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Abstract−Pipe breaks in municipal water distribution networks may cause serious damage economically and socially.
Existing methods for replacement scheduling of pipes do not provide practical indicators for replacing an individual
deteriorated pipe. This work formulates the selection problem as the decision of preference ordering or ranking and
proposes a bipartite ranking-based approach. The suggested approach also considers loss from broken pipes in terms of
the costs associated with broken water main and its repair. We use rank aggregation method to integrate multiple ranks
into replacement order of water mains. The suggested framework prioritizes current pipe sections for replacement
based on the aggregated ranks. Multiple ranks given by the reliability of water pipe sections are aggregated and a cost
effective policy for pipe replacement is derived.
Keywords: Water Pipe Management, Optimal Management, Bipartite Ranking, RankboostB, Rank Aggregation

INTRODUCTION

Systematic management of the water distribution network is
becoming more important. Recently, the Ministry of Environ-
ment in South Korea reported that the ratio of pipes buried under
the ground that aged more than 20 years exceeded 30% nation-
wide, and the average age of the pipelines in the capital region is
over 30 [1]. These deteriorations may bring about pipe breakage,
property damage and social issues such as contaminated drinking
water. Indeed, the major cause of pipe breakage incidents is deteri-
oration of water mains; about 30% of the total incidents from 2008
to 2013, and the total damage from the breakage of water mains
was estimated to be about 8.5 million USD in South Korea [2].

Economic and sustainable maintenance of pipe networks first
requires reliable estimation of the pipeline condition. Nevertheless,
it is difficult to identify or estimate the condition of pipeline in a
proactive manner because the water main is a very complex and
intricate network under the ground without much real-time infor-
mation available. Most accurate and conclusive techniques to deter-
mine the states of water mains are visual examination with the naked
eye after digging in the ground and nondestructive inspections using
expensive equipment. However, if applying these methods to pipes
buried in a wide area, the total cost including direct costs for dig-
ging and indirect costs for traffic jam and water outage may be pro-
hibitive.

Alternatively, two types models, physical and statistical, are often
used to address the cost issue. Physical or mechanistic models can
be used to analyze the operational and environmental stresses im-
posed on a pipe from various external sources and the pipe capacity

to hold the loads. Though the physical model can describe the degra-
dation mechanism of a pipe, its application to real pipelines in pre-
dicting water pipe breakage is limited because the deterioration
mechanism is very different for pipe material types and structural
properties. Furthermore, modelling the physical degradation pro-
cess is time consuming and requires expensive, extensive data. On
the other hand, statistical models can be formulated only by using
historical records of pipe break events with failure time and envi-
ronmental data.

There exist previous studies using simple regression models to
predict the time to next break of water pipe based on several factors
[3]. However, these techniques have been deemed as insufficient to
establish a policy for water main management because they exclude
the data of unbroken water pipes. The most representative method
that can utilize all types of data is the survival analysis [4], which
predicts the probability of pipe breaks. In addition, advanced sta-
tistical tools such as artificial neural networks [5], fuzzy logic [6],
and Bayesian belief networks [7] as well as a simple Poisson distri-
bution [8] are also used.

While many statistical models have been suggested, there is still
much room for further improvement for predicting pipe break-
age. Debon et al. conclude the generalized linear model (GLM) is
the best based on the receiver operating characteristic curve [9],
whereas Yamigala et al. report even GLM still needs to be further
improved for better prediction accuracy [10]. To the best of our
knowledge, existing methods do not provide a straightforward indi-
cator for selecting an individual pipe that needs to be replaced, but
indirect, abstract information such as prediction of the total num-
ber of failures or the annual frequency of breakages per unit length.
Wang et al. propose a rank algorithm to provide candidate pipes
for preventive maintenance based on their failure risks [11]. Rank
algorithm can use historical data and draw a preference ordering
for further investigation. The algorithm shows satisfactory results
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for proactive inspection given limited budgets. For instance, 50% of
pipe breaks of waterworks in 2011 could be prevented by inspect-
ing 6.98% of the pipes in advance using data set available at the
end of 2010.

