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ABSTRACT
With the aging of water infrastructure systems and the challenge of building resilient and
sustainable infrastructures for future, renovating water distribution networks (WDN) using holistic
models is necessary. The understanding of infrastructure systems as complex adaptive system can
be used as a framework to guide network master planning and engineering practices. A theoretical
complex network model has been created following the combination of local optimization rules
and engineering considerations. The demand nodes were generated dynamically following the
scaling law of urban growth and considering geographic restrictions. To model the growth of real-
world water distribution networks, Geographic Information System (GIS) was integrated into the
complex network model. The model was used to develop WDN for Athens Clarke County and
the result was compared with real-world WDN’s reported by other literature. In general, the
comparison showed that the structural properties of the generated WDN agree with the real-world

WDNE.
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CHAPTER 1
INTRODUCTION
1.1 Problem Overview

Water distribution system analysis is a vital part of water utility management program.
Water distribution systems are susceptible to infrastructure growing older and worsening, water
quality degradation, and capacity deficiencies. The requirement to restore, change, and repair
drinking water distribution systems are becoming a huge concern in the United States. One of the
key investment sector for municipalities include water distribution system and wastewater
collection systems [1]. According to the American Water Works Association (AWWA), more than
$ 1 trillion will be required to improve and repair the current water infrastructure system in the
United States in the next 25 years [2]. Water distribution networks (WDN) are expensive system
to construct, run and manage. Piping system accounts for most of the cost of building a water
distribution system. The capital cost and expense required for maintaining WDN are large which
make it inevitable to devise a suitable plan before constructing or repairing the network. The
operating cost can be reduced, and system performance can be improved by modeling the network
[3].

Water distribution systems are complex network of many interacting components such as
pipes, pumps, reservoirs, valves, and other accessories. Due to the presence of many interacting
components, this kind of infrastructure system produce result as “the whole is greater than the sum
of the parts”, which makes them resistant to study using the traditional “divide and conquer”

engineering approach. On the other hand, the complex topology and adaptive behavior of such



infrastructure systems are driven by both self-organization of the demand and rigid engineering
solutions. Hence, a balanced holism and reductionist methodology are required to understand
complex water infrastructure system [4]. This requires predictability of the complex network
topology, complex behavior, and their evolution dynamics over time with organic integration of
engineering rules. Complex system studies put more emphasis on examining evolving behavior
and configuration at long-term and large scale to find probable description of them. The short-term
specifics of engineering are not considered which results in difference from real networks. The
engineering models, however, put more emphasis on short-term (e.g. in planning period of 20 to
30 years) and unable to show the long-term emergence. To simulate the growth of WDNSs, a
complex network model has been created by our research group following the network efficiency
optimization objectives and engineering criteria of loop formation. The demand nodes were
projected dynamically using the scaling law of urban growth. The evolvement of the network was
directed by local optimization rule [5]. The proposed model can generate WDN similar to reported
real-world WDNs on some structural properties. However, the proposed model does not follow
the constraint of geographic policy and restriction. Obstacles such as water bodies, buildings etc.
can significantly affect the modeling of WDN. For example, the presence of a waterbody on the
path of a proposed network means that the pipes cannot pass through the waterbody. So, the pipes
need to be modeled to pass in an alternative way. To model the growth of real-world WDN using
complex network theory, the network has to expand following the boundary of geographic
limitation.

There has been significant improvement in modeling water distribution system in the past
30 years. The modeling practice has transformed from time-consuming hand calculation exercise

to thorough demonstrations of networks containing numerous pipes. Water distribution simulation



models have been effectively integrated with Geographic Information System (GIS) to aid data
input and output and to save and recover information more efficiently and easily [3]. GIS is turning
out to be a very important tool for water distribution modeler in terms of a decision support tool
and as a source for modeling data [6]. In this study, the complex network model was integrated
into GIS so that all the geographic policy and restriction can be considered while generating the
WDN. The proposed model can generate WDN for any cities in the United States. The integration
of the model into GIS will also provide additional benefits such as finding suitable locations for
water system facility sites. Since GIS can store a large amount of data, so ideal values for model
parameters such as pipe length, pipe diameter etc. can be easily calculated. To add the geographic
restriction, the shapefile of the target study area was imported into ArcGIS. Then a new layer was
created from the existing shapefile to include only those features through which the water network
can pass. Then the modified shapefile was imported into MATLAB so that the demand node
generation can be governed by geographic consideration. The model can generate WDN only
within the boundary provided by the shapefile. In this way, the complex network model can
generate realistic WDN following the constraint of geographic policy and restriction.
1.2 Objective
The overall objective of this study is to create a model which will be able to generate real-

world water distribution network following the complex network approach. This will be achieved
through the following steps:

e Select a study area for which the WDN will be generated.

¢ Modify the study area to exclude areas which fall under geographic constraints for water

distribution network.

e Import the modified study area to the complex network model.



Modify the model so that it can use the study area as a reference while generating water
distribution network
Run the model to generate a water distribution network for the selected study area.

Compare the generated water distribution network with real-world network.



