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Background
This report presents the research results of the project team from the University of Exeter (UE) which
participated in a joint project with Imperial College (IC). Although the project proposals were
originally submitted with a common title, an integrated programme and case-for-support, the IGR
Form and Report for the two universities are being submitted separately. This is being done since the
outcomes of the project from the two university groups, whilst interrelated, have been different in
several important respects, and each requires a full description of the work achieved. Also, both
universities are separately contracted to the EPSRC in terms of the grant management and
administration.

The distribution of the principal components of the joint study has been as follows: distinct
methodologies for inverse transient analysis (IC and UE), calibration (IC: using the new hydraulic
transient simulator; UE: using prior estimates on test and real systems), sampling design (UE) and
experimental testing and data collection (IC). In total the disseminated outputs from the joint project
are three PhD theses (one successfully defended, one submitted and one in preparation), 8 journal
papers, one book chapter and 18 conference papers. In addition, three joint publications will be
presented at international events later this year.

The project was initiated in 1999 around the idea of developing effective yet inexpensive methodology
for detection and quantification of leaks in water distribution systems (WDS). Development of such
methodology was previously identified in the EPSRC Water Infrastructure and Treatment (WITE)
programme as one of the priority tasks. The main aim of the project was to develop an improved,
integrated approach for WDS leak detection based around the following fairly simple procedure
(Liggett and Chen 1994): (1) introduce a safe transient event in the WDS (e.g. by opening one or more
hydrants or starting-up/shutting-down one or more pumps); (2) measure the system’s response by
monitoring pressures at a number of locations in the WDS and (3) identify leaks (in terms of location
and quantity of water lost) by calibrating the transient WDS simulation model for unknown leak areas
at a number of locations. Obviously, while calibrating for leak areas, the WDS transient model can be
calibrated for a number of other, unknown parameters (e.g. pipe roughnesses).

The main responsibility of the UE team on this project was the improvement of existing
methodologies for WDS calibration and sampling design, (the latter being the procedure which
determines where in the WDS pressures should be monitored to collect the best quality data). The
improved calibration and sampling design methodologies were initially developed at UE for the
transient WDS modelling case only, i.e. for the purpose of detecting leaks in the WDS using the
inverse transient procedure. Later on, these methodologies were further developed so that they could
be used for calibration and sampling design of WDS extended period simulation (EPS) models as well.
The transfer of the methodologies developed from the transient to EPS modelling case allowed testing
and verification of the methodologies on real-life network case studies, i.e. using real-life
measurement data (provided by one of the industrial collaborators - Ewan Optimal Solutions Ltd.).

The full report of the research results of the IC team can be found at: www.ic.ac.uk. Further details
relating to the UE research (outcomes, partners, PowerPoint presentations, etc) can be found at the
following web address: www.ex.ac.uk/ita.

http://www.ex.ac.uk/ita
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Summary of Project Outputs
In summary, the major outputs from UE of this research project are as follows:
•  A comprehensive literature review in the areas of transient and EPS WDS modelling;
•  An improved methodology and software for advanced calibration of several WDS hydraulic

model types (steady-state, extended period simulation and transient model);
•  A novel methodology and software for multi-objective sampling design for calibration of the

above WDS hydraulic models;
•  An improved forward transient modelling method and software, including novel methodology for

the calculation of the Jacobian matrix;
•  A number of papers (4 journal and 15 conference papers, please see the list at the end of this

report) and a book chapter;
•  A PhD thesis in the area of calibration and sampling design of WDS hydraulic models (Kapelan

2002);
•  A successful proposal for a Research Assistants Industrial Secondment (EPSRC) follow-on grant ;
•  A web site with disseminated project results (http://www.ex.ac.uk/ita).

Key Advances and Supporting Methodology
The research work carried out at UE has resulted in a number of advances in the following areas:
WDS transient modelling, WDS calibration and WDS sampling design.