However, conditions leading to deterioration of water mains are
not the only factors that affect the water pipe replacement policy,
as other considerations are also necessary, including the cost of
damage. The optimal decision that only considers reliability will be
short-term cycle replacement of all pipes. Previous studies on opti-
mal scheduling of water mains considering various factors primar-
ily focus on optimization methods. Xu et al. categorize models for
pipe replacement optimization into two types [12]. The first calcu-
lates optimal replacement time, where the lifespan is estimated by
minimizing the total cost in a multi-objective optimization frame-
work [13-15] and considering the threshold break rate [16-18]. The
second prioritizes pipes for replacement given budget constraints.
It orders the sequence of pipes to replace based on the replacement
cost and reliability of pipes [19-22].

The sequence of replacement from rank algorithm can be used
as a criterion for prioritizing pipes for replacement, but a total rank-
ing considering reliability, failure and repair cost is necessary. For
this, rank aggregation can be applied to integrate multiple ranks for
optimal replacement of water mains. Rank aggregation has been
mainly used for spam reduction and search engine comparison. It
also shows proper performance to draw consensus of multiple ranks
from various sources when aggregating ranking functions [23].
Hence, the final rank reflecting essential factors can be used as a
criterion to suggest candidate pipes for replacement [24].

Although a framework integrating the steps of diagnosis and
corrective action for the replacement scheduling of water pipes is
necessary, previous studies only consider one of the steps and re-
quire modification of the policy-prescribing step on an ad hoc basis.
For example, survival analysis [25], one of the popular methods
for estimating the state of infrastructure, yields the probability of
breakage over infinitesimal period of time, which is difficult to use
for prescribing a replacement policy. Hence, heuristic policies are
often employed instead of optimization [24].

This work suggests a prioritization algorithm based on rank aggre-
gation for prescribing a pipe replacement policy. The proposed ap-
proach recasts the optimization problem as an ordering problem
so that the diagnosis and policy generation steps are seamlessly
integrated into a rank aggregation problem without additional mod-
ifications. For estimation of the degree of pipe deterioration, a rank
algorithm is employed. Based on this reliability rank, replacement
cost, and the number of households, the final rank is estimated by
rank aggregation. Hence, the proposed approach can generate the
list of candidates to be replaced in order of preference.

The rest of the paper is organized as follows: Section 2 presents
algorithms for ranking and rank aggregation. Section 3 provides a
case study where the proposed approach is applied to real field data
obtained in one city of South Korea and shows the efficacy of the
proposed scheme. Finally, Section 4 provides concluding remarks.

PROBLEM STATEMENT

This study is concerned with optimally replacing water mains

given budget constraints. This type of problem can be formulated
as an optimization problem in (1) [19]. With appropriate assump-
tions, the preference ordering problem can provide the same result
with the optimization problem of (1).

(1)

where x(i) is 1 if pipe is replaced, y(i) is 1 if pipe is maintained, is
the total number of pipes and E[Cbreakage(i, j)] is the expected cost
of damage with type j if pipe i is broken.

(2)

First, replacing one pipe neither increases the failure rate of other
pipes nor gives meaningful benefits to other pipes. Second, instead
of determining optimal replacement timing, we determine a series
of pipes that should be replaced preferentially for a given period.
Finally, the breakage cost is greater than the replacement cost, and
different types, e.g., ductile irons, PVC, etc., of pipes can also be con-
sidered by introducing a binary parameter utype, k(i) that indicates 1
if pipe i belongs to type k. Given these assumptions and replacing
y(i) with 1−x(i), the objective function in (1) can be reformulated
as (5) and (6).

(3)

(4)

(5)

(6)

where E[Cadditional breakage, type(i)]=E[Cbreakage, type(i)]−Creplacement, type(i). This
means minimizing the total cost can be replaced with minimiza-
tion of the expected cost of damage by changing water mains under
limit budget. Therefore, we only need to compare pairwise prece-
dence among pipes. Hence, we can conclude that optimization
formulation can be replaced with ranking problem for listing eco-
nomic policies with reliability guarantee.