CHAPTER 2
LITERATURE REVIEW

2.1 Complex System

We are living in a progressively interconnected world of techno-social systems where the
organizations are made up of various technological layers which are interacting within the social
component that guide their function and growth [7]. So, it is necessary to increase our attention
towards the dynamic character and multi-level organization of events. A complex system is made
of many elements and the behavior of the system cannot be simply deduced from the behavior of
its elements. The degree of complexity depends on the amount of information required to explain
the behavior of such a system [8]. Sometimes it is hard to make sense of complex system because
it requires us to think hypothetically and often contradicts with the traditional norms and principle
[9]. The association across different levels in complex system are not easily understandable. For
instance, to study about ecological systems, one needs to think about how genes, individuals,
populations, and species are interconnected. An ecosystem can be observed from the point of the
specific organism to the point of the environment as a whole [10]. The skill to comprehend and
tackle complex systems require consideration of many events which is hard to understand for
traditional engineering science communities [4]. According to the National Academy of
Engineering, engineers in the U.S. require a broader education system which would help them to
understand complex system [11]. Due to the interaction of many phenomena, infrastructure
systems generate results as “the whole is greater than the sum of the parts”. So, it is not possible

to study them using the traditional “divide and conquer” engineering approach. However, the



complexity topology and adaptive behavior of infrastructure systems are determined by both self-
organization of the demand and stiff engineering solutions. So, a balance of holism and
reductionism is required to understand complex system [4].

Many networks in real world are complex networks whose structure is dynamic and
complex. It was studied in 1959, when random graph theory was proposed [12]. Random graph
theory allows researchers to empirically study the structural properties of complex networks. It is
used to analyze families of networks by combining graph theory with probability theory. There
were some limitations of this graph theory. Some topological properties of many real-world
complex networks which are not completely regular and completely random, could not be
explained by using this random graph theory. Barabasi—Albert model [13] was a notable complex
model produced after the random graph theory. It was a dynamic model which can generate scale-
free networks. Some dynamic models are built to study the growth of spatial complex networks.
These models are based on the assumption that every new edge is created to efficiently connect
the new node to the existing network. Some global structural properties of these models can be
reproduced. Fabrikant et al. [14] proposed a simple model of Internet growth which under very
general assumptions and parameter values results in power-law-distributed degrees. In their model,
a new node i representing a router or autonomous system that is randomly added in the network is
connected to a previous node j according to a local objective function:

minj;(ad;; + hj) (2.2)
where djj is the Euclidean distance from node i to node j, hj is a measure of centrality of node j and
a 1s the weight for the dij and a function of the final number of nodes (n). dijand h;j respectively
represent the connection cost and transmission delay, and o gauges the relative importance of the

connection cost (Euclidean distance). Their results suggested that power law degree distribution



of internet is perhaps the manifestation of trade-offs, the degrees obey power law when a is not

too small or too large. If o is small, a star structure is produced. If a grows at least as fast asvn,
this model will generate a dynamic version of the Euclidean minimum spanning tree (MST).
Gastner and Newman [5] analyzed spatial distribution or collection networks such as pipelines and
sewers, emphasizing on their cost in terms of total edge length and their efficiency in terms of the
network distance between vertices, as measured by the route factor. They introduced two models
for spatial distribution network. In those two models, the positions of all nodes are given at the
outset, rather than randomly add to the network one by one over time. They emphasized on the
cost of a network, which is represented by the total length of all its edges, and its efficiency in
terms of the directness of routes from point to point. Here, the efficiency is measured based on

route factor (q):

1
i0

q=-> L 22)
n<s i0

where [;, is the Euclidean distance along the shortest path of the network from node i to root 0,

and d;, is the direct Euclidean distance. For node i, Lo measures the straightness of its path to root.
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For the first model, the objective function is as following:

min;.;(d;; + a—dijdf ljo) @3
0

The results show that as o increases, route factor initially decrease sharply, while the average edge

length increases only slowly. It indicates that a little more construction costs can achieve much

more distribution efficiency. For the second model, it considers the short path instead of the

straightness. The resulted objective function is:

minj<i (dl] + aljo) (24)



The generated network self-organizes to a state with a small route factor. And the relationship
between o, route factor and average edges length is qualitatively similar to the first model. The
difference lies in their shapes. The network generated by the first model has a dendritic structure
with relatively straight trunk lines and short branches. This model is mostly unrealistic because
many vertices are never joined to the network, even if they are quite close to the root which happens
due to the preference of straight path. The network generated by the second model produces a
symmetric network that fills out the space with some approximately constant from the root because
it gives preference to shortest paths irrespective of shapes. A more realistic growth model has been
developed for street network with loops by Barthélemy and Flammini [15] where the set of nodes
and the network of links that connects them grow simultaneously. The model algorithm generates
new sections of roads based on local optimization and tries to connect the nodes using shortest
possible path. If two new nodes (A, B) have a same previous node (M) in their relative
neighborhood, the roads will be built to maximize the reduction of the cumulative distance from
M to A and B:

A=[dM,A)+d(M,B)] —[d(M' A) +d(M',B)] (2.5)
The maximization of A is done under the constraint:

IMM'| = const. < 1 (2.6)

where M’ is interaction node between A and B, and a simple calculation for M’ is:

MM « i, + 2.7)
where 1,and g are the unit vectors from M in the direction of A and B, respectively. The statistical
properties of this model match those found in empirical studies which shows that local
optimization is a potential method for the growth of street networks. Barthélemy and Flammini

[16] developed a study to model the connection between the evolution of the topology of street



networks and the population density. It is based on the fact that the population density decreases
exponentially from a core district. Accessibility and house price were the two economical
mechanisms used to govern the individual choice of new location.
2.2 Water Distribution System

A water distribution network (WDN) is an interrelated collection of sources, pipes, and
hydraulic control elements (e.g., pumps, valves, regulators, tanks) supplying recommended water
quantities at preferred pressures and water qualities to consumers [17]. Even though the size and
complexity of water distribution systems differ significantly, the main objective for all types of
WDNs are to supply water from the source to the customer. Transporting water from source to
customer requires a network of pipes, pumps, valves and other accessories. There are two types of
piping system: transmission mains and distribution mains. Transmission mains are used to deliver
large amounts of water over long distances. These are usually used to carry water from a treatment
facility to a storage tanks throughout several cities. Distribution mains follow the general topology
and alignment of road networks in cities. They are smaller in diameter than the transmission mains
and are used to supply water to individual customers [6]. Storage features such as tanks and
reservoirs are needed for storing water to allow for variation in water demand. Piping network,
storage, and the supplementary framework are together denoted as the water distribution system.
To analyze water distribution systems, pipes and other connections are represented by edges, with
the fixed junctions (reservoirs, tanks, and pipe intersections) shown by nodes. The structure of

pipeline network can be either branched or looped (Figure 2.1).



