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Abstract 

Transportation research and development covers a multitude of topics regarding all 

areas in transportation. Transportation reliability and vulnerability studies are a new 

area that has started to draw a lot of attention particularly about its possible 

applications to help disaster management practices. But unfortunately transportation 

network risk and vulnerability assessment has not received due recognition so far 

when formulating preparedness policies in disaster management operations. There are 

various types of studies such as environmental impact assessment, cost benefit studies 

for transportation infrastructure where a wide variety of features are looked at, but risk 

and vulnerability analysis of the transportation network has not yet been considered 

with much importance. One major reason for this can be highlighted as the lack of 

established terminology and associated means of analysis that can be specifically 

adopted for the purpose. And further more it is difficult to draw a firm consensus on 

available methods due to various disparities among the concepts proposed. 

The aim of this research is to develop a methodology to evaluate the state of 

transportation networks in terms of accessibility and connectivity under disaster 

situations. A new methodology is proposed based on concepts of both vulnerability 

and reliability assessment of transportation networks. The proposed method expresses 

the state of the network using an index defined as the Preparedness Index that is used 

as a measurement of the state of the network against possible threats and degradation 

due to damage. 

The proposed preparedness index has two components, one to assess the quality or 

the effectiveness of the connection in terms of distance covered, travel time or LOS 

provided, and the other component to assess the probability of maintaining the 

connection that takes in to account the prevailing uncertainty in the network. With the 

proposed concept it was possible to achieve a good balance in the measurement 

regarding the state of the network without any one component, either network 

structural aspects or predictability and probability aspects dominating the analysis. 

Therefore this proposed index has the potential to over come some of the draw backs 

identified with conventional methods. 
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Chapter 01 

Introduction 

1.1 General 
Transportation can be introduced as all means of travel including moving persons 

and goods from one place to another. The history of transportation is intimately tied to 

the long history of mankind. The development of transportation was a result of the 

unyielding efforts and brilliant ingenuity of man to overcome obstacles in their quest 

for prosperity. 

The development of quick, safe and economical transportation has helped to 

transform the world. Transportation networks such as roads, railways are the main 

backbone of our modern society. Transportation systems help carry the raw materials 

and finished goods of commerce and industry to the world's markets. Thus 

transportation makes food, clothing and other necessities of life readily available to a 

large number of people. Accordingly many a developments have taken place in the 

realm of transportation thanks to a lot of research and development that happened 

along the way. 

Transportation research and development covers a multitude of facets of the subject. 

Among the many areas covered, transportation reliability studies are a new area that 

has started to draw a lot of attention in the form of research. Since this is a new area of 

study, the amount of work done in this regard is relatively less than the other aspects 

of transportation. 

Reliability analysis is closely associated with a lot of production industries and 

various other engineering works. The growing demand for better reliable products saw 

the emergence of a specialized field called reliability engineering. For a lot of 

products and services reliability is a key factor in order to form a favorable user 

perception. But it was quiet recently as 1990s when reliability analysis found its way 

to transportation. Traditionally when looking at the reliability of transport networks, it 

is done with a systems engineering approach. Reliability here is an expression of the 

probability that links in the network will function, reliability may thus be viewed as 

the degree of stability of the quality of service that a network offers (Husdal, 2004). 

This is a more general definition later separated to various other specific definitions. 



Nationally and internationally most of the entities have become more and more 

interdependent for products and services. The growth in demand for better and reliable 

public transportation is rapid in both intensity and complexity. Thus transportation is 

almost as important as a basic necessity for the sustenance of our communities. 

Therefore, the reliability of any transportation network is a decisive factor not only in 

terms of economic implications such as linking the producers with their markets, but 

also in terms of overall continuity of the development of any community in general. 

So far transportation reliability analysis has been used to assess daily traffic variations 

against effects such as excessive delay or congestion. There is growing concern of 

using transportation reliability analysis to assess vulnerability for disasters. Apart 

from the effect on normal day to day life, transport systems are an important lifeline in 

the event of a natural disaster, for example floods, landslides or earthquakes. While 

other lifelines (electricity, water supply, communication networks) can be restored in 

a short period of time the restoration of these systems depends highly on the 

accessibility to the failure points using the transportation infrastructure (Sumalee and 

Watling, 2003). This has become very important since the impacts of natural disasters 

are becoming ever more disastrous. 

