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Abstract:  Cyprus is facing a growing water shortage problem, therefore water losses associated with inefficiencies of the 
underground water distribution system are not only causing revenue losses for the local water boards but also 
significantly negatively affect the national water reserves. This paper presents an outline of two research projects, 
related to each other, “WATERSENSE” and “URBAN WATER DISTRIBUTION MODELLING, SIMULATION 
AND OPTIMIZATION OF LEAKAGE DETECTION VIA SENSING TECHNOLOGIES” (UWDM). These projects 
aim the development of an integrated management system for water distribution networks that combines analytical 
and neurofuzzy decision support systems, geographical information systems and wireless sensor networks. The 
methodology focuses on the sustainable management of water pipe networks through real-time data acquisition and 
processing of sensor signals collected from a distributed ad-hoc wireless sensor network. The report is based upon 
works partially supported by the Cyprus Research Promotion Foundation (under Grant No. PLYPH/0506/21 and 
Grant No. PENEK/0308/36). 
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1. INTRODUCTION 

According to the International Water Association’s Water-Loss Task Force the four basic 
leakage management activities for leakage reduction are (i) pressure management, (ii) active 
leakage control, (iii) speed and quality of repairs and (iv) pipeline asset management, maintenance 
and renewal (Lambert and McKenzie 2002). 

The main problem faced by the owners of urban water distribution networks is the deterioration 
of their networks because of aging and the consecutive repairs of the network. Their primal target is 
to manage leakage losses, maintenance of pipelines and networks, and renewal of networks. That’s 
why life-cycle costing and maintenance strategies are very useful and of great importance to the 
agencies. 

In order to be able to monitor an urban water distribution network for the purpose of localization 
and quantification of the leaks within it, parameters such as the water flow and pressure, the soil 
and air moisture, the soil and air temperature, the daily water consumption and the night-flow 
should be collected directly from the network either in real-time or retroactively. The term 
‘retroactively’ refers to data collected after the observance of a related event, while the term ‘real-
time’ refers to data collected in real time as an event of interest unfolds. The former relies on 
historical dataset, while the latter relies primarily on sensed data, i.e. data acquired through sensors 
embedded in strategic places within the network tasked with the monitoring of the operational 
network parameters and of other related external factors. The wide area and complexity of an urban 
water pipe system, the cost related to the deployment of a wired sensor data acquisition system as 
well as the time needed for such systems to be deployed, have for years prohibited the investigation 
of the effectiveness of multi-sensor systems. Recent advances, though, in wireless sensor networks 
(WSN) (Akyildiz et al. 2002) have provided researchers with an easily deployable, scalable, flexible 
and relatively inexpensive approach for real-time distributed data acquisition and monitoring. Ad-
hoc wireless sensor networks are self-organized networks composed of a large number of sensor 
nodes that interact with their environment and communicate in a wireless fashion. Their target is to 
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transfer their processed data to a remote base station. The utilization of a WSN to implement the 
underground monitoring system proved to be benefited from rapid and flexible deployment. The 
WATERSENSE decision-support and management system is based on the continuous processing of 
the received WSN signals and forms an integral part of a leakage management strategy by means of 
providing the water network administrators with real-time data and a useful decision-making tool. 

2. STATE OF KNOWLEDGE 

2.1 Leakage detection technologies 

Evolution of water distribution system leak detection technologies has been very fast during the 
last two decades. What started as manual sounding (in the 1850s) has given its place to several 
cutting-edge technology tools such as acoustic loggers (1990s), combined acoustic logger 
concentrators (2001), digital correlators (2002) and internal noise leak indicators (2006). The basic 
technologies used nowadays are: ground penetrating radars, optical sensors, moisture sensors, sound 
sensors, pressure sensors, and robotic cameras. 

Further to the economical benefits offered by the several leakage detection technologies, such 
technologies also help in: (Lahlou 2001) 

 Improving the management of water distribution networks,  
 Reducing losses of water, 
 Reducing network damage and deterioration, 
 Reducing the risk of infection in the water system,  
 Improving the relation between customer and local water distribution services. 