Figure 2.1. Structure of a branched network (left) and a looped network (right).

Having a tree-like structure, a branched network has only one distinctive route to supply
water from the source to a demand node. The benefit of this type of network is that water is
efficiently supplied to customers with low capital costs. However, if one pipe stops working,
downstream consumers would be disconnected from the source which makes branched network
very unreliable. In contrast, the presence of redundant pipes makes a looped network more reliable.
Water can be supplied to each customer via multiple paths in a completely looped network. So,
the failure of one pipe won’t disconnect all the consumers from the source. Higher supply capacity
and lowered water age also make looped network more beneficial than branched network [18].
The downside of such network is that they require more initial investment. The ideal design of a
real-world WDN is a complex problem where the designers have to tradeoff between cost
minimization and network reliability [19]. So, most of the real-world WDNSs are partially looped
[6]. In low-density rural areas, branched networks are usually used while looped structures are
used for the urban area [20].

2.3 Complex System in Water Distribution Network

A water distribution system is a complex system consisting of many interacted

components. Various interconnected sections in WDN are organized in nontrivial arrangement and

interact in complex manner. The potential of using a range of probable combinations of pipe sizes,

10



materials and connectivity layouts, and factors such as the position of the valves and pumping
stations, pump scheduling, and indefinite demand for water are the primary reasons for high
complexity and uncertainty in model and management of WDN [19]. To date, only small world
phenomenon in WDNs is studied by using complex network approaches in water supply systems
[21]. There was no systematic analysis of WDN structure and function by using complex network
approach until done by Yazdani and Jeffrey [19]. They analyzed the structural distribution of water
distribution systems and compared them to similar types of physical networks. The empirical data
for four standard water distribution networks was studied by calculating the structure of the
network paths cycles, connectivity, and efficiency. Similar method was employed by other
researchers to measure the structure of WDN in their study [22, 23]. In complex network approach,
a water distribution network can be represented as a graph G = G (N, E) where N is the set of nodes
and E is the set of edges connecting the nodes [19]. WDNs are modeled as undirected graphs
because the direction of water flow in the pipes change occasionally [23, 42]. WDNs can be
approximately modeled as planar graphs because it is impractical to lay pipes in multiple layers
on top of each other [19]. The structure properties of eight real-world WDNSs reported by
literatures, including East-Mersea (UK), Colorado Springs (USA), Richmond (UK) and Kumasi
(Ghana) reported by Yazdani and Jeffery [19] (Figure 2.2), Balcksburg (USA), Fossolo (Italy),
Pescara (Italy) and Modena (Italy) reported by De Corte and Sorensen [23,42] (Figure 2.3) are

listed in table 2.1.
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Figure 2.2. Real-world water distribution networks reported by Yazdani and Jeffery [9]: East-

Mersea (top-left), Colorado Springs (top-right), Richmond (bottom-left) and Kumasi (bottom-

right).

Figure 2.3. Real-world water distribution networks reported by De Corte and Sorensen [23, 42]:
Blacksburg (top-left), Fossolo (top-right), Pescara (bottom-left) and Modena (bottom-right).
Table 2.1. Structure properties of real-world WDNs (n, nodes; m, edges; e, edge density; m/n,

edge-per-node ratio; <k>, average node degree; kmax, maximum node degree; gmax, diameter; 1,

12



characteristic path length; c», central-point-dominance; g, route factor; rm, meshedness; Ao,

algebraic connectivity; 44, spectral gap).

n | m e M/ <k | kg | C | ¢ Im A2 A
n > ax ax
East-
270x | 1.0 | 2.0 34. | 03|15/ 9.97x | 1.97x | 3.91x
'\("SE;"S 757691 g | | 4 |4 ag | 6 | 4| 10% | 10¢ | 102
Colorad
o |178|199| 1.25x | 1.1 22| , | ,o | 25 |04 |14 5:86x | 243x | 283«
Springs | 6 | 4 | 10° | 1 | 3 94 | 2 | 5 | 10% | 10* | 107
(USA)?
é“h';‘s; 279|306 | 7.83x |11 /21| , |12 | 33. |04 | 14| 477x | 9.40x | 9.08
‘ 9|5 | 104|009 0|8 |5 |6 | 102 | 105 | 10°
R'%mo 675 | 957 | 252 | 10|21 , |13 51 | 05|16 | 495x | 6.09x | 7.27x
(USAY 108 | 9|9 5 44 | 6 | 7 | 102 | 105 | 102
Blacksh
urg | 31 | 35 H 262 49| 4 0.09
(USA)P
iﬁ;ﬁ;;ﬁ 37 | 58 1%5 341 48| 4 0.32
Pescara 1.3 127
gy | 7H| 99 o155 15200 9 0.21
'\(’I'fa‘isg‘f 272 | 317 1%1 2é3 5 | 38| 14 0.09

3Data from Yazdani and Jeffrey’s works [19].
bData from De Corte and Sorensen’s work [23,42].

