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Abstract An attempt is made to develop an integrated system model for the structure of water
resources development and management system. The system consists of five subsystems such
as watershed management, groundwater development, surface water management, field level
development and climate change along with interactions between them. The system is first
modelled in the form of hierarchical tree and integrative block diagram for better understand-
ing and analysis. Graph theoretic and matrix models are then developed for storage, retrieval
and computer processing. Variable permanent matrix model and variable permanent function
in the form of multinomial are the structural models of the system and characterize the water
resources development and management system conclusively. Permanent function presents a
powerful and exhaustive analysis procedure to generate alternate solutions for the decision
makers for the benefit of stakeholders. Coefficient of similarity and dissimilarity are useful
matrix for comparing different solutions. SWOT analysis is proposed before taking final and
optimum decision on different issues related to water resources development and management
system. An illustrative example of groundwater development subsystem is taken to demon-
strate the application of methodology.

Keywords Graph theory .Water resources system . Digraph approach . Permanent function

1 Introduction

Many countries are facing an acute shortage of water due to the increased population,
industrialization, urbanization and higher standard of living. Industrial and agricultural activ-
ities are not only increasing the water demand but also degrading the water quality. Polluted
water leads to serious health problems and threat to the ecological system. Therefore manage-
ment of the water resource system is necessary both in terms of quantity as well as quality.
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Several studies have been conducted on water resources planning and management
(Chaturvedi 1987; Zarghami et al. 2008; Ako et al. 2010; Nikolic et al. 2012). Several
researchers applied the multicriteria decision making analysis for sustainable water resources
planning and management in different case studies (Duckstein et al. 1994; Raju et al. 2000; Lee
and Chung 2007; Zarghami et al. 2008; Calizaya et al. 2010; Coelho et al. 2012). Sandoval-
Soils et al. (2011) developed water resources sustainability index which make possible to
evaluate and compare different water management policies with respect to their sustainability.

The application of the system approach gives better decision for a complex water manage-
ment problem. The system approach of water resources planning is not restricted to mathe-
matical modelling. It represents a fairly structured and ordered manner along with the
important interdependencies and interactions among the various control structures and users
of a water resource system for better decision making. Compared with the conventional
simulation or optimisation models, the system dynamics approach is more beneficial for
indicating how different changes of basic elements affect the dynamics of the system in the
future. It is therefore particularly useful for representing complex systems with strong influ-
ences from social or economic elements. Several researchers applied system based approach
for sustainable water resources management in different case studies (Xu et al. 2002; Tsakiris
et al. 2013; Ghashghaei et al. 2013).

On the other hand, graph theory technique is a systematic and logical approach that has
been applied in various disciplines to make and analyse the systems (Gandhi and Agrawal
1996). It is also widely gaining popularity as a potential tool for decision making in any type of
complex problem. Many system approaches like linear programming, dynamic programming,
optimization techniques and management techniques have been used by many researchers in
the past to address water resources management problems. These techniques do not consider
the influence and interactions between different subsystems of water resources management.
Graph theory is an integrative systems approach to consider and model structural components
of water resources management system along with interrelationships (interactions, depen-
dence, flow and management decisions) between them concurrently and integratively. A few
literatures are available on the application of graph theory on water resources management in
water distribution network (Jacobs and Goulter 2007; Mohan Kumar et al. 2008). Some of the
researchers have also applied the graph theory in different fields such as total quality
management (Grover et al. 2006) as well as in manufacturing system management (Singh
and Agrawal 2008).

From the above literature review, it can be said that a number of research contributions are
available to manage a component of water resources system but no one has considered the
structural constituents for modelling, analysing and evaluating the water resources system
along with their interactions. No methodology is available for an integrated system approach
for analysing the water resource system i.e. by considering the subsystems as its constituents
and their interactions, interdependences and connectivity. There is a need to develop a
mathematical model for analysis and indepth understanding of water resource system at the
conceptual stage.

