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Abstract

Asset managers are faced with the necessity to reduce total life-cycle costs of their facilities as well as to
improve their physical condition and long-term performance while considering the relative consequences of
their failure. This paper presents a systematic decision-making approach for asset maintenance management
that combines a stochastic Markovian performance prediction model with a multi-objective optimisation
method to determine the optimal allocation of funds and prioritisation of assets for maintenance, repair and
replacement. The maintenance optimisation is formulated as a multi-stage and multi-objective optimisation
problem where the simultaneous satisfaction of several conflicting objectives, including minimisation of
maintenance costs, maximisation of condition and performance, and minimisation of risk (weighted
consequence) of failure, is sought. Compromise programming is used to determine the optimal ranking of
deteriorated assets in terms of their priority for repair or replacement, by achieving a satisfactory trade-off
between the competing / conflicting objectives. In addition, the paper examines the benefits of this approach as
compared to the traditional maintenance prioritisation and management practices.

Introduction

A significant portion of the funds expended each year in the construction industry is for asset
management and more particularly for maintenance management. A review of recent
Canadian construction statistics shows that $8.5 billion is spent annually for repairs and
maintenance of buildings (Vanier 1998); this is well below the recommended maintenance
expenditure levels (NACUBO, 1990). Asset managers are tasked to manage their properties in
the most efficient manner over the entire service life of their facilities. The basic asset
management objectives are: (a) to provide the required functionality, and (b) to optimise
economic benefit throughout the asset service life. This must be done while considering
various design and as-built conditions, operations and maintenance procedures, environmental
performance requirements, as well as continuous redefinition of function. Effective decision-
support systems are required to assist asset managers in taking appropriate and timely actions
relative to the possible maintenance, repair or replace scenarios. The development and
adoption of a network-level life-cycle maintenance management system will yield improved
performance and reliability, reduced life-cycle costs, and extended service life. The main
components of the system proposed in this paper are: (a) condition assessment of components
and systems; (b) prediction of future performance and remaining service life of building
elements using stochastic Markovian models; and (c) multi-objective maintenance
optimisation of maintenance by considering multiple conflicting objectives.
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A comparative example is provided to view the benefits of this approach relative to
conventional maintenance prioritisation practices.

Computerised Asset Maintenance Management

The maintenance management system described here was developed as part of the Building
Envelope Life Cycle Asset Management (BELCAM) project (Lounis er al, 1999). The
proposed BELCAM management system consists of many subsystems as depicted in Fig. 1.
The principal constituents of the proposed maintenance management system are: (a) asset
condition and performance assessment; (b) service life prediction; (c) assessment of
consequences of failure; and (d) maintenance optimisation.

In-field Prababilistiz
Performance #| FPerformance
Crata Predictien
Multl-Objective
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Maintenans e & Risk & Cost
Failure Cost Data | bceocsment

Fig. 1: Maintenance management system

For the purposes of this examination, the condition of components and systems is represented
by discrete condition ratings obtained by mapping the assessed damage levels to a 1 to 7
rating scale (1-failed to 7-excellent condition). These condition assessment techniques have

been applied for various infrastructure systems including bridges, pavements, etc. (Bailey et
al, 1990).

The condition and performance of components and systems deteriorate with time as a result of
environmental degradation factors, traffic loading, inadequate maintenance and poor
workmanship. Considerable uncertainty and variability are associated with the performance of
components resulting from the uncertainty and variability in the environmental factors,
quality of workmanship and level of maintenance. Hence, a probabilistic model, specifically a
discrete Markov chain that captures both the time-dependence and randomness of the system
performance is used to assess the current condition and predict the future condition.

The performance predictions are combined with a system assessment model to evaluate the
probabilities of failure of different components and entire system taking into account the
correlation between different components and failure modes. The consequences of failure can
be evaluated from available cost data on maintenance, repair and replacement (MR&R), and
the cost of failure, which depend on the type of building and occupancy. Failure refers to the
loss of functionality and loss of serviceability. Consequence (or risk) of failure is obtained by
multiplying the cost of failure by its associated probability of failure.

The maintenance management system described in this paper combines a stochastic
Markovian performance prediction model with a multi-objective optimisation procedure to
determine the optimal prioritisation of assets for maintenance, repair and replacement, and the
optimal allocation of funds. The proposed approach is based on the following interrelated
subsystems: (a) a standardised framework for collecting and processing data; (b) probabilistic
models for condition and performance prediction as well as risk assessment; and (c) multi-
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objective optimisation procedure for decision making under conflicting objectives (Lounis &
Vanier, 2000). The following sections briefly describe the latter two of these subsystems.