Several metrics are used by researchers to explain the structural formation of WDN. The
similarity to or deviation of the structure of WDN from treelike or mesh graphs can be defined by
calculating edge-per-node ratio (m/n). This is the ratio of number of edges to number of nodes.
The values of edge-per-node ratio are larger than 1 but much smaller than 2 for real networks as
shown in table 2.1. The sparseness/denseness of the network connections can be determined by
evaluating edge density (e). This is the ratio of the number of total existing edges to the maximum
possible edges. WDNSs are sparse networks which is evident from the low edge density values of

all WDNs. Average node degree (<k>) represents the number of edges connected to a node. Real

13



WDN:s are usually less connected than a grid network. The values of average node degree for those
real networks are basically larger than 2 but much smaller than 4. The value of average node degree
and edge-per-node ratio for a tree-structured network have an average node degree of 2 and an
edge-per-node ratio of 1, while a looped network with grid pattern network have an average node
degree of 4 and an edge-per-node ratio of 2. The average geodesic distance between all node pairs
in WDN can be determined by using characteristic path length (I) and the maximum geodesic
distance can be calculated by using diameter (gmax). Geodesic distance is the number of edges in a
shortest path. The geodesic distances between many node pairs of the four large real WDNSs
reported in Yazdani and Jeffrey’s research [19] are large, and the diameter and characteristic path
length are also large. Large geodesic distances between nodes mean that WDNSs are not small-
world networks [58]. Central-point-dominance (c») shows how the network flow is controlled by
centrally located point(s). It is basically the average difference in relative betweenness centrality
of the most central point and all other nodes. Betweenness centrality of a node evaluates the
significance of a node based on its presence on the number of shortest paths. It is measured as the
number of shortest geodesic paths between two given vertices that pass through that node divided
by the total number of shortest geodesic paths between those two vertices. The value of central-
point-dominance of real networks are smaller than 1 and larger than 0. Thus, there is no huge
difference on node importance for WDNSs. The efficiency of a WDN can be measured based on
the connectivity between a root node and other nodes in the network by calculating route factor
(q). It is the average ratio of Euclidean distance along the shortest path from a node to the root to
its direct Euclidean distance to the root. Smallest possible value of route factor results in a star
structure where all nodes are directly connected to the source. In real networks, the nodes are

directly connected to each other because the route factor are larger than 1. The density of the cycles
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and loops in planar graphs can be measured by using meshedness coefficient (rm). It is defined as
the ratio of the number of total existing independent loops to the maximum possible loops.
Algebraic connectivity and spectral gap were measured to distinguish between structural
vulnerability and fault-tolerance of WDN. Algebraic connectivity (42) is the second smallest
eigenvalue of the normalized Laplacian matrix of the network. This metric is used to quantify the
robustness and connectedness of the network against efforts to decouple parts of the network.
Spectral gap (44) is the difference between the first and second eigenvalues of the adjacent matrix
of the network. Small spectral gap may result in low sparseness, connectivity and the presence of
bottlenecks whose removal results in the split of the network into two or more large sections. In
general, complex network metrics provide a basis for the analysis of water distribution systems
and compare between WDNSs and other networks, in terms of their structure, organization, network
efficiency, redundancy and vulnerability.
2.4 Geographic Information System in Water Distribution Network

Geographic Information Systems (GIS) is becoming an important tool for both modeling
and managing water distribution network. GIS lets us visualize, question, analyze, and interpret
data to understand relationships, patterns, and trends [25]. Due to the growing potential of GIS, it
is now possible to visualize, and model the entire cycle of water supply network from source to
household [26]. Nearly 15 percent of water utilities are presently using GIS in their modeling and
about 80 percent are planning to use GIS in the future [27]. GIS-based database management
system (GIS-DBMS) is used in modeling, designing as well as management of water supply and
sewer systems. The utility companies, especially water companies are using GIS to manage and
assess their resources [28]. More than 80% of all information used by a water utility is

geographically referenced [29]. GIS allows to link different social, economic and environmental
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factors connected to spatial entities of a water resources problem and they can be utilized in a
decision-making process. In this way, GIS can incorporate spatial dimensions into the
conventional water resource database and display an integrated view of the world [30].

Initial approaches of using GIS in water distribution network was limited to only
visualizing the output of water resource models. However, predictive and associated critical
abilities are more vital for designing and managing complex water distribution network [31]. GIS
can combine spatial relationships and databases which allows a planner to superimpose soil data,
repair data, and hydraulic modeling output to automatically allocate a condition rating to pipes. In
GIS, non-spatial information about features is linked as attributes which means features in WDN
such as pipes, tanks etc. can contain attributes. For example, the diameter of a pipe can be added
as an attribute for that feature. GIS also offers a wide range of options for thematic mapping. Basic
thematic mapping can be achieved by most water distribution modeling software but when it
comes to visualization, GIS has better tools in its inventory. A good visualization helps in
communicating the results of modeling to managers, regulators, the media, and the general public.
If a WDN model is built using GIS, it can be modified in the future if needed by using latest GIS
data. GIS can be used to find suitable locations for water system facility sites. It can also be used
to identify prospective places for monitoring equipment [6].