2 Methodology

2.1 Identification of Structural Constituents in Water Resources System

In order to develop the systems mathematical model, it is necessary to identify the structural
constituents of water resources system. Five subsystems are identified to describe integrated
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water resource systems. Integrated development and management of these subsystems permits
the improvement in performance, effective and efficient functioning and decision making.
Figure 1 shows the tree diagram of water resources system which consists of subsystems and
decomposition of the subsystems into lower level. Tree diagram of water resource

Fig. 1 Water resources system tree diagram
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development and management is designed to include all the issues needed to be addressed for
effective and efficient functioning. It is flexible enough to accommodate new aspects and
delete unnecessary one. Figure 2 shows the cause and effect diagram of water resources system
development. This helps to identify different issues which should be addressed during
development and management of water resources system. In this paper, the modelling and
analysis is limited to first level decomposition only to demonstrate development of method-
ology. The first level subsystems are

S1: Watershed management subsystem
S2: Groundwater development subsystem
S3: Surface water resources development subsystem
S4: Field level development subsystem
S5: Climate change subsystem

These five subsystems are selected to represent structurally a comprehensive water re-
sources system and permit to address most of the issues related to the system.

2.2 Interactions in the Subsystem of the Water Resources System

Since Figs. 1 and 2 do not show the interdependencies between the different subsystems, an
interactive schematic diagram is developed in Fig 3 to show the interdependencies between the
different subsystems.

Precipitated water on watershed joins to surface water through runoff. Watershed subsystem
has direct influence on surface water subsystem. The surface water also influences the
watershed subsystem. As the pathway of river changes, it influences directly the area of the
watershed. Similarly precipitated water in watershed joins to groundwater through infiltration.
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Fig. 2 Cause and effect diagram of water resources system development
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So watershed subsystem has direct influence on the ground water subsystem. When
waterlogging takes place, groundwater subsystem influences the watershed.

Surface water joins to groundwater through infiltration and groundwater also contributes to
surface water when water table will be above the bed of the stream. It indicates that both the
surface water and groundwater subsystems influence each other. Climate change is significant
change in measures of climate such as temperature, precipitation or wind. Climate change
causes extreme precipitation and water vapour, snow and land ice melting, possible increase on
evapotranspiration, change in runoff and river discharges. The ocean influences climate on
regional and global scale while change in climate can fundamentally alter certain properties of
ocean. Weather modification can be done artificially i.e. precipitation is possible through
artificial rain. This indicates that watershed, groundwater, surface water and field level
development subsystems are influenced by climate change subsystem. Since the ocean
influences climate on regional and global scale, surface water, watershed, and groundwater
subsystem also influence the climate change. Similarly climate change occurs due to field level
development such as constructing dam, reservoirs etc. This indicates that the field level
development is also influencing climate change. Pollution, deforestation etc. in a watershed
can influence the climate change. Field level development has direct influence on groundwater
as it decreases the infiltration of water and also influence on surface water subsystem as runoff
volume increases. Artificial recharge structures are constructed to increase the level of ground
water. When water logging takes place subsurface drainage is necessary. It indicates the
influence of groundwater on the field level development. The interaction between the subsys-
tems may not be always having equal weightage. So the interdependency weightage depends
upon the extent of one subsystem interact with another subsystem. The interaction is coded into
strong interaction, medium interaction, weak interaction and insignificant i.e. no interaction.

A few issues are identified and are associated with above five subsystems. They are a)
adverse impact on fresh water caused by pollution, erosion or changes in the course of river b)
water logging c) environmental degradation d) reservoir sedimentation etc. which can be
improved through this model. The method provides a clear picture of all the issues in an
integrative manner leading to generation of a large number of alternative solutions.
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Fig. 3 Interactive block diagram of water resources system
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2.3 Development of Graph Theoretic Model

Graph theoretical representation is a mathematical model and is very convenient for a
visual study. In order to make post processing of graph theoretical results, it is necessary to
convert these graphs into algebraic models for better computer processing. A matrix is a
convenient way for representation of a graph to a computer. Figures 1, 2 and 3 are the non
mathematical models and are not suitable for computer processing. In Fig. 4, a diagraph is
developed which represents a mathematical model. Interaction/interdependencies/interrela-
tionships between five subsystems may be of three types under different circumstances.
These may be directed, undirected or both between any two subsystems depending upon
type of interactions between two subsystems. This leads to three types of representations
called as directed graphs or digraphs, undirected graphs and hybrid graphs. In Fig. 4
digraph representation is selected for the development of general methodology for water
resources system shown in Fig 3.