If this alternative is feasible, a ranking algorithm, which was shown
to be effective for predicting reliability, can be used for deriving a
management policy in practice [11]. Because the ranks for pipe
replacement need to account for not only reliability of water mains
but also other criteria including economic damage, water quality,
and the number of households where water can be cutoff, a rank-
ing problem that yields consensus ranking of those factors is nec-
essary. Whereas quantitative information such as costs and the
number of households can be easily translated into precedence order-
ing, it is not straightforward to relate the historical events of pipe
breakage and maintenance to the ranks. This work further utilizes

obj = min Creplacement i, j( )
i=1

n
∑

j=type
∑ x i( )  + E Cbreakage i, j( )[ ] y j( )××

⎩ ⎭
⎨ ⎬
⎧ ⎫

Ck i( )  = Ck, type i( )
j=type
∑ jtype i( )×

obj = min Creplacement i, j( )
i=1

n
∑

j=type
∑ x i( )  + E Cbreakage i, j( )[ ] y j( )××

⎩ ⎭
⎨ ⎬
⎧ ⎫

= E Cbreakage, type i( )[ ]
i=1

n
∑

+ min Creplacement, type i( )
i=1

n
∑ x i( )  − E Cbreakage, type i( )[ ] x j( )××

⎩ ⎭
⎨ ⎬
⎧ ⎫

= E Cbreakage, type i( )[ ]
i=1

n
∑

− max E Cbreakage, type i( )[ ] x i( )×
i=1

n
∑

⎩ ⎭
⎨ ⎬
⎧ ⎫

 − Creplacement, type i( ) x i( )×

= E Cbreakage, type i( )[ ] − max E Cadditional breakage, type i( )[ ] x i( )×
i=1

n
∑

⎩ ⎭
⎨ ⎬
⎧ ⎫

i=1

n
∑



2586 G. B. Choi et al.

October, 2017

such historical data and determines reliability ranks, which are sub-
sequently aggregated to produce the final ranks that prescribe replace-
ment planning of water pipe in numerical orders. Fig. 1 shows the
overall procedure of the suggested approach.

RANK ALGORITHM AND RANK AGGREGATION

1. Bipartite Rank Algorithm
Processing of large data sets often requires preference judgments

rather than classifications, and the approach to preference judge-
ment is quite different from classification. It only needs ordering to
tell what is preferred, not the output with specific meaning or quan-
titative value allocated to each feature. Rank, a special kind of pref-
erence function, has been popularly used in the fields where user
preference plays a key role, such as information retrieval, recom-
mender system and autonomous agent. It is also gradually applied
in engineering fields such as machine translation [26] and bioin-
formatics [27]. There exist various ranking methods based on the
ranked features and outputs from ranking algorithms such as instance
ranking [28], label ranking [29] and objective ranking [30].

Bipartite ranking is one type of ordering problems that occur in
real world. It indicates that there are two disjoint sets of instances
and all the instances in one set outrank those in the other set. In
terms of identifying a pipe that has high possibility to be broken,
more preference is given to broken pipes than unbroken pipes, and
these two sets of data are disjoint. Hence, the bipartite ranking can
be applied to selecting candidate pipes for replacement. For this
bipartite ranking problem, the Rankboost B algorithm developed
by Freud et al. [31] shows solid performance in practical applica-
tions [32]. This technique is one of the boosting methods that can
produce highly accurate preference order by iteratively combining
various weak rules showing moderate accuracies. At each round,
weak ranks can be obtained by a weak learner and the weights of
each instance based on whether this ranking gives correct ranks
are updated. At last, the final ranking is calculated as a weighted
sum of the weak rankings. The weak learner is constructed by com-
paring the feature score of a given instance with a threshold value,
θ. This procedure and more specific information on the threshold
and weak learning is available in Freud et al. [31].
2. Rank Aggregation Algorithm

Rank aggregation has its origin in attempting to reach a consen-

sus from multiple sources of information. It has been developed in
social science for fair election from Borda’s election to Condorcet’s
criterion [33]. It started gaining attention in the fields where there
is a need to integrate multiple sources of information, and has
finally become a core technique of information retrieval for web
search ranking and combating spams. Moreover, in bioinformatics,
this technique allows for merging expression data at DNA, RNA
or protein level and even across diseases or species [34,35]. As a
consequence, rank aggregation approaches have evolved to see
their applications in various research areas.