2.2 Assessment & Deterioration Modelling 

To-date a number of studies have been published on infrastructure assessment and deterioration 
modeling with respect to the presumed risk factors. The studies usually attempt to identify statistical 
relationships between water main break rates and influential risk factors such as a pipe’s age, 
diameter and material, the corrosiveness of the soil, the operating pressure and temperature, 
possible external loads (including highway traffic) and recorded history of pipe breaks. 

Most studies in literature show a relationship between failure rates and time of failure (age of 
pipes), and some of them suggest a methodology to optimize the replacement time of pipes. Shamir 
and Howard (1979) reported an exponential relationship, and Clark et al. (1982) developed a linear 
multivariate equation to characterize the time from pipe installation to the first break and a 
multivariate exponential equation to determine the breakage rate after the first break. A study by 
Andreou et al. (1987) suggested a probabilistic approach consisting of a proportional hazards model 
to predict failure at an early age, and a Poisson-type model for the later stages, and further asserted 
that stratification of data (based on specific parameters) would increase the accuracy of the model. 
A non-homogeneous Poisson distribution model was later proposed by Goulter and Kazemi (1988) 
to predict the probability of subsequent breaks given that at least one break had already occurred. 
Finally, Kleiner et al. (1998) and Kleiner (1999) developed a framework to assess future 
rehabilitation needs using limited and incomplete data on pipe conditions. More recently, a 
simulation model was applied to an inventory of water mains in New York City to analyze 
replacement strategies, and Vanrenterghem (2003) developed models for the structural degradation 
of urban water distribution systems based on data from New York City. Additional work on the 
same case study was reported by Aslani (2003) and Christodoulou et al. (2003). The knowledge 
gained by the New York City case study was furthered and reported upon by Christodoulou et al. 
(2006, 2007) in a developed framework for integrated GIS-based management, risk assessment and 
prioritization of water leakage actions.  
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Almost all of these studies, though, rely heavily on post-processing of leakage data, and very 
little has been done on wireless sensor technologies for real-time monitoring of the infrastructure. 

3. WIRELESS SENSOR NETWORK SYSTEM ARCHITECTURE 

3.1 Nodes Network 

The goal of the current study is the investigation of the various sensing technologies and to 
implement them in wireless sensor networks, as a start of an integrated water resources 
management tool (IWRM). To that extent, moisture, sound and pressure sensors were utilized and 
interconnected using WSN. At first, an experimental setup was used at the premises of the 
University of Cyprus (WATERSENSE lab).  

The laboratory setup consists of four wireless nodes placed at specific locations along the 
experimental water distribution system model, to collect and reliably transmit sensor data to a base-
station which is located within the lab area. The deployed sensors are tasked with monitoring soil 
moisture and temperature, air moisture and temperature, water pressure, water flow, noise and rain. 
Figure 1 depicts the aforementioned wireless sensor network architecture and its deployment. 

 

Figure 1. WATERSENSE Network Architecture. 

The system is based on the Mica2 433 MHz motes (Mica) enclosed in waterproof package for 
outdoor monitoring. Soil volumetric water content is measured by the Decagon Ech2o dielectric 
sensors (Decagon) attached to sensor nodes using an MDA300 data acquisition board (Mica). Soil 
Moisture is measured from various locations at 0.5m and 1.0m below the level of the water pipe 
network. Water flow is measured using the widely deployed KENT V100 (PSM) meters (Elster) 
while pressure transducers from Honeywell were modified so as to be integrated to the MDA300 
data acquisition boards. Finally, a Zonescan-800 leak noise logger from Gutermann is used for leak 
noise detection. 

The TinyOS operating system installed at each mote was used as the software platform for data 
acquisition, processing and efficient low-power communication (TinyOS). The communication of 
the motes to the base station provides the functionality equivalent to a data logger where the data 
acquired from all sensors are stored in a specifically designed database. The motes communicate 
with a Stargate (Hunaidi and Chu 1999) gateway which is responsible for sending the acquired data 
to the remote base-station via a GPRS link. The Stargate gateway is also used to update the 
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configuration of each individual sensor mote giving the ability to modify the configuration of the 
whole WSN if needed. Parameters that can be adjusted include data-acquisition sampling rate, 
sampling duration, period of sampling and sleep time. The majority of the parameters measured by 
WATERSENSE such as pressure, flow and moisture entail low data acquisition and transmission 
rates while acoustic noise/vibration data acquisition need significantly higher data rates. For this 
reason, the WSN is designed in such a way so as to be easily adapted to the needs of the monitoring 
and management system. 