Probabilistic Modelling of Performance

The underlying assumption of the first-order Markov chain model is that the probability of a
component being in a particular condition is governed solely by its present state and not on
the entire stress history. The development of the Markovian model requires historical
performance data at two or more points in time. If the probability of a component decaying by
more than one condition rating in one time period is assumed negligible, the modelling of the
deterioration process is greatly simplified (Lounis et al, 1999) through the use of unit-jump
Markov Chain.

The proposed model enables the forecast of future performance of systems throughout their
entire service lives. The performance of components and systems is dependent upon several
explanatory variables, including age, environmental conditions, material type, quality of work
executed and materials used as well as the amount and quality of maintenance. In order to
ensure the validity of the Markov chain model, it may be necessary to develop transition
probability matrices for components and systems according to their classification with regard
to these explanatory variables. These prediction models can be continuously improved using
the Bayesian-updating technique, as additional performance data become available.

Systems are comprised of multiple components with multiple failure modes that can be
modelled as a hybrid system comprised of a combination of subsystems in series and parallel.
The probability of failure of each component is time-variant and increases with time due to
the time-dependent degradation of its performance. The probability of failure can be
determined using systems reliability approach taking into account the correlation between
different components and failure modes. In addition, the corresponding risk of failure of the
system may be evaluated once the consequences of failure are established.

Multi-objective Maintenance Optimisation MRAR Cists

The proposed multi-objective maintenance
optimisation is based upon compromise
programming method (Lounis & Cohn, 1995),
where the simultaneous satisfaction of
conflicting objectives is considered. The
conflicting nature of maintenance is illustrated
in Fig. 2 for two objectives, namely MR&R
costs and risk of failure. Figure 2 shows that
system failure is at a minimum when e
maintenance costs are at the highest. An owner -

or manager is willing to assume some risk of Sk
failure in order to reduce the MR&R costs: the  Fig. 2: Illustration of conflicting objectives
objective is to find the best "trade-off" point.

At the network-level of maintenance management, critical decision-making involves the
optimal selection or prioritisation of projects that require immediate MR&R. This is not,
generally, a straightforward task. The maintenance management problem is multi-objective in
nature, and requires the determination of the optimal maintenance strategy that achieves the
best trade-off between the different conflicting objectives. For example, maintenance
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optimisation may include the following three objectives: (a) minimisation of MR&R costs
(f1); (b) maximisation of network performance (£); and (c) minimisation of risk of failure (f)
(Lounis & Cohn, 1995).

Multi-Objective Optimisation and Pareto Optimality Concept

For single-objective optimisation problems, the notion of optimality is easily defined as the
minimum (or maximum) value of some given objective function that is sought. However, the
notion of optimality in multi-objective optimisation problems is not that obvious. In general,
there is no single optimal (or superior) solution that simultaneously yields a minimum (or
maximum) for all objective functions. The “Pareto optimum concept” is adopted as the
solution to the multi-objective maintenance optimisation problem. A solution is said to be a
Pareto optimum, if and only if there exists no solution in the feasible domain that may yield
an improvement of some objective function without worsening at least another objective
function (Lounis & Cohn, 1993, Lounis & Cohn, 1995). Typically in a multi-objective
optimisation problem, there are several Pareto optima, and the issue is to select the solution
that is the best compromise between all competing objectives. Such a solution is referred to as
“satisficing” solution (Koski, 1984) and yields the minimum distance from a set of Pareto
optima to the so-called “ideal solution” of X . The ideal solution is defined as that that yields
simultaneously extreme (minimum or maximum) values for all objectives. It does not exist
(non-feasible), but is introduced as a target. In general, the ideal solution is associated with
the following “ideal vector objective

f°(x)= [min fi(x) min 6(x) ........ min £,(x)]* (D)

The ideal vector objective is the one that yields simultaneously minimum maintenance cost,
maximum network condition, and minimum consequence of failure. Therefore, the satisficing
solution is the one that minimises the distance from the “ideal” and non-feasible solution to
the Pareto optima set. The distance measure used is the family of normalised and weighted L,
metrics, the satisficing solution yields a minimum for the following L, metric function:
oLl fi-min ()
Ern w p i i

iy
. L e D
min L, (x) i %21 ! |maX Jf; (x)—min fi(x)| A

in which w are the weights associated with the corresponding objective functions f
(i=1,2,...,m).