Let five subsystems by water resources development and management system be repre-
sented by nodes Si , i =1,2,…,5 and interactions between two subsystems i and j be represented
by edges eij and eji. The directed edge eij represents the influence of subsystem i on the
subsystem j where directed edge eji represents the influence of subsystem j on subsystem i. If a
graph contains both types of directed and undirected edges, the graph is known as hybrid
graph. If a graph contains only undirected edges, the graph is known as undirected graph. Fig 4
is a directed graph (digraph) representation of a general five subsystems of water resources
development and management system. A real water resources development and management
system may have edges with different weight factors depending upon the importance/effect of
interactions of ith subsystem on jth subsystem.

Graph theoretic and matrix model consists of digraph representation, matrix representation
and permanent representation. Diagraph representation is useful for visual analysis. Matrix
model is useful for computer processing. Figure 4 shows the water resources management
digraph for five factors. A digraph is used to represent the factors and their interdependencies
in terms of nodes and edges. These are the directed graphs as it has directional edges. Awater
resources management digraph represents its subfactors (Si) through its nodes and edges

Fig 4 Structural graph of integrative water resources system
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correspond to the dependence factors (eij). eij represents the degree of dependence of j th factor
on the i th factor and it is directed edge from node i to node j.

Matrix representation for water resources system:
There are many methods of representing the graph in the matrix form and two of them are

the incidence and adjacency matrices (Deo 2000). The adjacency matrix being a square matrix
is more suitable for developing algebraic results and is chosen for this purpose.

Adjacency matrix:
The adjacency matrix of the graph G with five nodes is a five order binary (0,1) square

matrix, A=[ai,j] such that:

aij ¼ 1; if subsystemihaveaninfluenceonsubsystem j
0; if i and jarenot connected

� �

Thus the adjacency matrix A for the water resources system graph G can be written as

A ¼

0 1 1 1 1
1 0 1 1 1
1 1 0 1 1
1 1 1 0 1
1 1 1 1 0

2
66664

3
77775 ð1Þ

Since a factor is not interacting with itself aii=0. So the diagonal elements are represented
as 0. Off diagonal elements are represented as 0 or 1 based on their interdependency /
connectivity. (0,1)- matrix representation is not in a position to model a real water resources
system because of its limitations.

Water resources system characteristic matrix:
The adjacency matrix A is representing the interrelationships only, while the water

resources system characteristics are not represented. A water resources system characteristic
matrix B is defined which characterizes the system. Water resources system characteristic
matrix B is expressed as [λI-A] where I is an identity matrix of the same order as A

B ¼

λ −1 −1 −1 −1
−1 λ −1 −1 −1
−1 −1 λ −1 −1
−1 −1 −1 λ −1
−1 −1 −1 −1 λ

2
66664

3
77775 ð2Þ

where λ represents eigen values for the matrix.
As the common matrix operation allow the rows as well as columns to change positions

without affecting the value of the matrix, a matrix cannot be considered as an invariant and
thus not a unique representation of the interactions or the water resources system character-
istics. The determinant of the water resources system characteristic matrix B leads to an
invariant of this matrix and is developed as in equation given below.

λ5−6λ3−8λ2−3λ

This characteristic polynomial is an invariant representation of the water resources system.
It forms the basis for characterising the water resources system information uniquely. As this
fails to distinguish different subsystems as well as levels of interactions between them, it is not
comprehensive to characterize the water resources system completely.
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2.4 Water Resources System Characteristic and Interdependence Variable Matrix

Another matrix C, called as water resources subsystem characteristic and interdependence
variable matrix is developed to overcome the limitation of nondiscrete representation of the
subsystem of water resources system and the variable level of interactions in the subsystem in
the matrix B. A five order interactive square matrix E with off diagonal elements eij
representing varying levels of interactions between the subsystem is defined as in Eq (3).