Ayad et al. [32] used GIS as a tool to create a number of applications for water distribution
network management. They performed tasks such as detecting valves to be closed in case of pipe
break, service area for treatment plants, and network skeletonization using GIS. They also
emphasized on the graphical side of GIS by displaying their results from hydraulic analysis and
optimization models in GIS. Shamsi [33] discussed three methods of developing GIS-based

modeling applications: interchange method, interface method, and integration method. No direct
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association between the GIS and the model exists in the interchange method and they run
independently. Data is written to an intermediary file, where it is reformatted for the model if
required. Then the data is read into the model. In the interface method, there is direct connection
between GIS and the model. These connections are used to synchronize the model and the GIS. It
consist of a preprocessor and a post processor. The preprocessor examines and exports the GIS
data to model input files and the post-processor imports the model output and display it as a GIS
layer. The integration method implies that both the GIS and the model are integrated into a single
program. The integration of GIS and hydraulic model saves model building time. Zhang [34]
integrated GIS and CARE-W to improve the management and restoration of water distribution
networks. Computer Aided Rehabilitation on Water Network (CARE-W) is a research project
whose purpose is to provide the most cost-efficient system of maintenance and repair of water
distribution networks. Its objective is to ensure the security of water supply that meets social,
health, economic and environmental requirements. The integration of GIS and CARE-W would
provide the utility managers consistent and scientific support on water distribution network
management and rehabilitation.

GIS maps may contain multiple features, each of which are displayed as a layer on the map.
The appearance of the resulting map can be controlled by selecting which layers are displayed and
the symbology of each features [6]. There are three types of method for geographic data
representation: raster, vector and triangulated irregular networks (TIN). In raster representation,
data is stored as discrete grids in which a single value for each attribute is associated with each
grid cell. Each grid cell has an attribute associated with each grid cell. In vector representation,
discrete features are stored as points, lines, or polygons. Each feature is linked to attribute values

and a set of x-y coordinates [35]. Vector data are commonly used in hydraulic modeling. In GIS,
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nodes are represented as points, pipes as lines, and node service areas as polygons. Raster and TIN
data are also useful in certain cases such as extracting elevation data or using an aerial photo as a
background for the model. GIS database design for water utility involves three primary three
major steps: (1) The water distribution facilities need to be represented cartographically, (2) An
inventory of the network needs to be created, (3) The network need to be modeled using GIS.
Creation of metadata is also an important step in database design process which is basically the
compilation of information about the dataset. The facility to share data between organization over
internet using eXtensible Markup Language (XML) makes metadata an important part in database
design process [6].

Eljamassi and Abeaid [36] showed how the GIS technology could be used to solve water
distribution problem in Rafah city. They demonstrated how equal distribution of water to all zones
could be achieved by using one of the zone as an example. In order to use GIS as the decision-
making tool, the proposed system was included in the GIS software. A shapefile was created which
contained features such as pipes, street, tank, manhole, land use, water distribution zone etc.
Characteristics of the network such as pipe length, pipe diameter, water demand etc. was added to
the feature classes as attributes. The main advantage of building the water distribution network in
GIS was because of its efficient data analyzing tools. Guth and Klingel [37] developed a GIS tool
to allocate demand in water distribution network model. The demand allocation involved two
stages. The first step was the calculation of the catchment areas of the nodes and the second step
was the determination of the water demand within the catchment area and its allocation to the
corresponding node. The application was used as a dynamically linked library (DLL) which was
integrated into ArcMap as a toolbar. Oliveira et al. [38] used GIS data in order to predict breakage

rates and remaining service life of pipes taking into consideration the spatial interdependencies of
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breaks points. They studied the efficacy of GIS spatial analysis capabilities for the measurement
of failure patterns and trends in water distribution networks. The existence of clusters in the water
main breaks dataset supported the concept of the spatial dependences in the breakage phenomena.
McKinney and Cai [39] applied an object-oriented method to create a tight connection between a
GIS and a water resources management model for ideal water allocation in river basins. They
prepared a conceptual model that combine data, model and user interactions in a GIS environment.
They also created a prototype linkage between a GIS and a water resources management model.
Pachri et al. [40] developed spatial data of hydrological modeling in Chitchik river basin. GIS tools
were used to create the geo-spatial data for hydrological modeling. Gavekar and Nandavekar [26]
prepared geographical layers for water distribution network. They created GIS layers for pipeline,
valves, population density and contour maps.

Building a water network model is a lengthy, expensive and vulnerable step in a hydraulic
modeling project. It was a specialized task for engineers until GIS has emerged as a suitable
platform for hydraulic modeling. Engineers created model input files by collecting, joining and
digitizing data from a range of hard copy source documents, such as water system maps,
topographic maps and census maps. GIS can be used to create cheaper and more accurate model
than the one created by an engineer for a number of reasons. The model created by GIS can contain
a lot of details since GIS can manage large volumes of data. GIS can automate certain tasks which
makes model building quicker and more useful. If the customer billing records are georeferenced,
then they can be used to produce and assign water demands for the model. Some features of
hydraulic modeling must be considered when GIS for this purpose. These features of the modeling
are: network granularity, scenarios, time-series data, and ownership. In most of the cases of

hydraulic modeling applications, every pipe in the actual system does not need to be included in
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the model network to obtain accurate results. A skeletonized version of the model good enough to
make informed planning decisions. The skeletonized version of the model also improves the
efficiency of the hydraulic modeling software. Different scenarios need to be considered in water
system planning such as future demands, proposed pipes and system facilities, or facility outages
for emergency response planning. GIS can be planned to include the various what-if conditions
and phases of a water system facility. Hydraulic models and water quality models are usually
dynamic so that they can be used to predict the response of the water system over an extended
period of time. So, the GIS model needs to be designed to handle time-series data. In an enterprise-
level GIS, most of the data is typically not ‘owned’ by the hydraulic modeler which raises several

issues. So, the modeler needs to be in control of the data used for modeling [6].
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CHAPTER 3
METHODOLOGY