For aggregation, a criterion is required to indicate which aggre-
gated rank sequence is more meaningful. It can be represented as
a distance and the most widely used distances are Kendall-tau dis-
tance and spear footrule distance. The aggregation that minimizes
Kendall distance is called Kemeneny optimal aggregation. How-
ever, Kemeneny optimal aggregation requires high computational
capacity, and it cannot yield optimal aggregation for real world prob-
lems. Condorcet’s criterion is often introduced for defeating spam-
ming with simple rank aggregation. It is based on transitivity, which
means a higher ranker in terms of Condorcet criterion preferred
by more voters defeats any lower rankers.

Dwork et al. [23] classify rank aggregation into three types. The
first is the positional method, which finds a final sequence based
on the aggregated rank close to the average position of the elements
before aggregation. This method has a major advantage of man-
ageable computational time. It also has anonymity, neutrality, and
consistency that are meaningful properties in the social science field.
However, they cannot satisfy the Condorcet criterion, and it is known
that weighted-distance methods cannot satisfy the Condorcet cri-
terion. The most popular technique in positional methods is the
Borda method. It finds a sequence based on the positional order
that minimizes each distance from the initial ranks. The second
method, footrule and scale footrule aggregation are often employed
as an approximation scheme for Kemeney optimal aggregation.
Diaconis et al. prove that the footrule distance between any two
permutations approximates their Kendall-tau distance within a fac-
tor of two [36]. This algorithm uses Spearman’s footrule distance,
defined as a function of permutation σ and φ, F(σ, φ)=Σj|σ(j)−φ(j)|.
Finally, a hybrid algorithm is suggested to combine positional and
comparison based algorithms and it shows better performance
than using a single method [23]. MC4 algorithm is one of four MC
algorithms proposed by Dwork et al. [23], which is the most widely
used algorithm among these. This algorithm is mainly used to
combat search engine spamming. Hence, the MC4 algorithm tries
to lower aggregate rank of instances that are highly ranked in a
minority of lists. The overall process using ranking algorithm and
rank aggregation method is summarized in Fig. 1. This study em-
ploys two techniques, Borda rule and hybrid algorithm, because the
Borda rule is known to provide good approximation of the opti-
mal Kemeney score.

CASE STUDY

1. Data
The proposed approach is applied to the real field data of the

water supply system of E city in South Korea. This database includes

Fig. 1. The overall algorithm of rank aggregation.
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the past history of pipe sections in the network that had been bur-
ied, repaired and broken from 1975 to 2005. For enhancing reli-
ability and efficiency of the algorithm, the data sets were preprocessed.
First, historical incident data of water pipes are measured in days.
The time unit was converted into months considering the deci-
sion frequency. We also excluded attributes with missing values,
reliability issues and no relevance with pipe deterioration such as
damage of gauge.

In the database, there are five types of pipe material: PVC (poly-
vinyl chloride), PE (polyethylene), CIP (cast iron pipe), HIVP (high
impact PVC), and ductile iron. The number of data points for the
ductile iron pipe is much larger than the sum of the rest. Hence,
this work only considers the ductile iron pipe. This removes the
categorical attribute, pipe material, and makes the data set contain-
ing only numerical and binary attributes.

Moreover, the database contains only the information of break-
age events and pipes themselves, which is not enough to predict
pipe deterioration. To improve the accuracy of the proposed ap-
proach, we added the GIS data of E city and pH as shown in Fig.
2. We also included atmospheric temperature as a characteristic
factor for deterioration. However, because E city is not big enough
to have a meaningful distribution in the thermal properties of each
pipe, the result using temperature was shown to be less reliable
than not. Hence, we did not include the climate data in attaining
the ranks.