Vulnerability is also a very common term that is synonymous with reliability. These 

two terms very often appear together ,in most of the literature regarding vulnerability 

and reliability. Vulnerability of a system with interdependent elements has been 

defined in various different ways according various circumstances. There are long 

running arguments about the specific distinction between vulnerability and reliability 

of systems. However it is important to investigate the relationship between the two 

terms in achieving the objective of assessing transport network reliability under 

disaster conditions. One major reason is that applications of vulnerability assessment 

are more often found in disaster management operations than aspects of reliability. 

Vulnerability and risk analysis is a specialized area in disaster mitigation and 

preparedness operations (UNDP, 1994). Reliability analysis is more concerned about 

the probability of the network operating under acceptable level of service, whereas 

vulnerability analysis is more concerned about the susceptibility to sustain a certain 

level of damage due to a hazardous incident. 

In south Asian countries like Sri Lanka lot of communities are at risk of disaster due 

to unplanned settlements and ensuing invasion in to disaster risk areas. In most of the 

developing countries due to the absence of alternative means of connecting 
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communities in an emergency (Air transport, Water ways) the ground transportation 

network is heavily burdened. Therefore developing methods to assess the amount of 

risk and vulnerability involved in the face of a disaster is paramount for an effective 

disaster relief effort. 

Experience with the resent tsunami has provided compelling evidence of 

transportation infrastructure's critical role in restoring normalcy as well as the need for 

reliable transportation systems under natural or man-made disasters. All the other 

support systems like telecommunication, power, water and sanitation completely 

depend on the transportation infrastructure for their prompt restoration after a sudden 

calamity. The first priority after a disaster situation is to reach the affected with the 

necessary resources of relief even before the resurrection of any other support facility. 

Most of the time professionals in relief operations get only a limited view of the 

importance of the transportation network for emergency logistics, although logistics is 

often the largest and most complex element of relief operations. Pre-disaster 

preparedness and mitigation planning has a great emphasis on the road network 

linking various communities. In terms of infrastructure upgrading in view of 

mitigation, transportation is at the top of the list of proprieties. As emphasized earlier 

all the other service networks and facilities are crippled without the road network 

serving them. Effective mobility matters most in the immediate aftermath of a disaster 

ahead of any other aspect for mitigating life and property damage. During the relief 

operation that follows transportation infrastructure would become the arteries for the 

numerous relief commodities that is pumped from various sources. 

With increasing demand for better and reliable service due to improvements in the 

quality of life, many systems such as communication systems and drainage systems 

have incorporated reliability analysis as an integral part of their planning, design and 

operation. However, very little attention has been given to the reliability analysis of 

road networks (Lam, 1999). According to Husdal (2004) "There are various types of 

studies like environmental impact assessment, cost benefit studies for transportation 

infrastructure where a wide variety of features are looked at, but risk and vulnerability 

analysis of the infrastructure is not found". Majority of past studies are confined in 

the area of assessing reliability against daily traffic variations. Analysis of network 

reliability under adverse effects has to deal with numerous uncertainties including 

predicting events and compiling information. Therefore, with respect to the above 

reasons, network reliability and vulnerability analysis will play an important role in 
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planning, design and management of transportation facilities in order to reduce 

vulnerability to disasters. 

1.2 Aim of the research 

The aim of this research is to develop a methodology to evaluate the state of a 

transportation network against disaster situations using concepts of network reliability 

and vulnerability, which can be used as a tool for transportation planning to mitigate 

disasters. 

1.3 Objectives 

1. Establish definitions for connectivity, capacity and travel time reliabilities of 

transport networks in disasters. 

2 . Develop a methodology that takes in to consideration the above parameters of 

reliability and measure the state of the network and thereby identify critical 

nodes and links in a network that will be useful for transport infrastructure 

planning, rehabilitation and maintenance in disaster preparedness. 

3. Develop an algorithm that will support the use of the above method in a 

transportation network 

1.4 Methodology 

1. A comprehensive literature review is to be done to study the following aspects 

• Aspects of transportation network reliability and evaluation methods 

• Vulnerability in transportation infrastructure and evaluation methods 

• Components of general network analysis (Graph theory) and their 

applicability to transportation networks 

• Disasters and their effects 

• Involvement of vulnerability and reliability analysis in disaster 

management. 