3.1 Model Development for Complex Network

WDN is a complex system which has to develop over time to satisfy the increasing demand
of population. The population demand is in a self-evolving manner. The social-economic
environment affects the development and maintenance of the WDN at a variety of temporal and
spatial scales. The dynamic growth of water demand (nodes) and the evolving of the pipeline
networks (edges) need to be considered while modeling the complex behavior of WDN. The
complex network model used in this study has two sections. The first section simulates the
generation of new water demand based on urban development while the growth of WDN due to
the new water demand is simulated in the second section. For a given study area, the model
generates several new nodes at each time steps. Then the new nodes are connected to the existing
network through edges forming a tree structure. The reliability of the network can also be increased
by producing a looped network through extra edges. The generation of demand node itself is a
complex process which makes it difficult to model real engineered complex systems. The topology
of the water demand nodes follows the expansion and distribution of population in the city. Power
law can be used to describe the expansion of a city. The distribution of any urban forms can be
illustrated by using the following scaling function of the population (P) over the urban area (A)
[41, 42];

A « P@ (3.1)
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where a is the scaling factor illustrating how urban area grows with population. The coefficient a
varies as the location and time changes. This spatio-temporal change reflects different urban forms
that are limited by the spatial and economic factors [43-46]. The water demand nodes generated
in this study are developed following this scaling function. The demand node generation starts
with one root node representing the reservoir located at the center of the given area. At each time
step, multiple water demand nodes would be added at random following the scaling function. The
number of nodes generated is proportional to the population if water demand of each node is
assumed to be identical. Hence, new nodes are added with side length 2R, where R is measured
by:

R o N®/? (3.2)
where N is the total number of water demand nodes. The side length increases with total number
of water demand nodes. It simulates the sprawling of urban area. The number of initial water
demand nodes is No with side length 2Ro. The population growth rate governs the number of new
water demand nodes generated at each time step. Based on the data from U.S. census bureau, the
average yearly population growth rate in the United States was 1.3% in the 20th century. The
growth of WDN is usually modeled for about 20 years [47]. So, the expansion of new water
demand nodes is set to be 30% for each time frame in this study. Unrealistic demand node may be
generated because of in-fill development when two nodes are too close to each other. To prevent
this, an engineering constraint is introduced as the distance threshold ro. If two nodes are produced
within this threshold, they will be merged into one. If a new node is generated within the distance
ro to an existing node in the network, the new node would be removed. The existing node is taken

as a connected new water demand node.
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After generating the nodes, the edges need to be generated to connect the nodes. The
optimization of the network can be achieved by considering both the total length of pipes and
shortest path distances from the root to demand nodes. An increase in total length of pipes increases
the total capital cost. The capital cost can be minimized by using a minimum spanning tree (MST)
[48] which produces a star structure that connects each node directly to the root. The shortest path
distance stands for operational energy demand and water age. A tradeoff between the total length
of pipes and shortest path distance is usually considered in real-world network. Gastner and
Newman [5] proposed a growth model with local minimization process considering both total
length of edges and shortest path distances from root node to other nodes. The edge generation
mechanism used in this study is designed from the local minimization process developed by
Gastner and Newman [5]. They considered both total length of edges and shortest path distances
from root node to other nodes in their spatial distribution network model. In our model, an
unconnected new water demand node i is connected to an edge in the existing network following
the objective function:

where d;;is the Euclidean distance from a water demand node i to node j which is the closest point
on the potential edge to node i, djo is the Euclidean distance along the shortest path of the network
from root node (reservoir) to node j. f can be used to control whether the network will be a
minimum spanning tree or a star structure. The higher the value of g, the more the possibility of
creating a star structure. For lower values of f, the generated network will be a tree structure.

In real world, water distribution system may suffer from disconnection or disorder. The
edge generation process mentioned above will produce a tree structure which might lead to a break
down in the whole network in case there is a problem at some part of the network. So, such kind

of network is not good in terms of reliability. Real world WDN contain loops which increases the
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reliability of the network. Another optimization mechanism is used in our model to take care of
this issue. For the new water demand node i, an extra edge can be added to connect it to another
edge through node k by minimizing the distance:
min(d;) (3.4)

WDN:s are usually planar network [19], so the extra edge shall not be intersecting with other edges.
Network graph and engineering rules are used to govern the generation of edge to form a looped
structure. The distance between node k and node i should be less than a given maximum distance
dmax. The value of the parameter dmax can be used to control the amount of looping in the network.
A higher value of dmax Will increase the level of looping in the network. Loops in WDNs are mostly
quadrilateral [19]. So, the new node i should be restricted from directly connecting to one edge
repeatedly which might result in a triangular cycle. Hence, the geodesic distance between node k
and new node i should be larger than 2. A real-world WDN is usually less connected than a grid
network [23]. So, the degree of new node i shall be lower than 3. Tree-structured networks usually
have a lower degree than the looped network. The angle between the incident edge and extra edges
is an important factor in edge generation. This angle is measured by using the parameter 6. The
arrangement of WDNs follows certain street pattern [49] and in practice, the angle between two
roads are not usually very small. So, 8 should be greater than certain minimum angle Gmin and Gmin
is set to 45° in our study to obtain a more realistic street pattern [50].
3.2 Integration of GIS into the model

