimation of a number
of users affected due to maintenance activity is difficult to define.
Multi-Attribute Utility Theory integrates a body of mathematical
utility models and a range of decision assessment methods to assist
in decision ranking problem (Thevenot, Steva, Okudan, & Simpson,
2006). The single attribute utility function is calculated for each
performance aspect which reflects the risk attitude of the decision
maker.

The mathematical formulation of MAUT is represented as follows:

Ux) = kiU(x1) + kU(x2) + -+ + ko U(x,), (@8]
where U(x) - multi-attribute utility value of each alternative x; k -
a scaling constant that provides the relative importance of each
performance indicator (attribute 7); Ui(x;) — a single attribute utility value
of each performance indicator i for the alternative x.

RT
Uiy = A — Be(xi)' (2)
where A and B - scaling constants; RT - risk tolerance.

The general steps to apply MAUT on decision-making problem, e.g.
maintenance planning are summarised as follows:

1. Identify the decision objectives and define the attributes relevant

to the problem;

2. Quantify the attributes in a form that structures and represent the
defined decision objectives and goals in utility functions;

3. Calculate the single utility function for each attribute by
estimating the indifference point(s) and risk attitude of a decision
maker(s). These steps establish a relationship between the
attributes values and their utility scores based on preferences
structures of the decision maker(s);

4. Determine the relative importance of attributes build on the
weighting assigned by the decision maker(s);

5. Compute the aggregative utility score for each alternative by
either multiplicative form of addictive form. The total aggregative
score ranks the alternatives, where an alternative that is the
perfect fit in a realisation of decision objective is ranked at
highest.
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2. Case study

An example case is provided to illustrate the application of MAUT
for the bridge maintenance planning. The objective of this decision-
making exercise is to rank the bridges alternatives regarding four KPIs
reliability (KPI-Condition Index (CI)), economy (KPI-Maintenance Costs
(MC)), environment (KPI-Environmental Costs (EC)) and availability
(KPI-User Delay Costs (UDC)). The decision problem of maintenance
planning presented in this case study requires the ranking of 22 bridges
in an order where the condition level can be maximised, and at the
same time MC, UDC and EC can be minimised. It is noted that the
minimisation of one attribute might result in maximisation of the other
one. For instance, to minimise the UDC an agency needs to employ more
resources which result in increased owner costs. Therefore, a trade-off
among these attributes has to be performed (Borgonovo & Cillo, 2017).
With the definition of KPIs, the single utility function of each attribute is
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Figure 2. Lottery question to discern Maintenance Costs
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Figure 3. Single Utility Score of Maintenance Costs
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calculated. In this exercise, authors played the role of a decision maker to Robustness
estimate the indifference point and the general risk attitudes. A decision =~ of the Multi-
. . . . . Attribute Utility
maker is provided with a lottery question representing the 50-50% el for Bridge

probability of having best (i.e. minimum MC) and worst (i.e. maximum  Maintenance

MC) as shown in Figure 2. The median value between the maximum and ~ "'®™""¢
minimum MC is called the Expected Value (EV), which is 123.73.
In practice, an owner is often unable to achieve minimum costs
as desired. Therefore, MAUT has a concept of Certainty Equivalent
(CE) which is the indifference point of a decision maker between the
maximum (worst) and minimum (best) maintenance costs. In this case,
Table 1. Multi-Attribute Utility model results for a group of 22 bridges
Bridge  cn Mc*  EC*  UDC* U(CI* UMC)* U(EC)* uuDC)+ Adgregated
No. value
1 3.10 144.82 0.89 39.70 0.94 0.98 0.85 0.93 0.94
2 1.89 126.41 0.21 27.50 0.29 0.96 0.34 0.82 0.39
3 2.21 115.67 0.57 25.57 0.58 0.94 0.70 0.79 0.63
4 3.13 161.85 1.1 13.64 0.95 0.99 0.91 0.48 0.88
5 2.00 68.16 0.53 12.40 0.41 0.67 0.67 0.43 0.43
6 212 149.21 0.23 47.89 0.52 0.98 0.37 0.97 0.60
7 3.36 196.76 0.71 57.79 0.99 1.00 0.77 0.99 0.98
8 2.42 88.60 1.25 13.11 0.71 0.85 0.94 0.46 0.68
9 2.22 45.82 1.26 35.89 0.59 0.25 0.94 0.91 0.64
10 2.34 115.93 0.43 30.80 0.67 0.94 0.59 0.86 0.70
1 2.42 39.42 0.23 12.69 0.71 0.05 0.38 0.44 0.64
12 3.46 138.52 1.85 1212 1.00 0.98 1.00 0.42 0.91
13 1.92 3814 0.03 799 0.32 0.00 0.05 0.21 0.29
14 218 84.89 1.05 14.42 0.56 0.82 0.90 0.51 0.57
15 2.43 46.89 0.00 4.59 0.72 0.28 0.00 -0.01 0.57
16 1.67 175.33 0.68 28.51 0.00 0.99 0.76 0.83 0.18
17 3.17 209.33 0.39 55.25 0.96 1.00 0.55 0.99 0.95
18 2.30 158.89 0.22 51.04 0.64 0.99 0.36 0.98 0.70
19 2.58 65.90 0.10 8.79 0.79 0.64 0.17 0.26 0.68
20 1.96 62.22 0.42 22.83 0.37 0.59 0.58 0.74 0.44
21 2.02 84.82 0.28 25.70 0.43 0.82 0.43 0.79 0.50
22 2.34 152.60 0.27 42.91 0.67 0.99 0.42 0.95 0.71