E ¼

0 e12 e13 e14 e15
e21 0 e23 e24 e25
e31 e32 0 e34 e35
e41 e42 e43 0 e45
e51 e52 e53 e54 0

2
66664

3
77775 ð3Þ

The matrix E does not contain information related to five subsystems and needs to be
updated to represent water resource development and management system conclusively.

Another subsystem matrix D, a diagonal matrix with diagonal elements representing five
different subsystems is defined as in Eq (4).

D ¼

S1 0 0 0 0
0 S2 0 0 0
0 0 S3 0 0
0 0 0 S4 0
0 0 0 0 S5

2
66664

3
77775 ð4Þ

The variable characteristic matrix C is developed by substracting the matrix D from matrix
E as in Eq.(5)

C ¼ D−E½ � ð5Þ
The determinant of matrix C (eij≠0) contains n! i.e.120 terms. Each of these 120 terms

represents distinct combinations of five subsystems. This matrix distinctly represents charac-
teristic features of the subsystems and their interactions. The matrix (5) does not represent the
water resources system uniquely as row and columns can be interchanged. There is a weak
interaction of climate change subsystem with watershed management subsystem, groundwater
development, surface water development and field level development subsystem, so e15=e25=
e35=e45=0 are substituted in matrix C. The determinant of matrix C is an invariant of the water
resources system and is in the multinomial form as shown in Eq. (6). The second group is
generally absent in the absent of self group.

DetC ¼

S1S2S3S4S5½ �þ
−S1S2S5e34e43−S1S4S5e23e32−S3S4S5e12e21−S2S4S5e13e31−S2S3S5e14e41−S1S3S5e42e24½ �þh
−S1S5e23e34e42−S1S5e24e43e32−S4S5e12e23e31−S3S5e12e24e41−S4S5e21e13e32−

S2S5e14e43e31−S2S5e13e34e41−S3S5e14e42e21
i
þh

−S5e21e12e34e43−S5e13e31e24e42−S5e14e41e23e32−S5e12e23e34e41−S5e12e24e43e31−

S5e13e34e42e21−S5e13e32e24e41−S5e14e43e32e21−S5e14e42e23e31
i

ð6Þ
The loops and dyads in Eq. (6) can be represented in a simple manner as in Eq. (7). In Eq.(7)

the dyad between subsystems Si and Sj is represented as a loop Lij in place of eij and eji. A loop
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between subsystem Si, Sj and Sk i.e. eijejkeki has been represented as Lijk and the reverse loop of
ejieikekj has been represented as Ljik. Similarly the loops eijejkekleli are represented by Lijkl.

DetC ¼
S1S2S3S4S5½ �þ
−S1S2S5l34−S1S4S5l23−S3S4S5l12−S2S4S5l13−S2S3S5l14−S1S3S5l24½ �þ
−S1S5l234−S1S5l432−S4S5l123−S3S5l124−S4S5l132−S2S5l431−S2S5l134−S3S5l421½ �þ
−S5l12l34−S5l1234−S5l2431−S5l1342−S5l13l24−S5l1324−S5l1432−S5l1423−S5l14l23½ �

ð7Þ

2.5 Composite Performance Index and the Permanent Function

The determinant of the matrix expressed in Eq. (5) is represented in Eq. (6). It is seen from
Eq. (6) that some of its coefficients carry positive signs and some of its coefficient carries
negative signs. This indicates that some information will be lost due to addition or substraction
of numerical values of the terms of Eq. 6 or Eq. 7. Thus the determinant of the variable
characteristic matrix does not provide complete information of the water resources manage-
ment. This prompts to develop another matrix known as permanent matrix which will provide
the complete information of water resources system. The permanent matrix is obtained when
the negative sign from all the elements of Eq. (5) are converted into the positive ones (Minc
1966) as shown in Eq. (8). Permanent representation characterizes water resources system
uniquely. It represents the effect on water resources system uniquely by a single number, which
is useful for comparison, ranking and optimum selection.

