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Road network infrastructure is the key indicator of sustainable spatial development, as it affects 
the economy, environment, and society activities. These can be optimized through minimizing the 
time the vehicles take on the road, which in turn requires high connectivity and then high acces-
sibility between the nodes of the road network. However, it is necessary to put a development 
strategy that helps the decision makers to produce relative high accessibility over the develop-
ment time. 
In this paper, the vulnerabilities regarding the connectivity and spatial accessibility were pin-
pointed and analyzed, optimum priorities in sequent new linkages adding are made for develop-
ing a sustainable infrastructure with faster enhancement for the spatial accessibility. The results 
have become a tough guidance for decision makers, and can be adopted as a first step for legislat-
ing a strategy for sustainable transportation system. 
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1. Introduction  
      The road network of al-Anbar governorate suf-

fers from inadequacy infrastructure in term of avail-
ability especially the absence of the direct linkages 
between many pairs of the adjacent cities. This prob-
lem causes disturbances over the available links that 
suffer from inadequacy in their capacities, not to 
mention the risks resulted from the bad construction 
and the low-level service for them. This problem has 
become to be sustainable problem rather than 
providing transportation system to be sustainable. 
The essential problem is to travel over n links such 
that forces the passengers to travel additional dis-
tance (travel time) between an origin and a destina-
tion [1], and hence non-uniform access and services 
resulting in widespread negative consequences. The-
se consequences have direct harmful effects on envi-

ronment due to noise and atmospheric pollutants 
emitted from the road sector such as carbon monox-
ide emissions, impairing the economy due to travel 
cost, and society activities [2], [3]. In this situation, 
improvements of spatial accessibility are seen as a 
critical priority to basis for a development strategy 
toward a sustainable transportation system and 
hence minimizing the above consequences [1]. It is 
important to mention that the sustainability ad-
dresses economy, environment and society as major 
dimensions [4], that restrict the guidance principles 
of the approach strategies (avoid, shift, and improve) 
that intricately linked with develop the elements (in-
frastructure, modes, and operations) of any sustain-
able transport system to be sustainable [2], [5].  

The sustainable development handling these el-
ements one after another according to their strate-
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gies respectively. For offsetting the consequences of 
a network links absence in study area toward being 
sustainable requires adopting the strategy of avoid-
ing as a first step [1]. Therefore, in this paper, we will 
be handling the sustainable development for the 
network infrastructure and hence a great emphasis 
needs to be under hand for decision makers to legis-
late its implementation and establish the strategies 
that follow it. 

      In this paper, we will mostly concentrate on 
doing offset the missed links in a priority that en-
sures the aimed coinciding with the faster shifting in 
enhancing its accessibility. This seeking in improve-
ment is the first step toward provide an integrated 
mobility and accessibility to all users in a safe and 
environment friendly transport modes, as the main 
goal of the sustainable transport system [6]. 
  
2. Methodology 

    In this paper, the methodology has been built 
to satisfy the strategy of avoiding, in which we seek 
for avoiding the unnecessary travel and reducing the 
trips time. This requires developing a sustainable 
road network infrastructure in term of availability. 
So our task will catch up with examine the spatial 
accessibility of the road network measured by the 
connectivity indicator. As the connectivity refers to 
directness between destinations, we will handle 
measuring topologically in actual distance to incor-
porate the unequal linkage weighted by the travel 
time.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

The depended methodology requires developing 
a simple valued graph for the road network infra-
structure. Hence, this involves deriving the road 
network dataset from the satellite images, applying 
of Arc GIS tools for digitizing the spatial data of the 
road network. 

      Hence, a series of the valued matrices will be 
developed and powered based on the principles of 
the graph theory to evaluate, analyze, and develop 
the road network infrastructure based on its connec-
tivity using accessibility indicator. We will take into 
account comparing among the results of the spatial 
accessibility with each new linkage addition, to 
achieve the optimum priorities for the new proposed 
additions such that satisfy the faster shifting toward 
sustainability coinciding with the developing infra-
structure process.  

 
3. The study area and the existing network 

     Anbar city is an Iraqi province in western Iraq. 
It is one of the largest provinces in Iraq, an area of 
about one third (1/3) of Iraq see Figure 1. With an 
area of 138,500 square kilometers, with a total popu-
lation of 1 million and 600 thousand people. 