The number of total instances was 1690 and that of the attri-
butes was five: diameter, land development, pH, burial time and
breakage time. It is noted that the breakage time may not be avail-
able for all the pipes. Nevertheless, we constructed the list using these
factors because we only require the list of pipes to be replaced and
repaired preferentially. The ranking algorithm can then be applied
to the data sets.

2. Ranking Algorithm for the Reliability
Many previous studies for data-based modeling of water pipe

deterioration simply divide the data set of a certain time period into
training and validation sets. However, this can result in uneven
distributions because the data set tends to have more breakage
events in the latter half of the time window. Considering this situa-
tion, we partitioned the dataset into training and testing set using
random sampling. The proposed approach is composed of two-
step algorithms, weak learner and rankboost B, and was imple-
mented in Matlab R2015b.

To evaluate the performance of the algorithm, a numerical per-
formance index is needed. In bipartite ranking algorithm, the area
under the receiver operating characteristic curve (AUC) is most
widely used [37]. The AUC of a classifier means the probability that
their predicted pairwise ranking is correct. If all the instances in
one class are ranked higher than the instances from the other, the
AUC would be 1. If the rank classifier cannot discriminate each
instance, the AUC would be 0.5. For AUC less than 0.5, reversal of
rank can show better performance. Our result shows that the
AUC for the validation set was 0.84, which is within the range of
reliable results. For performance comparisons, we employed the
Cox model, one of the survival analyses. The survival model pre-
dicts probability h(t) for failure of a target in infinitesimal time if it
survives until time t. There are many previous studies to predict
failure rate of water pipes using survival analysis [4,24,38], and this
technique is appropriate to compare with our result. AUC in vali-
dation set using Cox model is 0.72. It is lower than that of the pro-
posed rank algorithm, which indicates the proposed ranking al-
gorithm shows better performance than the Cox model.

We use reliability rank as just one of the orderings for rank aggre-
gation. Two pipes having the same attributes except for only one
are compared. For instance, pipes 19 and 114 have the same con-

Fig. 2. GIS map of water pipes buried in E city.
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ditions except pH. Pipe 19 with pH 5.71 is preferred to pipe 114
with pH 8.5 for replacement. For pipes 85 and 86, the rank of pipe
85 with the diameter of 150 mm was higher than that of pipe 86
with diameter of 80 mm. Such results are in accordance with the
general tendency of factors that affect water mains.
3. Rank Aggregation

For deriving aggregated ranks, three factors are considered: reli-
ability rank, repair cost, and number of households. The reliability
rank is provided from the results in the previous section. In case of
breakage, there are direct and indirect costs. The direct cost is based
on breakdown cost provided by the Waterworks Bureau as shown
in Table 1. The indirect cost involves the additional costs associ-
ated with damage and repairment. However, this information can-
not be determined specifically. Instead of using direct calculations
in an ambiguous manner, weights can be given depending on the
land type according to Dandy et al. [13]. To exploit the three fac-
tors, we aggregate the total rank using Borda and MC4 method.

The result shows ranks reflecting each factor, but the analysis
can be misleading by overestimating the number of households
and breakage costs; it can provide an unreasonable result where a
normal pipe is on the top of the list because of other high ranks.
To address the issue, we consider two alternatives. The first method
is to narrow the choice to 100 candidates that are most possible to
be broken in the reliability rank and aggregate the ranks in this list
only. The second method is to give more weights to the reliability
rank. In view of reliability, AUC in the first method is 0.74 based
on only 100 candidates. It is slightly lower than that of reliability
because the number of failure data in the first method is much
smaller than that of the overall test set. However, most of the data

with lower reliability were removed so that reliability can be guar-
anteed. In the second method, reliability weights are given as 2 or
3. Results of cases with the weight more than 3 were almost iden-
tical with the case of weight 3. AUC of Borda with the weight of 2
is 0.81 and in case of weight 3, AUC is 0.82. This value is lower
than that of the reliability rank but is still higher than that of the
Cox and difference with the reliability rank is not significant. Hence,
the aggregated ranks can be considered reliable.