P ¼

S1 e12 e13 e14 e15
e21 S2 e23 e24 e25
e31 e32 S3 e34 e35
e41 e42 e43 S4 e45
e51 e52 e53 e54 S5

2
66664

3
77775 ð8Þ

The diagonal elements represent the contribution of five subsystems of water resources
system and the off diagonal elements representing the interdependencies between the subsys-
tems. In order to represent the water resources system uniquely, a permanent function of the
matrix is developed. The permanent function, a standard matrix function, is similar to
determinant except the sign. The permanent function carries all the terms with positive sign
having a physical significance related to the system. The single numerical value is the
representation of a typical water resources system in a quantitative term.

The permanent function of the matrix P in Eq. (8) is developed and represented in Eq.(9) in
a general sigma form.

∏
i¼1

5
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X
k

X
l

X
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� �
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2
66664

3
77775

(9)
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The permanent function Per (P) differs with the multinomial Det (C) in Eq. (7) only in the signs
of certain terms. The permanent functionmodel is unique and complete structural representation of
the water resources system with the added advantage of using numerical values of each term
without any chance of losing important information in the total numerical index. The numerical
index developed based on the permanentmultinomial terms in Eq. (9) by giving numerical value to
individual structural element is considered a composite score of the total water resources system in
any performance dimension depending upon one selected for giving values to individual structural
elements. This score is useful for comparison and ranking the different water resources systems.
The numerical values are assigned to various subsystems and their interactions depending upon the
level of effective interactions between the subsystems. For complex subsystems, the numerical
value may be assigned by determining the permanent function for lower comprehensive units. i.e.

S1=Per (PS1); S2=Per (PS2); S3=Per (PS3); S4=Per (PS4); S5=Per (PS5);

Where PS1, PS2, PS3, PS4, PS5 are the variable permanent matrices for all five sub
systems. This shows that this methodology is applied in bottom up approach i.e. from lowest
level to top water resources system level and gives the complete structural evaluation of the
water resources system.

The structural elements eijeji, eijejkeki, eijejkekleli in Eq. (9) correspond to the subsystems
interacting in the form of a dyad, three-subsystem, four-subsystem loops. These terms are subsets
of water resources system. The first term represents a set of five unconnected water resources
management elements. Due to the nonexistent of self loops, the second group is absent. When a
stream of water is taken from a reservoir to operate hydraulic turbine, flour mill etc. and returns
back to the subsystem can be represented by the self loop at the vertex representing reservoir
subsystem. Each term of the third group represents a set of two element loop (dyad) and three
unconnected elements. Each term of the fourth group represents a set of three-element loops and
two unconnected elements. The fifth group contains two subgroups. Each term of the first subgroup
represents two sets of two element loop and one unconnected elements and each term of the second
subgroup represents one set of four element loop and one unconnected elements. Figure 5 shows
the graphical representation of different terms in different groups of the permanent multinomial.

3 Structural Analysis

Every term of the multinomial is a typical combination of structural elements i.e. subsystems
si, dyads e

2
ij (a set of 2 subsystems), eij, ejk, eki (a closed loop of three subsystems) and other

closed loops of more subsystems. Each of these structural elements provides new information
based on different situations. So for m number of distinct terms corresponding to m number of
situation, m distinct alternative decision about development and management of water
resources system are generated leading to selection of an optimum decision.

For example, the term S1S2S5l34 belongs to third group. It represents the goal of the water
resources system in the direction of constructing an efficient canal networks along with proper
land management. It has a set of three distinct subsystems. They are watershed subsystem,
groundwater subsystem and weather modification and forecasting subsystem. The other two
set of subsystems are in a loop. The element e34 is a part of loop (e34 e43) because the
efficiency of the field level development depends on the surface water subsystem as land water
system is altered due to meandering of rivers. The watershed subsystem, groundwater sub-
system and weather modification and forecasting are contributing to increase in efficiency in
an independent manner by facilitating and controlling the subsystem.
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Similarly the term S1S5L234 belongs to fourth group. It represents the goal of the development
of water resources system in a loop of groundwater, surface water and field level development.
The element e23 (e23 e34 e42) is a part of loop because the efficiency of surface water subsystem
in summer season depends on the groundwater subsystem and the field level development
consists of constructing canals, dams etc. directly depends on surface water subsystem through
edge e34. The groundwater subsystem also depends on field level development by constructing
dugwell for artificial recharge. The above discussions reveal that the term S1S5L234 describes the
importance of artificial recharge of groundwater. The watershed subsystem and weather mod-
ification subsystem are contributing to above cycle in an independent manner.