* Note: Cl - Condition Index; MC - Maintenance Costs; EC - Environmental Costs; UDC -
User Delay Costs; U(CI) - Utility of Condition Index; U(MC) - Utility of Maintenance Costs;
U(EC) - Utility of Environmental Costs; U(UDC) - Utility of User Delay Costs.
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the chosen CE is 90. Considering the risk tolerance value of 70, Eq. (2)
becomes:

)

xj

Uixp) = 1.09-1.88°"", (3)

The single utility function of MC (i. e. U(MC)) reduces the values
from 0 to 1 representing the utility values of real numbers concerning
the defined objective. Figure 3 shows the graph of MC concerning the
assigned utility values.

Single utility scores of downtime (UDC), condition rating (CI) and
environmental costs (EC) are computed in the same manner. Table 1
shows the actual data and the computed single utility value of each
performance indicator. Finally, to obtain the total aggregative value
for each bridge, where the additive multiple attribute function shown
in Eq. (1) is used. The relative importance of performance indicators
is defined by k factor considering the possibility of having the multiple
performance goals. A direct rating method is used as represented
below:

_ rate(x;)

k(xi) - E}l:l(xj)' (4')
where k(x;) — weighting factor of each attribute i across all alternatives;
rate(x;) - rate/weight assigned by an expert for attribute i.

Based on the aggregated values, the ranking of the bridges can be
performed, where multiple performance goals are taken into account, i.e.
the MC is kept at minimum and CI is maximised.

3. Robustness assessment of Multi-Attribute
Utility model for risk attitude

The risk attitude of the decision maker is categorised as risk-taking,
risk-averse, and risk-neutral. Figure 4 shows the resulting utility graph
based on the risk attitude of the decision maker. The utility values are
shown by plotting the attribute values in x-axis and utility values on
y-axis ranging from 0 to 1. A risk avoiding attitude result into a concave
down graph of utility values whereas risk-taking preferences show the
concave up a graph of utility values.

The robustness of the multi-attribute model is assessed by
performing the local sensitivity analysis. The local sensitivity analysis
captures the effect on the output of the model due to a small change
in input parameters., There are two subjective measures in the
multi-attribute model that must be defined by a decision maker. The
subjective measures are risk attitude of decision makers and the
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Figure 4. Risk Attitudes of the decision maker

weights assigned to each attribute by decision maker as shown in
Chapter 1.

The multi-attribute model is executed with the same set of 22 bridges
to analyse the change in the ranking of bridges due to different risk
attitudes. All the attributes were assigned equal weights of 0.5 since the
idea is to access the difference in ranking with the change in risk attitude
only. Figure 5 shows the ranking of 22 bridges concerning risk attitude. The
shorter bar represents the higher rank; the longer bars represent low rank.

Three main trends in the ranking of the bridges with different risk
scores are noticed. First, there was no or minor difference in ranking
of the bridge with different risk attitude, e.g. B7, B13, B17, B22, and B2.
Second, with risk avoiding attitude the bridge ranked higher than with

Zaharah Allah
Bukhsh,

Irina Stipanovic,
Sandra Skaric Palic,
Giel Klanker

Robustness

of the Multi-
Attribute Utility
Model for Bridge
Maintenance
Planning

3 “ l |I | |

B1 B2 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B18 B13 B20 B21 B2?
.
5 4

6
10
15

1%
20 818
2020
21 2121

25

W Risk Avoiding ™ Risk Neutral Risk Taking

Figure 5. Ranking of bridges with three risk attitudes

411



THE BALTIC JOURNAL
OF ROAD

AND BRIDGE
ENGINEERING

2018/13(4)

412

risk-taking. For instance, with risk avoiding, B1 is ranked as the second
highest because the condition score (CI) of Bl is considerable high
while the MC are low. The similar pattern is noticed with B10 and B8.
The third and final pattern shows the risk-taking attitude has assigned
higher scores to the bridge as compared to the risk avoiding. Take the
example of B6 where risk-taking has ranked it at number 7, while with
risk avoidance it is ranked at 12, the difference in rank is because of the
higher magnitude values of MC and UDC of B6.

To summarise, in addition to the risk attitude of a decision maker, the
actual magnitude of the values plays a more significant role in ranking.
It is because a decision maker states his risk attitude over actual data
values, instead of computed utility scores.