2 . Find the relationship between reliability and vulnerability of transportation 

networks using the literature review. 
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3. Developed indicators to account for network topological structure, traffic flow 

and the susceptibility to damage. 

4. A method is proposed to measure the state of the network using the above 

parameters. Identify critical links and components by observing the variation 

in the proposed measurement when each component is affected. 

5 . The methodology to be tested in a case study involving the transportation 

network in the district of Rathnapura, Sri Lanka. 
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Chapter 02 
Literature Review 
2.1 General 

Transportation can be termed as a life line utility that supports the daily functioning 

of any community. People become more dependent on transportation as their 

requirements become more and more diverse. Therefore even in normal daily life 

reliability of transportation networks has a very significant impact. Transportation 

studies since its early days focused their attention in understanding various facets of 

reliability pertaining to daily traffic variations. These studies were able to produce 

good results that enabled transportation planners to measure reliability of links and 

study how it affected commuter travel. This enabled better transportation planning 

ensuring high level of reliability in the network. 

The unique feature of transportation infrastructure is its nature of being a network. 

The elements of this network are interdependent in many ways. Therefore any 

collapse in some part of this network is going to affect the operations of other parts of 

the network also. Thus the vulnerability of this infrastructure to major disaster and its 

effects is very important to be understood. Accordingly in the recent past there has 

been lot of argument in terms of defining vulnerability and reliability of transpiration 

networks. Recent incidents of calamity due to natural as well as various other disasters 

have spurred lot of interest in understanding the reliability or in other words the 

vulnerability of our transportation systems to damages. 

Transportation network reliability can be observed by two view points. They are 

supply related reliability and the demand related reliability (Bell, 1999). Supply side 

reliability relate to the physical nature of the network such as the link degradation or 

failure and network topology. This measure is important especially for the network 

operator or planner's decision making purposes. Demand related reliability refers to 

how the network corresponds to variation in demand under given circumstances. The 

behavioral response of users to the unreliable state of the network is an important 

factor in this regard. This involves factors such as the extent to which availability of 

information to users, their adaptive or unadaptive choice behavior when dealing with 

uncertain situations (Sumalee and Watling, 2003). In order to account for those 

behavioral implications specialist tools are required involving complicated modeling 
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of user demand variations under uncertain situations which is beyond the scope of this 

study. But the seriousness of the impact encompasses both elements of demand and 

supply variation, however from the planner's point of view what is more important is 

whether the network supply is robust enough to with stand worst-case scenarios. 

According to the aim of the research, to assess the state of the network under disaster 

conditions this study was focused on evaluating the supply related reliability of the 

transportation network. 

Several approaches to assess the ability to maintain serviceability of a transportation 

system have been documented. The first major step in analyzing a system is to 

establish a measure for evaluation. This involves identifying various aspects or 

priorities to be considered as parameters. A wide variety of measurements have been 

proposed including reliability, vulnerability, survivability, risk, etc. Following is the 

literature review carried out to understand various aspects of transportation networks, 

their definitions and applications for various situations. This review also covers 

methods of network analysis that have possible applications in transportation 

networks. In addition to that this review covers literature regarding disaster 

vulnerability of infrastructure in general in order to better understand how 

vulnerability analysis can help disaster management operations. 

2.2 Reliability 

Reliability is a field of study which is quit common for all areas of engineering. In 

systems engineering reliability is referred to the degree of stability of serviceability 

offered by a system within a speculated time period. This definition is modified 

according to the specific subject in concern. In transportation systems such as road 

networks two important factors that contribute to level of service are the demand and 

supply of the network. Demand is the volume of traffic that utilizes the network to 

reach destinations and the supply is the physical capacity of the transportation network 

that accommodates this movement of traffic. In a transportation network this degree of 

stability has to be considered according to different circumstances. For example, the 

stability of serviceability may refer to maintaining a constant average travel time or 

level of service throughout a speculated time period particularly when routine traffic 

variations are concern, or otherwise it may refer to the probability of maintaining at 

least one connected path between two origin-destination pair when parts of the 
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network has been damaged by a hazardous environmental impact (Sumalee and 

Watling, 2003). Among other definitions Husdal (2004) consider transportation 

network reliability as an expression of probability that links within the network will 

function and provide intended serviceability for commuters. According to lmmers et 

al (2004) transportation reliability is considered as a user-oriented quality of the 

system rather than a characteristic of the system it self. Travel time reliability can be 

used as an example, where the user threshold for acceptable service varies from 

person to person. But on the other reliability definitions such as connectivity 

reliability are purely theoretical expressions of reliability that strictly adhere to the 

physical nature of the network. 