4 Identification and Comparison of Water Resources System Structure

Five subsystems are considered for a water resources development and management system
for the development of methodology. Eq. (9) shows that for five systems, the permanent

First Group Second Group No term
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Fifth Group (a) Fifth Group (b)
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Fig 5 Graphical representation of permanent multinomial
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multinomial contains 5! i.e.120 terms if no eij is zero. All 120 terms of the permanent
multinomial identify all possible structural patterns contributing towards varying goals of the
water resources system. It serves as 120 structural tests that may be used to analyze the total
water resources system in 120 distinct ways. A systematic technique for the structural
identification and comparison of the water resources system is developed. Eq. (9) contains
terms arranged in n+1 grouping. Since here n=5, Eq. (9) is arranged in six groups.

Comparison of water resources system structure:
Since a number of alternatives are available in order to develop water resources system in a

particular region, it is possible to find out the most suitable one which will be adopted for that
region. All the attributes present in permanent multinomial represent the real subsystem of
water resources system structure and can be used to compare different alternatives. This
structure based comparison helps in the process of developing new design of water resources
system development and management. Identification set of numbers for characterizing a
particular water resources system is defined as

J 1=J 2=J 3=J 4=−−−=J k1 þ J k2 þ −−J kl=−−−½ � ð10Þ

Where Jkl is the number of distinct terms in the lth subgroup of the kth subgroup of the
permanent function (Eq. 9). This set is a powerful tool for comparison between two water
resources system. Coefficient of similarity and coefficient of dissimilarity are defined using
these numbers to identify structural closeness between two systems.

The coefficient of similarity and dissimilarity give a systematic method of comparison of
the water resources system structure. The coefficient of similarity and dissimilarity (Singh and
Agrawal 2008) is defined by two criteria shown in Eq. (11 and 12)

Criteria 1:

Cd −1 ¼ 1

Y 1

X
k

X
l

ϕkl ð11Þ

Y 1 ¼ max
X
k

X
l

J kl and
X
k

X
l

J =kl

" #

ϕkl ¼ J kl−J
=
kl

h i

WhereCd-1 is Coefficient of dissimilarity and Jkl and J’kl are the numbers of distinct terms in
the lth subgroup of the kth group of the permanent function of the two water resources systems.

Criteria 2:
Another criteria with more discriminating power is defined as

Cd−2 ¼ 1

Y 2

X
k

X
l

ϕ2
kl

" #1=2
ð12Þ

Y 2 ¼ maximum
X
k

X
l

J kl½ �2 and
X
k

X
l

J =kl

h i2" #

ϕkl ¼ J kl−J
=
kl

h i
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The value for the coefficient of dissimilarity will lie between 0 and 1. The coefficient of
similarity can be calculated as

Cs−1 ¼ 1−Cd−1
Cs−2 ¼ 1−Cd−2

Where Cs-1 and Cs-2 are the coefficients of similarity of two different water resources
systems by criteria 1 and 2 respectively. If the value of coefficient of similarity is one, then it
can be said that both the systems are completely similar. Since the different terms of permanent
multinomial are contributing the different goals of the water resources system, the differences
or similarities in these terms shifts the goals of the water resources system development. The
total comparison is carried out based on the characteristic values of different subsystems. Since
all the interactions are incorporated in permanent multinomial per(P), the numerical values
assigned to these terms will result a single index of the total water resources system
development.

5 Quantification of Factors and Their Interdependencies

The various subsystems affecting the water resources system is identified in Fig. 1. Similarly
various factors affecting the subsystems are also identified in Figs. 1 and 2. The variable
permanent function of each subsystem per(Psi) is evaluated. The evaluation of variable perma-
nent function is to be started from bottom level. In order to avoid the complexity, a suitable
value is assigned at subsystem or sub subsystem level. The value depends on weightage of that
subsystem on the total system. Table 1 suggests the numerical values of factors based on their
importance on the total water resources system as well as their interdependencies.