     To evaluate the existing road network in study 
area and examine its connectivity- topologically. A 
simple graph for the network has been built to gen-
erate nodes and edges using Network dataset analyst 
of ArcGIS 9.3 as shown in Figure2, number of nodes 
and links was calculated to generate connectivity 
indices as Alpha α, Beta β, and Gamma γ to help us in 
measuring the functional relevance of the exist net-
work. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 . Al-Anbar Governorate 
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Figure 2. The digital representation for road network in term of 

links and nodes                                                          

These indices calculated for the network.  The de-
scriptive values of the connectivity indices shown in 
Table1 above: 

     To examine the road network connectivity, the 
nodal accessibility, and the overall accessibility for 
the network, the network simplified as a valued 
graph as shown in Figure 2 above. Valuing the links 
will be by associating them weights in order to re-
flect their strengths relative to one another and such 
record their real relevance [7],[9], hence expressing  
the network as a matrix and then powering a series 
of matrices to n matrices according the larger num-
ber of steps such that give a shortest travel time be-

tween a certain pair of nodes. The nodes reality and 
symbols are shown in Table2. 
 

 

 

 

Applying the graph theory techniques to the sim-
plified weighted graph and expressing it, as matrix 
will enable the network not to be limited to topologi-
cal properties but to give a more comparable appro-
priate set of values and hence discriminator tracing 
relevance for the associating different weighting val-
ues [ 8], [9]. In Table3 below each entry in the matrix 
represents the travel time between each two adja-
cent cities (direct linkage). No entry recorded be-
tween nonadjacent cities where there are no direct 
linkages. All the diagonal entries inserted by zeros. 
The powering process of matrix L1 is by multiply the 

Description 
Formulas 

Where(L= 11, 

V=11) 

For the 

exits 

network 

Maximum 

 
Minimum Index 

 
 

 
    

The network is needed 

for adding new linkages 

by 93.3% for α index to 

be completely intercon-

nected.[7] 

α =(L- V+P) 

/(2V-5) 

α =(11-  11+1) 

/(20-5)=0.067 

0.067 

100(a com-

pletely 

interacted 

network) 

0 (no. circuits) 

Alpha 

 

 

The network is about 

59.3 ways to being 

maximally connected. It 

is relative weakly con-

nected, and there is 

high isolation for many 

cities.[7] 

β =(L/V) 

=11/11=1 
1 

the greater 

value of β, 

the greater 

connectivity 

1(minimal con-

nected net-

work) 

Beta 

Spinal configurations (. 

It is relatively weakly 

connected) [8] 

 

γ=L / L max. 

=L/3(V-2) 
γ= 11/3(11-2) 

=0.407 

0.407 1(delta) 1/3( spinal) Gamma 

Table 2. The nodes reality and symbols 

Node symbole City in real world No. 
N1 Fallujah 1 

N2 Ramadi 2 

N3 Hit 3 

N4 Kubaisa 4 

N5 Haditha 5 

N6 Aana 6 

N7 Rawa 7 

N8 Qaim 8 

N9 Rutba 9 

N10 Intersection 10 

N11 Nikhaib                   11 

Table 1. Descriptive spatial values of connectivity indices 
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matrix L1 by its self in element by element.  This pro-
cess will result in matrix L2, the resulted matrix L2 
entries are the shortest travel time between each 
pair nodes that have two-step paths or two-step 
connected cities as shown in Table 4 below. 

We will continue with matrix power procedure 
reaching the Ln matrix that give us shortest travel 
time between all pairs of nodes satisfied from one to 
n steps path distributed between the different nodes 
according to their relative locations to each other in 
the network. 

     However, the resulted matrices are shown in 

Tables 5, 6, 7, and 8 where each entry in the L3 ma-

trix represents the travel time between each three 

and fewer steps connect, L4 matrix represents the 

travel time from one to four step connections and 

L5matrix represents the travel time from one to five-

step connections. 

 

 

 

 

The matrix in Table 8 is the total matrix where 

each entry in the matrix represents the travel time 

from one to six steps connections., in which each row 

sum means the total driving time needed to move 

from that node to all other nodes in the network and 

the minimum row sum means the most accessible 

node. So the node 3 is the most accessible node in the 

existing network, it takes 1580 minutes to move over 

the entire network destination. The node 3 has the 

minimum step weighted paths that connect it with 

the other nodes. The larger accessibility indicates 

relative higher connectivity.  

 
                                                                                     

 

 

Table 3. L1-Matrix for the existing network 

Table 4. L2-Matrix for the existing network 

Table 5. L3-Matrix for the existing network 

Table 6. L4-Matrix for the existing network 
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4.Road network infrastructure   

development 

     For developing the existing road network in-

frastructure, we proposed ten new linkages additions 

to be added to exists network. These additions have 

been selected such that establish two goals, the first 

is to provide direct linkage between each pair of the 

adjacent cities. The second is to develop the existing 

network performance to delta configuration that 

support a triangle linking for each set of three 

nodes in the network. Establishing these goals will 

result in high density linking relative to exists nodes. 