There are three main areas currently considered in transportation network reliability 

analysis. The first area involves developing a modeling framework that is capable of 

investigating the reliability of road network. The second area involves developing a 

traffic management system that is able to provide uses with a high level of 

performance, for example new infrastructure aimed at better service. The third area 

involves development of new evaluation procedures for optimizing, planning, 

construction and managing road networks that incorporate road network reliability 

(lida, 1999). 

It should be noted that evaluating the road network reliability is clearly different to 

the normal systems reliability analysis. The main reason for this is that a road network 

involves individual origins and destinations where the selection between different O-D 

pairs is govern by choice behavior of road users. Therefore, path choice behavior is an 

important aspect of transportation reliability analysis. Another fact making 

transportation reliability analysis difficult is the amount of uncertainties attached to 

transportation networks. This includes road users, traffic conditions, composition in 

traffic and physical state of transportation infrastructure all of which can change very 

unpredictably. 

There are two kinds of network reliability measures in transportation. Namely 

connectivity reliability and travel time reliability according to Bell and lida (1997). 

Travel time reliability is defined as the probability that traffic can reach a given 

destination within a stated time. Connectivity reliability or terminal reliability is 

defined as a probability that there exists at least one path without disruption or heavy 

delay to a given destination within a given time period (lida, 1999). L a t e r ^ ^ S ) 3 ^ ^ 

related reliability was also introduced by Chen et al (1999). It is defied as the 



probability that the road network can accommodate a certain level of traffic demand 

without violating link capacities and was built upon the concept of network reserve 

capacity (Chen et al, 1999). 

2.2.1 Connectivity reliability 

This is also called terminal reliability in some literature (Benk et al, 2005; Husdal 

2004 and lida, 1999). This measure of reliability is defined as the probability that 

nodes are connected, such that it is possible to reach a destination from a given source. 

Though it sounds very simple from that definition, there are several factors that have 

to be taken in to account to determine connectivity reliability. Possible link states and 

corresponding probabilities, dependent or independent link failure, parallel and series 

link configuration are some of the important points considered when determining 

connectivity reliability. Most of the time for connectivity reliability only link failure is 

considered while intersections or nodes are assumed to be in a perfect operating state. 

According to Mine and Kawai (1982) basic concepts of connectivity reliability can 

be described as follows. One of the most important elements of connectivity reliability 

is to find the link state probability. According to connectivity reliability a link can 

only be in two states, namely functioning and non-functioning. If the link is 

functioning and not congested the state is l(one) otherwise if it 's congested or 

impassable then the state is O(Zero). Any possible states in between functioning and 

non-functioning, for example states with degraded capacity is not recognized under 

connectivity reliability. When link states are considered the prevailing type of traffic 

in the link is an important consideration. This can be broadly classified in to two 

categories called normal and abnormal traffic conditions. 

Under normal conditions normal daily traffic flow unhindered by any external 

disturbances is analyzed, and the probability that the link would operate without 

congestion is calculated using the probability distribution of link flow. Link flow 

probability distribution is obtained by observing traffic along the links for a 

considerable period. This is usually done with traffic counters or detectors, and it can 

be approximated to the normal distribution. Therefore the variation in traffic volume 

under normal conditions can be represented using a normal curve (Figure 2.1). 
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f(v) 

Ha Ca 

Figure 2 .1 : Probability distribution of traffic volume 

By observing historical link flow data, a probability density function of link flow can 

be obtained. The link reliability is the probability of having uncongested flow in the 

link. This can be determined by calculating the probability that traffic volume is less 

than the volume for congested flow or link capacity as shown in Figure 1. 

Let X a be the state of un-congested flow of link ( a ) , then the probability (PfXaJ) of 

link flow being less the capacity of the link Ca in a probability density with mean u.a 

and standard deviation aa can be expressed as follows. 