6 Application of Methodology

In order to demonstrate the proposed methodology, the groundwater development subsystem
of Patiala district located in Punjab state of India is considered. Groundwater development is a
component of integrated water resource system. It is proposed to find out the system index

Table 1 Qualitative measure of
water resources subsystems and
their interdependencies

Sr. No Qualitative measure of water resources
subsystem Si

Weightage

1 Excellent 6

2 Very good 5

3 Good 4

4 Average 3

5 Poor 2

6 Very poor 1

Sr. No Qualitative measure of interdependencies Weightage

1 Strong interaction 4

2 Average interaction 3

3 Weak interaction 2

4 Very weak interaction 1
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(permanent index) for the groundwater subsystem. To determine the system index the numer-
ical value of all sub-subsystems and their interdependencies are required.

The various factors affecting the groundwater development are a) Groundwater quantity b)
groundwater quality c) groundwater recharge and d) cropping pattern. All the four factors are
the sub-subsystem level and also interdependent on each other.

Figure 6 shows the diagraph of groundwater subsystem. For the diagraph shown in Fig 6,
permanent multinomial is developed in terms of SSi

2 and eij . Permanent index is developed by
assigning proper numerical value to the factors depending on interaction between the sub-
subsystem. The score obtained for the diagraph shown in Fig 6 will be the numerical value for
groundwater development subsystem. At subsystem level the variable permanent matrix for
diagraph for subsystem 2 will be considered for the score of subsystem. In this case the
calculation of permanent index of only groundwater subsystem is shown. In similar way
permanent indexes of all the subsystems are calculated.

Table 2 shows the Ground water resource and development potential of Patiala district,
Punjab (as on 31-03-2004). The net groundwater resource of Patiala district has been estimated
to be 1516.03 MCM and gross groundwater draft of the district is 2589.45 MCM having a
shortfall of 1087.69 MCM. Also all the blocks come under the over exploited category. There
are four artificial rainwater harvesting structures and one roof top rain water harvesting
structure in a school building in this district which is recharging the ground water.

The Groundwater quality studies around Patiala district conducted by Central Ground
Water Board shows the presence of alkaline nature of water. Also their study concluded that
the groundwater at some places is harmful for human consumption. But it is not harmful for
irrigation purposes.

Taking consideration to above data and the interaction between sub-subsystems, suitable
numerical values are used to determine the permanent matrices. Table 1 is used to assign the
value to diagonal element of matrix as well as to assign the value to other than diagonal
element of matrix.

e21 ¼ 2; e212 ¼ 4; e213 ¼ 4; e214 ¼ 4

e221 ¼ 2; e22 ¼ 4; e223 ¼ 4e224 ¼ 3

e231 ¼ 3; e232 ¼ 3; e23 ¼ 2; e234 ¼ 3

e241 ¼ 3; e242 ¼ 2; e243 ¼ 2; e24 ¼ 5

The first sub subsystem is groundwater quantity and the value assigned to first element e1
of matrix is 2 (From Table 1 value 2 indicates for poor performance). This is because from
Table 2 it is shown that there is deficiency of the quantity of groundwater available from the
required. Similarly the value assigned to second element e12 is 4 because the degree of

Fig. 6 Diagraph for groundwater
subsystem
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influence of groundwater quality on groundwater quantity is strong. If quality of groundwater
is degraded, the water is not potable. So the quantity of potable water reduces. This indicates
that there is a strong influence of groundwater quality on groundwater quantity. In similar way
the other values are assigned using Table 1.

Variable permanent matrix for the groundwater subsystem can be written as

per PSS2ð Þ ¼
2 4 4 4
2 4 4 3
3 3 2 3
3 2 2 5

2
664

3
775 ð13Þ

The value of the permanent function of the groundwater subsystem SS2 is the permanent
index of the matrices represented in Eq. 13 which is equal to 2,256. Similarly the value of
permanent function of other subsystems can be evaluated from the variable permanent
matrices. Then for the diagraph of water resources management shown in Fig 4, permanent
multinomial is developed in terms of Si

2 and eij . Variable permanent matrix shown in Eq. 8 is
to be developed. The values of the diagonal element of this matrix will be the permanent index
calculated for the subsystem level and the value of the off diagonal elements will be judged
from Table 1 which shows the measure of interdependencies between the subsystems. Then
the permanent of Eq. 8 will be the permanent index for water resources system.