     The proposed linkage additions are simplified 

as a valued graph by ArcGIS tools to substitute the 

absent links and weighted by the driving time need-

ed to travel between each pair of the adjacent cities, 

the valued proposed new linkages are shown in Fig-

ure3 and Table9. 

 

  

 

 

 

 

 

 
 

 

Figure 3. The new proposed additional valued links to the existing 

network 

 

 

 

The effective improvement should not pass 
through random stages; especially the improvement 
financing will be annually. Therefore, it is important 
to achieve the new linkage additions and implement 
them according to tough priorities such that estab-
lish effective and relative faster shifting to sustaina-
ble infrastructure with faster enhancement in acces-
sibility and then faster reduction in the existing nega-
tive impacts. 

Table 9. The new proposed additional valued links to the existing 

network 

Driving time between 

the linked nodes (min) 

Proposed linkage Sequence 

145 N1-N11 1 

65 N2-N4 2 

115 N2-N11 3 

60 N4 -N5 4 

85 N4-N10 5 

80 N5-N10 6 

90 N6-N10 7 

110 N7-N10 8 

75 N7-N9 9 

145 N9-N11 10 

 

     Applying the graph theory principles and then 

L-matrix possibilities on the valued graph of the 

network with each new linkage addition result in 

tough outputs, such that permit us to pinpoint a 

Table 7. L5-Matrix for the existing network Table 8. L6-Matrix for the existing network 
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comparative accessible improvement due to the ten 

proposed additions. These comparative values will 

be in term of minimizing the overall travel time over 

the network paths.  

The L-matrices for competitive new proposed 

linkages to be the first new addition to the existing 

network have been achieved by the same process in 

representation and analysis. The powering process 

illustrated for obtaining the comparative accessibil-

ity for the proposed new addition N1-N11 in Tables 

10, 11, 12, 13, 14, 15. In Table 10 below L1-matrix 

for calculating the overall network accessibility with 

the proposition 1 (N1-N11) as a new linkage for 

choosing the first new linkage addition among the 

other propositions.     

 

     

 

 

 

 

          

However, each new priority in next additions will 

take in consideration reducing the number of the 

competitive new proposed additions by the number 

of the previous decided priorities. With each new 

linkage addition, we apply the same scenario of L-

matrix powering for the new existing network re-

sulted with the last previous additions.  However, the 

L-matrices for all the proposed additions take the 

same process o analyzing, the priorities in addition 

all the propositions, the comparative minimizing in 

overall travel time and the percent enhancement in 

overall accessibility shown in Table 16. 

 

 

 

 

Table 10. L1-Matrix for the network with the proposition 1 (N1-N11). 
L3-Matrix for the network with the proposition 1 (N1-N11). Table 12. 

 

L4-Matrix for the network with the proposition 1 (N1-N11). Table 13. 

 

L2-Matrix for the network with the proposition 1 (N1-N11).  Table 11. 
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5.  Results 

     The outlined results for the connectivity indi-
ces (α, β, and γ) of exist road network illustrated in 
Table 1, referred to a configuration weakly connect-
ed, and it is need for 59 new linkages to be maximally 
connected network. However, the evaluation results 
indicate an irreparable harm to future generations 
due to a wide range of the negative impacts related 
the deplorable road network. From the evaluation 
results and tracing the topological characteristics 
and the road network configuration. We find that the 
missed linkages in exist infrestructure restrict the  

 
 
 
trips in a unique path through Unintended cities, 
which had becoming congesteddue to the fact that 
full capacity of exist roads inside these cities was 
especially during peak travel periods [10] [6]. 

              However, regardless the delay due to ab-
sence of the direct linkages, there is an impedance to 
travel result in increased the travel time. Which in 
turn contribute with the long path to generate many 
risks to the society, economy and the environment, 
to the high negative environmental and economic 
impacts especially that all the used modes to travel 
are motorized. 

 
      Generally speaking, the absent direct linkages, 

the non-constant long travel time, and then the re-
sulted risks, reflect the big gap between the supply 
and demand in study area [11]. 

     In this paper, we seek to not only reduction the 
risks, but to put the first step toward reach the inclu-
sive sustainability in transportation to save public 
health, environment, and economic benefits are top-
ics that deserve attention [12]. 

Table 16. The priorities in adding the new proposed link-

ages and the enhancement percent.  

Percent en-

hancement 
Minimizing in 

overall travel time 

(min) ( accessibil-

ity increment) 

The new addition 

no. 

   

14% 3145 1 

10.13% 2268 2 

9.8% 2192 3 

8.61% 1928 4 

7.25% 1622 5 

5.88% 1318 6 

4.07% 911 7 

2.79% 625 8 

2.02% 452 9 

0.95% 213 10 

65.5%  Total reduction 

L5-Matrix for the network with the proposition 1 (N1-N11). Table 14. 