More specifically, we compared the top 100 list of each aggre-
gated rank. In case of rank aggregation using Borda method only,
the list includes 63 instances that are also contained in the reliability
rank. Because the first method is the same as the reliability rank,
comparison is meaningless.

If the weight is 2, a total of 91 instances are the same with the
two reliability ranks and aggregated rank. If the weight is 3, a total
of 99 instances are the same. It means simple rank aggregation can
mislead that pipes that are much less likely to be broken should be
replaced. Ranks from Borda methods are similar, but the result
from MC4 is considerably different. For example, the top 10 list
from the Borda method is almost the same. On the other hand,
only one pipe in MC4 is included in the list of the Borda method.
Nevertheless, it is an interesting result because the results from
each rank aggregation shows similar cost savings.

It is not easy to compare the optimal cost for each case. Hence,
we compare cost savings for selecting pipes based on the reliabil-
ity rank only and rank aggregation. We assume we can have data
up to one year before the pipe is broken and can inspect 25% of the
pipes in the test set. In South Korea, the portion of replaced pipes
is lower than 0.2% of the total waterworks annually. Given this,

Table 1. Total cost ($) for replacement of water pipes
Diameter (mm) Construction Materials Destruction Laying Incident Total

080 58.48 19.02 21.45 16.23 234.34 349.53
100 58.48 23.03 23.52 20.58 259.35 384.97
150 58.48 35.50 27.48 34.26 244.70. 414.76
200 58.48 47.53 29.78 36.40 300.05 457.91
300 58.48 79.11 35.80 46.50 337.39 557.29

Fig. 3. Cost savings by preventing breakage of water pipes depending on each ranks.
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the number of pipes to be replaced is too small and the rank of
these pipes is not sufficient enough to serve as indicators. Hence,
this study assumes 25% of the total pipes are inspected. Fig. 3 shows
the cost saving by the pipe inspections. Replacement policy based
on reliability ranking will not replace pipes that will not be bro-
ken. On the other hand, rank aggregation-based replacement in-
cludes one or two pipes that will not be broken. However, Fig. 4
also shows that rank aggregation-based list is more profitable than
the reliability ranking and shows a similar number of households.
In terms of the cost, the Borda method using top list and weight
of 3 is the most advantageous. In terms of the number of house-
holds without water, MC4 is the best, but the cost difference with
the rank aggregation method is very small. Although the result is
not from optimization and may require more number of data points
for generalization, weighted Borda shows the best performance in
terms of cost and the number of breakage for rank aggregation. The
proposed approach performs better than the simple reliability rank-
ing for total cost while the reliability is also considered. If we keep
track of the pipe states after breakage, the proposed rank aggrega-
tion method would be even more advantageous than using sim-
ple reliability ranks.

CONCLUSION

This study suggests an overall framework to schedule pipe replace-
ments using rank aggregation and validated its efficacy using the
data from the water pipes in E city of Korea. The reliability rank
showed the same performance with previous studies, indicating
the prediction capability is satisfactory. For rank aggregation, gen-
eral aggregation method may not be appropriate because of the
differences of importance of each attribute. Thus, we propose a
method that guarantees reliability of pipe deterioration.

The proposed approach can provide a preferential sequence of
pipes for repair and replacement under limited budget without com-
plicated optimization. This list also helps to meet practical neces-
sity of the waterworks and beneficial to preventive maintenance
on other types of industrial assets. It should be noted that sensitiv-
ity analysis of the parameters such as the reliability ranking can be
made by removing a single parameter at a time and calculate the
resulting total rank. However, the amount of data we tested in this

study is not enough to perform such analysis because singling out
one parameter yields irrelevant ranks in many cases. Moreover, the
suggested approach can provide better results by including more
attributes that may be important but are not available in this study.
It is likely that additional attributes can further improve the pre-
diction performance and help better understand the deterioration
mechanism of pipe.
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