Transient Modelling
Initially, a transient simulation model (i.e. software) for any pipe network configuration was
developed. Its main characteristics are as follows:
•  Based on the method of characteristics numerical scheme;
•  Support for all basic steady-state friction models (Hazen-Williams, Darcy-Weisbach);
•  Support for several interpolation techniques (wave speed adjustment, linear space, linear reach-

back time, etc.);
•  Support for two unsteady friction models (Trikha 1975; Vitkovsky et al. 1999);
•  Support for a number of boundary conditions (reservoirs, orifice type leaks, several types of

valves, etc.);
•  Use of the time marching technique to determine steady-state heads/flows, where head/flow

oscillations are damped using either: (a) unsteady friction coefficients (not been done before) or
(b) inertial multipliers (Wylie 2000);

•  The solver code was written using latest advances in the object-oriented approach, which led to a
number of advantages including significantly reduced computational time and easier future code
upgrades/maintenance.

An integral part of the forward transient software is the code for the calculation of the Jacobian matrix
(i.e. partial derivatives of model predictions with respect to analysed calibration parameters). The new
code was necessary to allow: (1) application of gradient type optimisation methods, e.g. the
Levenberg-Marquardt method; (2) use of post-calibration statistical analysis and (3) solving the
optimal sampling design problem.

A novel method based on a variation of the existing sensitivity equation method (Nash and Karney
1999) was developed to allow calculation of the transient Jacobian matrix in any pipe network
configuration. For steady-state and extended period simulation (EPS) hydraulic models two methods
were developed and coded: the sensitivity equation method and the adjoint method. More details can
be found in Kapelan (2002).

WDS Calibration Methodology
An improved approach for the calibration of WDS hydraulic models was developed during this
project. The approach is of a general type, i.e. it can be applied to calibration of all major WDS
hydraulic models: (a) steady-state flow model, (b) EPS model and (c) transient model.
The calibration problem is formulated and solved as a constrained optimisation problem with prior
information on parameters incorporated in the objective of weighted least square type (Kapelan et al.
2001a; Kapelan et al. 2001c). The improved WDS calibration approach was tested and verified on

http://www.ex.ac.uk/ita
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multiple case studies (Kapelan 2002) involving both relatively simple WDS networks from literature
and complex real-life WDS networks.

Advanced Calibration Issues
Several complex WDS calibration issues were analysed in great detail. These include: (1) issues of
identifiability, uniqueness and stability of the WDS calibration problem solution, i.e. issue of well/ill-
posedness of the WDS calibration problem, (2) incorporation of prior information on parameters in the
calibration procedure and (3) use of statistical analyses to more thoroughly evaluate model fit.

Calibration of the WDS hydraulic model is often an ill-posed problem. In practice, ill-posedness is
typically manifested as non-uniqueness of the problem solution and it is usually a consequence of
inadequate quantity and/or quality of observed information. However, it may also be a consequence of
an inadequate model parameterisation scheme being used. An ill-posed calibration problem can be
identified using several advanced statistics/analyses including eigenvalue analysis, parameter
correlation analysis, parameter/prediction composite scaled sensitivities, etc. (Kapelan 2002).
Unfortunately, ill-posedness can be registered and explained only once the calibration problem is
solved, i.e. when the values of parameters are determined. Still, information obtained through this
process can be used to formulate (if possible) a well-posed calibration problem in the next step.

Several improvements can be made to condition an ill-posed problem, e.g. WDS model re-
parameterisation or provision of additional measurements. One of the possible remedies is
incorporation of prior information on calibration parameters. It was shown in the work carried out in
this project that when prior information on calibration parameters of a fixed type is used, the condition
of an ill-posed problem always improves. Still, there is no guarantee that an improvement will be good
enough to convert an ill-posed problem into a well-posed one. On the other hand, the introduction of
prior information on parameters may or may not lead to determined parameter values that are closer to
their true values. In order to minimise the risks associated with the incorporation of prior information
on parameters, a novel approach was developed here. When compared to the existing approach by
Greco et al. (1999), the novel procedure has several advantages: (a) the new methodology is of a more
general type; (b) uses weights to express reliability of each piece of prior information; (c)
simultaneously minimises measurement residuals and prior information penalties leading to better
model fits; (d) advocates careful and selective use of prior information on parameters; (e) can use
more general, implicit type prior information in addition to explicit types.