Originally the WSN will operate in a low rate function acquiring data from all sensors except the 
acoustic sensors. When the system indicates a probability of a leak then it triggers the acoustic 
sensors which are used for the localization of the leak. Standard correlation algorithms (Hunaidi and 
Chu 1999) are used for this leak localization. 

The WISENSE wireless sensor platform is battery-operated, so special attention is given towards 
the design of an optimal power management and energy conservation system. Research is currently 
concentrated on two directions; (a) the use of solar power to drive the Stargate gateway so as to be 
also deployable in remote locations and b) the incorporation of techniques to reduce the power 
consumption of the motes. For the latter, a programmable sleep-time operation is used in which the 
motes ‘wake up’ at specific time slots, collect the required data from the sensors, transmit the data 
to the gateway and then ‘go back to sleep’. In addition, data compression techniques will be 
employed so as to increase the sensors’ performance and to decrease power consumption. The pilot 
deployment will serve as a test-bed for extensive testing of various operation scenarios so as to 
optimize the energy consumption at each mote. The final system is expected to be able to integrate 
battery and solar-operated motes and gateways according to the physical location of the sensors in 
the urban water distribution network. 

3.2 Data Collection and representation 

All data is collected and stored on the Base Station Controller, through a Gateway Station. Data 
is classified on a relational database and uploaded on a web page (specifically designed for the 
WATERSENSE project) which offers users the opportunity to check, in real time, the wireless 
nodes, their readings and the condition of the pipe network. The webpage (Figure 2) shows 
information for all inspection points, with textual or graphical information on daily, monthly and 
yearly. 

3.3 Decision Support System 

A multiparameter decision system based on artificial neural networks and fuzzy logic is 
responsible for detecting and localizing leaks and other anomalies in the pipe network and for 
producing early notifications and suggestions, which are then distributed to field engineers and 
maintenance technicians. Deterioration modeling and detection of leaks in water-pipe infrastructure 
is certainly a very complex task due to the non-linear behavior of the system. In order to overcome 
this, WATERSENSE is based on the processing of multi-parameter data such as water pressure and 
flow, acoustic/vibration signals, soil moisture and rainfall readings. Processing of acoustic/vibration 
signals in combination with soil moisture readings are used for detecting leaks while the analysis of 
pressure transients and flow enables early detection and localization of larger leaks. 

Even though the project entails a large-scale deployment of the system on the water distribution 
system of the city of Lemesos (Cyprus), the research team at the moment is concentrated on the 
development and field validation of a small-scale prototype deployment which resembles the 
operation of the town’s water system. The purpose of the prototype deployment is to investigate the 
communication challenges imposed by the environment and to evaluate the system in terms of 
durability of sensors and sensor nodes under real operational conditions. 
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Figure 2. WATERSENSE Webpage Layout. 

4. INTEGRATED WATER LEAKAGE DETECTION 

The proposed integrated pipeline asset management system for the monitoring, rehabilitation and 
life-cycle costing of urban water distribution networks is in essence a knowledge-based system 
complemented with wireless sensors, analytical and numerical analysis tools and supplemented with 
a geographical information system (GIS). At the outset, the management system collects, analyzes, 
lumps and visually displays risk assessment metrics for every network component (or street level) 
so that the network manager user knows the risk of failure (i.e. water loss) for each area in the city 
(Fig. 3). 

The proposed system encompasses: 
 Wireless sensors for the collection of operating network parameters (pressure, flow, 

humidity, noise). 
 Data on system characteristics (such as pipe diameter, length, material, installation date, 

zoning, etc.). 
 Historical data on pipe break incidents (date of incident, response time and cost to 

repair/replace, number of previously observed breaks, reason for and classification of break 
incident, etc.). 

 A statistical analysis tool for the analysis of pipe break incidents. 
 An artificial neural network component for data pattern identification. 
 A fuzzy logic processor, for the development of fuzzy logic rules describing the behaviour 

of the network. 
 A risk assessment module (primarily a survival analysis module). 
 A geographical information system (GIS) for visualization. 
 A life cycle costing module for the aggregation of costs by area and pipe. 
 A prioritization-of-work module. 
 A data query and reporting system for the retrieval of needed information. 