(1< p< o) 2)

The weighting of the maintenance objectives depends on the attitude of the decision-maker
towards the consequences of failure, economy, and network reliability. This L, metric function
indicates how close the satisficing solution is to the ideal solution. The value of p indicates
the type of distance. If p = 2, then greater weight is given to larger deviations in the metric
function. L, represents the Euclidean metric function. For the example presented in this paper,
L, is adopted as a priority index for the establishment of the optimal ranking in terms of the
MR&R requirements by considering simultaneously the cost, consequence of failure and
network condition.

Prioritisation practices

Scenarios for MR&R prioritisation in network or portfolio asset management have
traditionally followed either age-based or condition-based approaches. In infrequent cases
where the age-condition-deterioration relationships are adequately understood, MR&R
resources are allocated by applying subjective restorative intervention. Condition-based
management, on the other hand, sets priorities dependent upon asset condition ratings.
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Consequence (or risk)-based maintenance assigns priorities relative to the potential risk that
failure represents to the network. Dependent upon the diversity of the asset base, there may be
additional benefit in applying asset-specific levels of minimum condition. This is done to
reflect the relative significance (or potential risk of failure) of individual assets to the network.
Resource and maintenance allocations and execution are often decided by blending these
approaches. This typically has taken the form of a non-systematic consideration of minimum
asset condition requirements, “regular” maintenance levels and subjective quantification of
relative asset importance.

Ilustrative Example

In order to assess the impact of various prioritisation procedures upon the maintenance plans
and expenditures, the multi-objective optimisation approach presented in this paper is
compared with age-based, condition-based and consequence-based prioritisation methods.
The three approaches are applied to the maintenance management of a network of roofs on
buildings with different occupancies. As illustrated in Fig. 3, 5 roofs of the network are
divided into 10 sections. Assume that maintenance is considered for the sections with
condition ratings of 3 or less and that the annual maintenance budget is limited to $270,000.
The data on the ages, condition ratings, consequences of failure, and maintenance cost for the
7 roof sections are summarised in Table 1. The total MR&R cost for the seven critical sections
is $520,000, roughly twice the allocated budget.

Table 1: Influencing parameters for prioritisation

- i Section | Age Cond. | Cost (f2) | Conseq.(f3)
Number | (years) (1) ($1,000) ($1,000)

B I 36 1 100 50

2 30 2 75 20

3 23 3 35 10

4 40 3 75 30

5 18 2 60 10

6 32 1 90 20

7 38 2 85 20

Fig 3: Roofing network

Single-objective ranking

The age-based prioritisation assigns MR&R activities to the roof sections purely on the basis
of age, therefore producing a priority ranking as follows: Section 4, 7, 1, 6, 2, 3, then 5.

A condition-based approach must also consider the MR&R cost for setting the priorities due
to the limited budget. Therefore for every condition rating group the priorities must be
assigned relative to remaining funds; for this assessment the lowest priced MR&R activities at
a given condition rating were given precedence for budget allocation. The rankings are:

Section 6, 1, 5, 2, 7, 3, then 4.

Similarly for the consequence-based rankings, with no consideration to the probability of
failure (or condition), the sections with lowest priced MR&R costs were given priority. The
preferred order of execution would be: Section 1, 4, 2, 7, 6, 3, then 5.

Fig. 4(a) displays the single-objective rankings obtained for each of the subject roof sections.
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Multi-objective optimisation

In applying the multi-objective optimisation the values from Table 1 are associated to the
“ideal” (non-feasible) roof section with the following vector objective £=[fimin Fmin f3max]T =
[1 35,000 SO,OOO]T. This means that the first section for MR&R 1is the one that has minimum
condition rating, minimum cost, and maximum consequence of failure. However, the
objective is to select those sections that are the closest to this so-called “ideal solution”. Using
the Euclidean metric (Eq. 2) and assuming equal weights for the three objectives, the
satisficing solution that yields min L,(x) is found to be Section 1. From Table 2, and Fig.4(b),
the optimal ranking of roof sections in terms of priority for MR&R is as follows: Section 1, 2,
6,5, 4,7, and 3, as illustrated in Fig. 4(b).