The integration of GIS into the model involves three primary steps: (1) processing the
shapefile of the study area in ArcMap; (2) importing the shapefile into MATLAB; (3) modifying
the model in MATLAB so that it can read the shapefile and draw the water distribution network

within the boundary provided by the shapefile. First of all, the shapefile of the study area is
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collected from an available data source. There are many data source for GIS shapefiles such as:
U.S. Census, USGS, Geospatial Data Gateway etc. Then, all the features in the study area need to
be aggregated into a single feature. The dissolve tool in ArcMap is used to merge all the features.
ArcMap has an editor toolbar which allows editing the features of any layer. This toolbar is used
to draw restricted areas on the study area. The determination of restricted areas is an important
step in this study and is performed by following the dasymetric mapping technique. Dasymetric
mapping is a method of thematic mapping which uses discrete areal data to visually represent a
statistical surface [51]. The use of areal interpolation allows to include additional information
about the study area and enables to visualize data distributions which would otherwise be obscured
[52, 51]. This mapping method allows displaying a more realistic distribution of the data by
reducing spatial discontinuities in the data produced by the boundary units of the collected
information [53]. This mapping technique was first developed by Russian geographers who
defined dasymetric maps as density measuring maps [54]. Dasymetric mapping is used in this
study to provide a more realistic estimate of how the water demand nodes and edges may be
distributed within the study area. This is achieved by using ancillary data to produce a new group
of areal units that improve the representation of the data surface. Limiting variables and related
variables are the two types of ancillary data variables used in general. Limiting variables can be
used to remove areas where data variable (water pipeline) could not exist [51]. Typically, water
pipelines cannot pass through any waterbodies such as lakes, streams, rivers etc. So, waterbodies
is an example of limiting variable in this study and all the water bodies within the study area are
selected as restricted areas. Related variables have some kind of association or relationship with
the data variable which can be used to predict the distribution of the data variable [51]. Population

density and road density are used as related ancillary attributes in this study. Population is the basis
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for water demand [3]. There is usually higher water demand in locations of high population
density. The growth in populations in an area increases water demand for domestic, industrial and
municipal uses. In particular, population growth is primarily responsible for the increase in
domestic water demand [55]. Now, the demand for transportation is higher for a given population
in a large unit than in a small one [56]. So, there will be more roads per unit area in places where

the population per unit area is higher [57].
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Fig 3.1. A map showing the variation of population density in Athens Clarke County
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Fig 3.2. Road network in Athens Clarke County
It has already been mentioned that the water demand is higher in places of high population
density and now it has also been deduced that higher population density is a major cause of high
road density. So, a direct relationship can be considered between water demand and road density.
There is higher water demand in locations of high road density. In real world, water distribution
network generally follows road network and more dense water network is found in places of dense
road network. In fact, the WDN for our case study area in Athens Clarke County matches closely

with its existing road network.
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Fig 3.3. Water distribution network in Athens Clarke County

So, all the areas where no roads are present are also included in our restricted zone. This
concludes the identification of the restricted zones using dasymetric mapping technique. After
identifying all the restricted areas, they are drawn on the layer as a separate feature. Then those
features are used to clip the study area to create holes which resemble the restricted areas. This
concludes the processing of the study area in ArcMap. The next step is to import the study area
into ArcMap. MATLAB can read vector features and attributes from shapefile by using the
function “shaperead”. This function reads vector features and attributes from a shapefile and
returns a geographic data structure array. A successful import of the shapefile allows generating

the WDN within the given study area.
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The final step involves generating the WDN within the unrestricted areas. The WDN can
be modeled as a graph G =G (N, E) where N is the set of nodes and E is the set of edges connecting
the nodes. The model generates WDN in a dynamic two-stage process. The first stage simulates
the generation of new water demand following the growth of the urban network. At each time step
t, multiple new water demand nodes would be generated for the given study area. The model
detects restricted areas within the polygon of the study area as holes and does not create any
demand nodes within those restricted areas. The second stage simulates the expansion of WDN
due to the new water demand. As the demand increases, pipes are added into the system to connect
new water demand nodes to the existing network. During the link generation, the program can
identify whether a line joining two nodes would pass through the restricted areas and prevents
generation of edges through the holes. In this way, the model can be used to generate WDN within

the study area following the road network and avoiding waterbodies.
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Fig 3.4. Dynamic generation of water demand nodes and edges. Water demand nodes generated
avoiding the restricted areas (top). The links generated to connect the existing nodes and more new

nodes are generated (middle). The links generated also follows the geographic restriction (bottom).
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3.3 Flow Diagram of the WDN generation process
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Figure 3.5. Schematic flowchart.
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CHAPTER 4
RESULTS AND CONCLUSION

4.1 An example of generated WDN

After setting up all the criteria, the model is prepared to run for a particular study area. In
this research, Athens Clarke County is chosen as the proposed study area. First, the shapefile of
the Athens Clarke County is processed in ArcMap to include all the restricted areas. Then the layer
is imported into MATLAB to generate water distribution network for Athens Clarke County. There
are several modifiable parameters in the model to regulate the growth of the network. The scaling
factor « can be used to simulate different urban forms. The larger the value of a, the more sprawled
the water demand nodes will be. Since Athens is a sprawled city, so a higher value of a is used in
this study. The weighting coefficient £ allows regulating the weight of the shortest path distance
to the root. There is a tradeoff between the total length of pipes and path distance from water source
to consumer. So, a small value of § is used in this model. The value of the parameter dmax can be
used to control the amount of looping in the network. A higher value of dmax will increase the level
of looping in the network. Real world WDN are usually partially looped. So, the value of dmaxwas
adjusted to achieve a partial looping of the network. After specifying all the parameters, the model
has been run to generate WDN for Athens Clarke County. Figure 6. Shows the generated WDN

which is a nearly fully looped structure around the center due to high population density.
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Fig 4.1. Generated WDN for Athens Clarke County

4.2 Comparison with real-world WDN

After generating the WDN, the next step is to validate the generated network. One of the

ways to validate the network is to compare the structural properties of the generated WDN with

the structural properties of real-world networks. The structural properties of the eight real-world

networks (Figure 3.2) along with the generated WDN for Athens Clarke County (Figure 4.1) are

listed in Table 4.1. The metrices used by researchers to explain the structural properties of WDN

are described in section 2.2.