In the existing WDS calibration practice, it is common to consider the calibration problem solved once
a relatively good model fit (measured by some objective function value) is achieved for a set of
calibration parameters with realistic values. As shown in the calibration case studies analysed during
this project, this may lead to unreliable results and to incorrect conclusions. Therefore, determination
of parameter values should be only the first step in the analysis of calibration results. In addition, the
following should always be evaluated: (1) well/ill-posedness of the calibration problem; (2) model fit
using statistics and analysis other than objective function value; (3) parameter and model prediction
uncertainties, including residual analysis (to determine how reliable the calibration results are).

Hybrid Optimisation Methods
An integral part of the improvement of existing WDS calibration procedures was development of
novel, hybrid optimisation methods. Initially, two standard optimisation methods were used to solve
the transient (and EPS, later on) WDS calibration problem: (1) the Levenberg-Marquardt (LM)
method and (2) the genetic algorithm (GA). However, it was soon realised that both GA and LM
optimisation methods have their advantages and limitations. While GA is efficient at global search,
LM is better at local search. This led to hybridisation of GA and LM into a single search method
which would utilise the best and remove (or remedy) the worst features of both optimisation methods.

To achieve this, a GALM hybrid optimisation method was initially developed (Kapelan et al. 2000). In
this method GA search is performed in the first stage, starting from a randomly generated population
of possible solutions, until some termination criterion is met. After that, in the second stage, LM
search is performed using the best solution found by GA in the first stage as the starting point.
However, the main problem associated with the two-staged GALM method was how to decide when
to stop the GA and start using the LM method. If the GA runs for a number of generations that is
smaller than some “critical” number necessary to get into the proximity of the global optimum, the
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LM method will fail to identify it. On the other hand, if the GA is allowed to run for a number of
generations that is larger than the critical one, computer resources will not be utilised in the optimal
way.

To overcome the GALM related problems, a novel hybrid optimisation method named HGA was
developed (Kapelan et al. 2002a; Kapelan et al. 2002b; Kapelan et al. 2002c). The HGA method is
basically an improved GA with better control over the level of selection pressure. This is achieved via
an LM-based local search operator. The HGA method is preferred to the standard GA for the
following main reasons: (a) It has increased computational efficiency typically manifested as reduced
search time necessary to find an optimal solution, or to reach some pre-specified objective function
value; (b) The final, optimal objective function value found by HGA is generally better than one
obtained by GA; (c) The variation of the best fitness values from multiple HGA runs is usually smaller
than the variation of best fitness values determined from multiple GA runs. As a consequence, a
smaller number of model runs is normally required when using the HGA method when compared to
GA. However, even when the HGA method is used, multiple runs are still required to make sure that a
better solution cannot be identified. The main disadvantage of the HGA method when compared to
GA comes from the fact that the HGA method introduces one or more additional parameters that need
to be tuned. This is the price one must pay to get improved performance.

The new hybrid method HGA is of a general type and may be used to solve a whole class of other
optimisation problems. Other local search methods that are better suited to particular optimisation
problems may be used instead of the LM method.

WDS Sampling Design Methodology
A novel sampling design approach for calibration of WDS hydraulic models was developed. Its main
characteristic is that the sampling design problem is formulated as a multi-objective optimisation
problem. The two main objectives are: (a) maximise calibration accuracy by minimising calibrated
model uncertainty and (b) minimise total sampling design costs.

To solve the above sampling design problem, a single-objective GA (SOGA) sampling design model
was developed first (Kapelan et al. 2003c). The multi-objective sampling design problem defined
above was converted into a single-objective problem by recombining two-objectives into a single
weighted one after normalisation. The single-objective sampling design problem was solved using a
standard GA optimisation method.