 

L6-Matrix for the network with the proposition 1 (N1-N11). Table 15. 
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 After an inductive evaluation for real world of 

the infrastructure and the investigated weakness due 
to the lack in availability of direct linkages between 
several nodes of the network, a stipulation of appro-
priate infrastructure has become urgent and ongoing 
requirement [13]. This paper outlined an effective solu-
tion for improving the road network infrastructure and 
reducing its negative impacts toward sustainability. 

     The results in Figure 4 ensure high travel time 
reliability that the travel between each pair of the 
adjacent cities can be accord successfully within a 
certain time [14].  

     However, Economies that possess greater con-
nectivity is often that with better opportunities for 
developing than that with scarce connectivity, where 
a lack of access impedes and restricts development 
while greater access is a catalyst for development.  

     Any new linkages availability between the ad-

jacent cities will provide the suitable alternative 

paths, which in turn contribute to divert the traffic 

for spilling over them.this in turn, increase the at-

tractiveness and contribute significantly to lower 

dependence on private cars, and support the use of 

public transport especially for daily commute and 

the calculated accessibility measure with each new 

linkage addition was a good discriminator for  selec-

tion the priorities of the new additions in implemen-

tation process, such that coinciding with faster shift 

ing in reduction the negative consequences of exist 

network toward improvement. It is assumed that the 

decision makers will have an inductive role in reality 

of the road network is deteriorating, and took it seri-

ously and appreciated their responsible attitude to a 

handful of carefully selected scenarios in the near 

future [15] 

 

 

 

 

 

 

 

 

 

     They should work to ensure infrastructure 

availability to basis for sustainable transportation. 

     The Table 16 and the Figure 4 shows the vol-

ume of the positive results to our problem solution 

toward development such that it can be argued 

that the decision makers have a well-built infra-

structure network that satisfies the first step and the 

prerequisite of the sustainable development in 

transportation sector [15]. 

     However, the results indicate a clear guidance 

that the decision makers now are capable of effec-

tively legislating a project to bridge the gap in the 

exist system as a first step of transport sustainability 
and give its practical relevance. 

     The accessibility and connectivity measures 

that have been resulted from the new linkage addi-

tions are a clear guidance for decision makers to 
trace the faster changes toward the first approach 

(infrastructure availability) of sustainable mobility. 

 

6. Conclusion: 

     The problems of al-anbar transport system can 

be eliminated in its configuration and infrastructure 

due to lack in links availability between many adja-

cent cities. It will, however, take time, money, and a 

combined effort on the part of many related govern-

mental offices and decision makers.  The paper re-
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Figure 4. The overall travel time reduction with each new linkage addition. 
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sults provide a guideline for decision makers to trace 

the optimum priorities for improving the road net-

work infrastructure in such a way that satisfy the 

faster shifting towards maximally connected net-

work with high accessibility coinciding with sustain-

ability requirements. The priorities have been built 

based on the principles of Arc GIS, graph theory, and 

L-matrix requirements and then outlined in tough 

and accurate results. If these priorities can be im-

plemented, we will surely see a decrease in travel 

time and then safer and sustainable environment of 

mobility for users, neighborhoods for all, and chan-

nelizing the annual financing. On the other hand, as 

the infrastructure availability is considered as the 

principle of avoiding which represents the first of the 

sustainability elements, this paper solving the grand 

percent of the network system problem, and basis to 

applying the two other elements of sustainability 

(shifting the mode and improving the operation). 

7. Recommendations 

     Based on what the community suffers and the 
environment and the economy are affected by the 
deteriorating reality of the road network in the study 
area. It is time for decision-makers to shoulder their 
responsibilities to protect the environment and 
wealth of future generations through the construc-
tion of a sustainable transportation system depend 
the important causes and the solutions given in the 
theoretical evidence provided by this study, and 
therefore recommend the following: 
 

1- Based on what the community suffers and      

the environment and the economy are af-

fected by the deteriorating reality of the 

road network in the study area. It is time for 

decision-makers to shoulder their responsi-

bilities to protect the environment and 

wealth of future generations through the 

construction of a sustainable transportation 

system depend the important causes and the 

solutions given in the theoretical evidence 

provided by this study, and therefore rec-

ommend the following: 

2- Should play a core role from the decision 

makers for financing the project of this step 

of the sustainable transport, and seek for 

moving sustainable transportation financing 

forward to reach a conclusive sustainability 

handling all its approaches (availability, 

shifting, and improve). 

3- Supporting efforts and experience to up-
grade studies regarding the other approach-
es. 

4- Applying the investments in transportation 

sector coinciding with the annual govern-

mental financing to promote reaching the 

sustainable mobility, especially in shifting 

and improvement approaches.     
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