Table 4.1. Structural properties of eight real-world WDNSs and the generated WDN (n, nodes; m,

edges; e, edge density; <k>, average node degree; kmax, maximum node degree; g, route factor;

r'm, meshedness; A2, Algebraic connectivity).

e

<k>

kmax

m

A2

East-Mersea?

755

769

2.70x10°3

2.04

1.54

0.01

1.97x10*
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Colorado

Springs® 1786 | 1994 | 1.25x10° | 223 | 4 | 1.45 | 0.06 | 2.43x10™
Kumasi? 2799 | 3065 | 7.83x10* | 219 | 4 | 146 | 0.05 | 9.40x10°
Richmond? 872 957 | 2.52x10% | 219 | 4 1.67 | 0.05 | 6.09x10°
Blacksburg® 31 35 7.53x10% | 226 | 4 0.09 | 4.19x10?
Fossolo® 37 58 8.71x102 | 3.14 | 4 0.32 | 7.37x1072
Pescara® 71 99 3.94x102 2.79 5 0.21 3.26x1073
Modena® 272 | 317 | 8.60x10° | 233 | 5 0.09 | 4.06x10°
5

Athens, GA 756 1012 | 3.55x10° | 2.68 131 0.16 1.28x10°3

3Data from Yazdani and Jeffrey’s works [19]
bData from De Corte and Sorensen’s work[23,42]

The generated WDN for Athens Clarke County has 756 nodes and 1012 edges. The
number of nodes and the number of edges in the generated WDN is smaller than Colorado Springs
and Kumasi while more than all other networks. This is expected because both Colorado Springs
and Kumasi are larger than Athens and the total population in both of these cities are also higher.
So, both of those cities have higher water demand and larger network is required to cover all the
areas. The edge density of the generated WDN is small which is similar to all the real world WDN.
This shows that the generated WDN is a sparse network similar to the real world networks. The
generated WDN has an average node degree of 2.68 which is larger than 2 but much smaller than
4. This is also evident in the results of the real world networks which implies that the generated
WDN is much less connected than the grid network. Similar to some real-world network, the
generated network has a maximum node degree of 5 and a minimum node degree of 1. The
generated network has a similar but slightly smaller route factor than the real world networks
which means that the simulated network is more efficient in distributing water. The number of
loops for the generated network is smaller than Fossolob and Pescara but larger than other reported

networks. This is due to the fact that the generated network has a fully looped structure at the
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center of the network. The algebraic connectivity for the generated WDN is higher than the real
cases reported by Yazdani and Jeffrey and lower than those reported by De Corte and Sérensen.
This implies that the simulated network is more robust than the real world networks reported by
Yazdani and Jeffrey and less robust than those reported by De Corte and Sérensen. Overall, there
is a similarity in general with the generated water distribution network and the real world networks.
The generated WDN is also compared with the real WDN for Athens Clarke County. The structural
properties of the real WDN for Athens Clarke County along with the generated WDN for Athens
Clarke County (Figure 4.1) are listed in Table 4.2.

Table 4.2. Structural properties of real-world WDN for Athens Clarke County and the generated
WDN (n, nodes; m, edges; e, edge density; <k>, average node degree; kmax, maximum node degree;

m/n, edge-per-node ratio; rm, meshedness).

n m e <k> kmax m/n I'm
Real-world 5
o 20063 | 20701 | 7.03x10° | 204 | 4 | 1.02 | 001
Generated 756 | 1012 | 3.55x10° | 268 | 5 | 1.34 | 0.16
e . . . .

The number of edges and the number of nodes is higher in the real network. There are many very
small pipes which results in a large number of edges and nodes. The edge density of the real-world
WDN is smaller than the generated network. This shows that the real-world WDN is sparser than
the simulated network. The real-world WDN has an average node degree of 2.04 which is larger
than 2 but much smaller than 4. This is also evident in the generated WDN. The real-world network
has a maximum node degree of 4 and a minimum node degree of 1 whereas our generated network

has a maximum node degree of 5. The edge-per-node ratio of the real-world network is similar to
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the simulated network. The number of loops for the generated network is larger than the real-world
network indicating that the simulated network is more reliable.
4.3 Conclusion

The primary purpose of the research is to bridge GIS and complex network analysis. A
complex network model is used to model the growth of water distribution network (WDN). The
model is developed following the combination of local optimization rules and engineering
considerations. The demand nodes generation is dynamic and is governed by the scaling law of
urban growth. A case study is performed to generate water distribution network (WDN) for Athens
Clarke County. Along with the scaling law of urban growth, the growth of the network is also
guided by geographic restrictions to simulate a real-world network. Dasymetric mapping method
is used to determine restricted zones for the simulation of the WDN. This mapping technique
provides a more realistic estimate of how the water demand nodes and edges may be distributed
within the study area. Waterbodies are used as limiting variables whereas road density and
population density are used as related variables in this study. Based on some structural properties,
the developed model for Athens Clarke County is compared with real-world WDN’s reported by
other studies and with the real-world network for Athens Clarke County. Comparison with other
real-world networks showed that the structural properties of the generated WDN comply with the
values reported for real-world WDNSs. This indicates that a practical WDN can be simulated by

introducing geographic considerations into complex network approach.
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