E - - - - —
5 - " 11—
o = .
E 4 = B = F T HAge-basead g |
E 3 . | @ Condition-based = |
x ' | Risk-hasad -4
2 | g [ 1l
p X | C —
u N . . — [ =}
1 2 3 4 5 8 7 ' T R
3 4 5 & 7
Section # %o ction &
Fig. 4(a): Priority ranking for age-based, Fig. 4(b): Multi-objective-based
condition-based and consequence-based maintenance prioritisation

Table 2: Euclidean metric-based priority indexes for MR&R of deteriorated roof sections

Section No. 1 2 3 4 5 6 7
L>(x) 1.00 1.09 1.41 1.28 1.18 1.13 1.31

Summary and Discussion

Fig. 4 presents the rankings for each of the considered prioritisation schemes. As expected,
there are noticeable differences between the priorities established as well as the MR&R
expenditures relative to the available budget. Age-based allocations would lead to MR&R
action on Sections 4, 7 and 1 for a total cost of $260,000; without repairing Section 6
(condition rating of 1). Condition-based rankings would see Sections 6, 1 and 5 being repaired
for $250,000; a creative variant of this method would select Section 2 over 5 in order to use
more of the available budget ($265,000 vs. $250,000). The consequence-based approach
recommends action on Sections 1, 4 and 2 for a total of $250,000; if however the third
allotment is made to roof Section 6 rather than Section 2 the total cost rises to $265,000. The
multi-objective optimisation has found a balance between the competing requirements as well
as the above ranking and recommends that with the given a budget of $270,000 for the current
year, Sections 1, 2, and 6 should be scheduled for MR&R at a total cost of $265,000.

Visualisation
A two-dimensional, graphical prototype tool, christened Visualizer, was developed to
demonstrate maintenance prioritisation and decision support capabilities for roofing

management (Kyle et al. 2002). The Visualizer package is capable of calculating and
displaying the existing data from condition assessment surveys and the future effects resulting
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from planned maintenance and restorative actions. The projections that can be displayed
include costs, condition, remaining service life, and consequences of failure. Figure 5 presents
the Visualizer displays for the network example described above. Multi-objective ratings for
condition, cost and consequence are illustrated in Fig. 5(a); whereas condition and cost ratings
are depicted in Fig. 5(b). Figure 5 illustrates the different priorities for different asset
managers: -- one asset manager can rank a building with a high priority (Section at top left of
images in Fig. 5) when another manager ranks it lower, and visa versa (Section at top centre
in Fig. 5).

FRES = | FiTi= | ADOGHARE = NOGIFY = SHO = | PLABNIG = SEIATRER HELR FIES % EOITS = | SOO7SHAPE = | MODFY = | SH0% = | FLANKDS: = VISUALIZER HELF

Mop of CEME and tha Rusty Hat Mup of CEME and the Rusty Hut -

Impotanop Fackors: Condition - Copt - Corsaque E3
- I I N B |
P Dsts -
s} i il S 1
L] & A I
_1.| \'-'rm_'ll-lqumu _m _‘I_I fFﬂlq!.Hl _'I
I_g:t: | Minm_m Condiion =1 2 F r;;. | Hiraram Condéon =1 =
Fig. 5(a): Display of multi-objective data Fig. 5(b): Display of Condition and Cost
Conclusions

A multi-objective and stochastic system, integrating probabilistic performance prediction and
risk assessment models within a multi-objective optimisation approach is an effective toolbox
for network-level maintenance management. The multi-objective maintenance optimisation
seeks to satisfy several conflicting objectives: e.g. minimisation of maintenance costs,
minimisation of consequence of failure, and maximisation of network. The compromise
programming method is used to determine the optimal ranking in terms of priority for
maintenance, repair and replacement. Discrete Markov chains are used to model the
performance of roofing components that account for their time-dependence, and uncertainty.
The decision support tools proposed in this paper will assist building managers in predicting
the remaining service life and will allow them to optimise their maintenance expenditures.

Recommendation

To apply procedures to optimise MR&R strategies within a finite or short term planning
horizon followed by an optimisation within a longer planning horizon. This task will be
achieved through the combination of the dynamic programming method with the proposed
multi-objective optimisation approach. Continued research and standardisation in the field of
data visualisation relative to the key aspects of information storage and flow.
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