The permanent index of a system will be worst when the inheritance of all its factors and
subfactors is at worst. In this example the minimum value of groundwater system index can be
calculated by using the minimum value of all its factors and subfactors. Eq. 14 shows the
modified variable matrix of groundwater subsystem when the inheritance of all its factors and
subfactors is at worst.

per PSS2ð Þ ¼
1 4 4 4
2 1 4 3
3 3 1 3
3 2 2 1

2
664

3
775 ð14Þ

Table 2 Ground water resource and development potential of Patiala district, Punjab (as on 31-03-2004) (Source
of data: Central Ground water board)

Name of
block

Net
groundwater
availability
ha.m

Existing
gross
groundwater
draft for
irrigation
ha.m

Existing
gross
groundwater
draft for
domestic and
industrial
water supply
ha.m

Allocation
for domestic
and industrial
requirement
supply for
next 25 years

Net
groundwater
availability
for future
irrigation
development
ha.m

Stage of
groundwater
development %

Category
of block

Bhunerheri 181.21 269.78 2.95 4.45 −93.01 150 Over exploited

Ghanaur 148.44 146.36 3.28 4.95 −2.87 101 Over exploited

Nabha 358.49 619.64 4.77 6.83 −267.98 174 Over exploited

Patiala 180.91 335.62 5.11 7.18 −161.89 188 Over exploited

Rajpura 129.31 152.31 5.20 7.36 −30.36 122 Over exploited

Samana 198.76 277.92 4.69 6.99 −86.16 142 Over exploited

Sanaur 146.17 300.42 2.58 3.89 −158.20 207 Over exploited

Patran 172.74 455.53 2.94 4.43 −287.22 265 Over exploited

Total 1516.03 2557.63 31.52 46.08 −1087.69 169 Over exploited
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The value of the permanent function of the groundwater subsystem SS2 is the permanent of
the matrices represented in Eq. 14 which is equal to 1,159 which is the minimum value of the
groundwater subsystem. Similarly the maximum value of groundwater subsystem index will be
5,544. In the current situation, the groundwater subsystem index is 2,256. The maximum and
minimum value of groundwater subsystem index indicates the range with in which it will vary.

7 SWOTAnalysis

SWOT analysis is proposed to identify the internal strengths and weakness of a system under
consideration. This analysis helps to identify the area where it needs improvement. Let us
consider the same groundwater subsystem of Patiala district located in Punjab state of India.

Strength
At some places, artificial recharge of groundwater improves

the groundwater quantity.

Weakness
Quality of water at some places is not fit for

domestic as well as for irrigation purpose.

Opportunities
Improvement of socio economic condition of that region,

short term and long term strategic planning and
development

Threat
Industrial waste water is discharge directly on land

which degrades the quality of groundwater.

SWOT analysis gives a clear picture of weakness and future threat in that area. In order to
reduce those effects it is necessary to consider alternate model where the weakness and threat
are minimum. So the alternate model should consider which will help to improve the both
quantity and quality of the ground water.

8 Concluding Remarks

The method proposed in this paper is based on graph theory and matrix algebra which is
capable of addressing a variety of issues related to water resources development and manage-
ment system. The present work demonstrates the ability of structural modelling of water
resources components along with interactions between them in an integrated manner to find
out the overall performance of the system. This will help decision makers to take decisions on
different aspects concurrently and integratively. The decision on different aspect will be
communicated to policy makers of local, national and international levels so that they can
implement the policy which will satisfy to the society as well as stakeholders. Further an
illustrative example demonstrates the application of proposed systems approach to real water
resources development problem. SWOTanalysis is incorporated in decision making process to
help decision maker in taking most appropriate decision. The methodology is a flexible and
comprehensive powerful decision making tool not only at the conceptual stage of design and
development of water resources system but also at operational stage to take right decision at
right time to the satisfaction of all the stakeholders.
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