4. Robustness assessment of Multi-Attribute
Utility model for attributes weights

Similar to risk attribute assessment, the sensitivity analysis is
performed to access the effect on the ranking of a bridge by changing
the weights assigned to each attribute. A single-attribute and two-
attribute sensitivity analysis are performed to analyse the sensitivity of
ranking concerning attributes weights. In the single-attribute analysis,
the weights of a single attribute are changed over the range from 0.1 to
0.9 while the weights for other attributes were kept as small as 0.05.
Table 2 shows the result of one-attribute sensitivity analysis outlining
the highest ranked bridge. The result of the one-attribute analysis shows
that the irrespective of assigned weights the highest ranked does not
change considerably. However, a substantial change in the ranking of the
bridge is noted as the difference between the dynamic weight assigned

Table 2. Single-attribute sensitivity analysis for each attribute

. Weights
Attributes
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Condition
B7 B12 B12 B12 B12 B12 B12 B12 B12
Index

Maintenance
B7 B7 B7 B7 B7 B7 B7 B7 B17

Costs
Environmental

B12 B12 B12 B12 B12 B12 B12 B12 B12
Costs
User Delay

B7 B7 B7 B7 B7 B7 B7 B7 B7
Costs




Table 3. Condition Index and Maintenance Costs sensitivity analysis

Maintenance Costs

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
0.10 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7
0.20 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7
0.30 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7
0.40 Bridge7 Bridge7 Bridge7 Bridge7 Bridge7
0.50 Bridge7 Bridge7 Bridge7 Bridge7
0.60 Bridge7 Bridge7 Bridge7
0.70 Bridge7 Bridge7
0.80 Bridge?7
0.90

Condition Index

to a single attribute (ranging from 0.1 to 0.9) increases compared to
the constant weight of other attributes (e.g. 0.7 or 0.9). An interested
reader may refer to the MAUT online tool (https://maut.shinyapps.io/
application_of_maut/) for further analysis.

Moreover, two-attributes sensitivity analysis is also conducted to see
the effect on the ranking of bridges, when the weights of two attributes
are changed simultaneously. Table 3 shows the highest ranked bridge
generated by changing the weights of CI over row and MC over the column.
The result of the two-attribute analysis suggests that the model is robust
and the assigned weights do not influence much on the bridge ranks.

The possible reason for the static rank of the bridges while having
variable weights of the attribute is because the weights are assigned
to the calculated utility scores as shown in Chapter 1. It is noted that
the ranking of the bridges is sensitive to the risk attitude of a decision
maker, where the preference is defined over the real values of attributes.

Conclusions

Within the Working Group 2 of COST Action TUI1406 Quality
Specifications for Roadway Bridges, Standardization at a European Level
(BridgeSpec), a multi-objective decision-making model is developed
to support bridge maintenance planning. The model was applied to
the group of twenty-two bridges, where a trade-off among different
performance attributes had to be performed. In the study four
performance aspects, reliability, availability, cost and environment were
quantified and used as an input parameter for Multi-Attribute Utility
model. For each performance attribute a single utility function has been
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determined, and finally, the aggregative utility score for each alternative
has been computed by either multiplicative form of addictive form.
The total aggregative score is then used for ranking the alternatives,
where an alternative which is the perfect fit in a realisation of decision
objective is ranked at highest. The primary purpose of this paper was
to determine the robustness of the model. The sensitivity analysis
is conducted by alternating risk attitude through the risk tolerance
parameter and performance attribute weights for all performance
aspects. Principal conclusions from this study are the following:

1. Utility functions of Multi-Attribute Utility Theory appropriately
account for the involved uncertainty and risk attitude of
infrastructure managers. Multi-Attribute Utility Theory provides a
systematic approach for decision making of maintenance planning
by accommodating multiple performance goals, uncertainty and
preferences of infrastructure managers thus enabling complex
problems involving many parameters to be solved.

2. Regarding the impact of risk attitude on the final ranking, there
was no or minor difference in ranking of bridges with different
risk attitude. In addition to the risk attitude of a decision maker,
the actual magnitude of the values plays a significant role in final
ranking of the alternatives.

3. A single-attribute and two-attribute sensitivity analysis are
conducted to access the effect of the weights assigned to each
performance attribute. In the single-attribute analysis, the
weights of a single attribute are changed over the range from
0.1 to 0.9 while the weights for other attributes were kept as
small as 0.05. The results of the one-attribute analysis show that
the irrespective of assigned weights the highest ranked does not
change considerably. An online tool is made available to enable
the reader for further analysis. The results of the two-attribute
analysis suggest that the model is robust and the assigned weights
do not influence much on the bridge ranks.

Finally, we can conclude that the implementation of Multi-Attribute
Utility Theory model can help decision-makers to find the optimal
solution for the bridge maintenance planning while taking multiple
performance goals into account.
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