 
Historical data analysis is based on a number of analytical and numerical tools (such as statistical 

analysis, artificial neural networks and neurofuzzy systems) and investigates the possible 
contribution of a number of presumed risk factors to a “break or not?” outcome, ranking these 
factors according to their relative importance and contribution to the “Break or Not” forecasted 
output. 
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Figure 3. Example of GIS mapping of the risk- of- failure metric. 

The analysis identified the most important risk factors to be the number of previously observed 
breaks (NOPB), the material type (MAT), the length (L) and the diameter (D) of each pipe 
(Christodoulou et. al. 2006). 

5. DEPLOYMENT NETWORK 

5.1 Strovolos Lab 

The pilot deployment of the water distribution network is located at the Civil Engineering 
department’s laboratories in Strovolos. The simulator consisted of two pipe lines (one plastic and 
one galvanized) of approximate 70m length and 4 inches wide, which are connected to each other at 
their ends. The system has a reservoir and a water pressure system. Along the two pipe lines, 
mechanical check points (pressure, flow, noise) and inspection nodes (sensors) have been installed. 
Figure 4 is a photo of the pilot deployment at Strovolos labs 

5.2 Lemesos Water Board 

The water distribution network for which the project is currently under development and 
implementation (Water Board of Lemesos) is over 50 years of age and serves approximately 
170,000 residents through approximately 64,000 consumer meters in an area of 70 km2. The annual 
volume of potable water distributed through the network of pipes, of approximate length 795km, is 
about 13.7x106 m3 and of value €7.0 million. The network is divided into pressure zones, each 
subdivided into District Metered Areas (DMAs) having a single metered source with physical 
discontinuity of pipe network between DMA boundaries. The DMAs vary in size from 50 
properties to 7000 although the average size being approximately 3000 properties. Distribution 
main diameters within the DMAs vary between 100mm and 250mm and where possible, 
interconnecting ring systems within the DMAs have been formed to minimize head loss at peak 
demands. The network owner (the Water Board of Lemesos) has maintained records of its 
operational activities since 1963, which include production of water from sources, distribution 
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through district meters and consumption from consumer meters. Meter readings at water sources 
(boreholes and treatment plant) are connected via a SCADA telemetry system to the control room. 
This enables continuous monitoring of the water source outputs and accurate recording of flows. 
Likewise storage reservoir outlet meters are monitored on SCADA providing the same ability to 
observe trends as well as to record daily, weekly, monthly and yearly totals. The continuous 
monitoring of the DMA meters combines information technology and telecommunication networks 
to transfer the data via the World Wide Web. The historical data gathered in the programmable 
controller of each DMA is sent by the controller to an email account. Operating software installed 
in the dedicated computer at the Water Board’s control room connects to this email account twice a 
week and downloads the data, which are first sorted according to the DMA and then are used to 
update existing reports. 

 

 
 

 

  

Figure 4. Pilot deployment at Strovolos Labs. 

6. CONCLUSIONS 

The manuscript describes the framework of the WATERSENSE and UWDM projects; research 
projects aiming the development of an integrated management system for water distribution 
networks. The projects are partially funded by the Cyprus Research Promotion Foundation. The 
WATERSENSE project has recently been completed and the UWDM is currently at the first year of 
its implementation. A pilot WSN deployed in a controlled environment (laboratory) is to serve as a 
test-bed for various communications and sensor signal-processing techniques that aim the 
improvement of the performance and the reduction of the power consumption of the network. The 
research findings will be important for the development of the final realworld deployment in the 
water distribution network of the city of Lemesos at the end of the second year of the project. 

To-date, the research team has completed the development of a GIS-based decision-support 
system (DSS) that maps the risk of failure for each segment of the pipe network based on rolling 
historical data, and analyzed by neurofuzzy systems. The developed DSS, which is currently beta-
tested by the Water Board of Lemesos, is to be amended by the wireless sensor network for real-
time processing and modeling of the underlying pipe network operational parameters (humidity, 
noise, pressure, flow) so as to increase the efficiency of the overall risk assessment and pipe 
management system and, most importantly, to reduce the amount of water losses in the network. 
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