Later on, a new multi-objective GA (MOGA) optimal sampling design model was developed (Kapelan
et al. 2002f). The aim was to treat and solve the sampling design problem as a true multi-objective
optimisation problem. The MOGA methodology is based on Pareto domination rules, restricted mating
and niching. The MOGA sampling design model is preferred to the SOGA model due to the following
main reasons: (a) The SOGA model can detect one optimal solution in a single GA run while MOGA
can detect a whole set of (Pareto) optimal solutions, i.e. it can detect the whole trade-off surface. As a
consequence, multiple SOGA runs are necessary to obtain the same level of information that can be
obtained from a single MOGA run; (b) When the SOGA model is used, one must express preferences
before a model run, while in the MOGA approach one expresses preferences after a run; (c) A penalty
function must be implemented in the SOGA approach to take care of a constraint whereas there is no
need for that in the MOGA case. Typically, penalty functions make the search more difficult; (d) The
SOGA approach is sensitive to the choice of several parameters (weights and recombination norm
type) that do not exist for the MOGA approach. The main disadvantage of the MOGA sampling
design model when compared to SOGA is that it has several additional parameters whose values need
to be tuned for optimal search performance.

The new MOGA approach was compared to well-known SD methods from the literature (Ferreri et al.
1994; Bush and Uber 1998; De Schaetzen et al. 2000), demonstrating several advantages. In addition
to this, three calibration accuracy objectives were analysed: (a) D-optimality (Kapelan et al. 2001b),
(b) A-optimality (Kapelan 2002) and (c) V-optimality (Kapelan et al. 2002e; Kapelan et al. 2002d). It
was concluded that V-optimality is the most suitable accuracy criterion for WDS sampling design
purposes.
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Research Impact and Benefits to Society
The project was originally selected for funding in view of its close alignment with the WITE project
priorities, and the level of support gained from UKWIR and leading UK water companies and
consultants. These water companies have kept a close interest in the progress of the project over the
last 3 years. Throughout the project there has been considerable contact and communication with a
number of international research groups working in the field of transient analysis which have
expressed a strong interest in further collaboration with the Exeter group. The success of the project
has resulted in an invitation to join Surge-Net, a Thematic Network of European organisations
involved in the prediction and analysis of fluid transients in pipe systems (http://www.surge-net.info/).
In addition, the investigators were invited to contribute to the book “Advanced Water Distribution
Modeling and Management” by Haestad Methods, which is widely used by researchers and
practitioners throughout the world.

The new approaches to WDS calibration, leak detection and sampling design have world-wide
potential. The UK water industry and its consulting agencies should benefit from the success of the
project. This success has led Ewan Optimal Solutions Ltd (one of the industrial collaborators on the
original proposal) to provide additional funding and support for Dr Kapelan to further develop the
software for commercial application.

Explanation of Expenditure/Industrial Support
There were no significant changes to the original expenditure plan. After a successful defence of his
PhD thesis (2 years and 4.5 months into the project), Dr Kapelan transferred to another research
project, but kept his involvement with the WDS calibration research work on a part-time basis (40%).
Mr Edward Keedwell, who is a computer science graduate, was recruited for the last 7 months on the
project to further improve the multi-objective GA software library that is at the basis of the new
sampling design methodology and other multi-objective GA applications (Bragalli et al., 2003).

Further Research or Dissemination Activities
To further disseminate the research results, a number of joint publications with IC will appear in the
near future (Covas et al. 2003; Kapelan et al. 2003a; Kapelan et al. 2003b).

Since the first results of the research work were published, UK water companies have shown
substantial interest in the developed technology. As a result, the EPSRC has recently approved the
secondment of the research assistant (Dr Kapelan) to Ewan Optimal Solutions Ltd on a Research
Assistant Industrial Secondment (RAIS) scheme entitled “Development and Application of Inverse
Transient Analysis Software” (GR/S26446). In addition to that, a Leverhulme Trust Visiting
Fellowship was awarded to the Exeter group to invite Prof. M. Ivetic (Univ. Belgrade) to spend 10
months (Sept 2001-June 2002) at UE working on the project titled “Inverse Transient Analysis in
Pressurised Pipe Networks” (Ivetic and Savic, 2002a, 2002b).

A series of internal seminars and informal discussions with world experts in transient and inverse
transient analysis including Prof. B. Karney (Univ. Toronto), Prof. B. Brunone (Univ. Perugia), Prof.
M. Ivetic (Univ. Belgrade) and Prof. A. Simpson (Univ. Adelaide) were held in Exeter in January of
2002.  As a result a joint research application has been submitted (currently under review) to the
UNESCO IHP programme. The project is titled “Leakage Management for Water Distribution
Systems in Developing, Developed and Countries in Transition”.
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