(1) 

Abnormal traffic conditions would include special incidents like major accidents, 

natural disaster impacts, terrorist attacks etc. Under such circumstances the network is 

subjected to capacity degradation as a result of loss of network components such as 

links and nodes. At the same time sudden changes in traffic flow as a result of 

possible diversions to avoid damaged parts of the network and evacuation can lead to 

further loss of serviceability in the network. Thus both components have to be 

considered if reliability is comprehensively assessed. One major obstacle for most of 

the researches is the difficulty in understanding the network flow characteristics in 

emergencies. Lot of areas in this regard are yet to be explored in transportation 

network reliability studies hence further work is required in this area. 

10 



After link reliability is determined next is to find the system reliability. System refers 

to the arrangement of links as a network. Accordingly the probability that the network 

functions by providing feasible connection is the system reliability. The condition of 

the network is represented by the structure function $(x), where x is the state vector 

of link variable. 

J 1 if link is working 

L 0 if link is not working 

Similarly if the system works the structure function is 1 and if not it is 0. 

, , „ f 1 if system is working 

L 0 if system is not working 

Then the reliability of the system (network) R is defined as the expected value of the 

structure R = 

Like any other network, transportation network structure also can be assumed to 

consist of some combination of series and parallel link configurations. If two links are 

connected in series (Figure 2.2) the structure function can be written as: 

^ w = n a x 4 = x , x x 2 (2) 

o o o 
1 2 

Figure 2.2: Series connected links 

If the links are connected in parallel (Figure 2.3) the structure function can be written 
as: 

# * ) - I T t t x a = l - ( l - x i X l - * a ) (3) 

Figure 2.3: Parallel configuration 

1 1 



In the series configuration any one of the links destroyed would disconnect the O-D 

pair. In the parallel configuration both links must get destroyed in order to disconnect 

the O-D pair. Connectivity reliability can be calculated by simplifying and expressing 

the network using a parallel path set (Figure 2.4) that is the set of different paths 

leading from origin to destination, which should maintain at least one path for the 

connection to be valid, or minimum cut sets (Figure 2.5) identified as the sets having 

minimum number of links to be removed in the network to disconnect the origin from 

destination, where all cut sets should function at the same time to maintain a valid 

connection. 

a 

a c f 

b d e 

Figure 2 .4: A parallel path set of a network Figure 2.5: A series cut set of a 

network 

Paths set = (a,b,c) Cut sets ={ (a ,b ) , (c,d) , (f,e) } 

But in reality most network topologies make it impossible to convert the network into 

a simple series-parallel system for which a network reliability expression is readily 

available as explained above. In a complex network it is impossible to avoid having 

some links repeated in parallel path sets and series cut sets when simplifying the 

network. Therefore in order to correct the errors due to the overlapping of link state 

variables Boolean algebra has to be used (Inoue, 1976). Min liu (2005) used an event 

tree analysis method to systematically calculate network connectivity reliability. 

Using the event tree method the error from overlapping links can be avoided. 

O O o 

o - o 

Figure 2.6: Schematic diagram of a road network 
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Figure 2.7 sketches all 2 5 = 32 different branches of functioning and failed individual 

links in the network shown in Figure 2.6. 

Figure 2.7: Event tree of link states (Min liu, 2005) 

The corresponding status of origin destination connectivity is identified for each 

branch, whether the O-D pair is connected or disconnected. The occurrence 

probability of each branch is then obtained by simply multiplying all link state 

probabilities for that particular branch. Network disconnecting probability Pdc can be 

found by adding all occurrence probabilities of all branches having link failure 

combination to disconnect the network. 

i-1 
(4) 

Where: Njc = Number of disconnected branches 

Nh = Number of links in the branch 

Pij = State probability of link j in branch / 

The network can be considered to be connected as long as its minimum cut sets are 

surviving. Therefore the complement of probability that the network is disconnected is 

the equal to the network remaining connected. 

Connectivity reliability measure as explained above is one of the primary forms of 

network analysis that is found in most literature. This is a highly theoretical form of 

expressing the reliability of the network. Provided with accurate figures of probability 

estimates, connectivity reliability (or terminal reliability) gives a good measure of 

connectedness. 
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But many argue the disadvantages of the above connectivity reliability computation 

being highly dependent on link state probability estimates. Connectivity reliability 

assumes independent link failure when the network structure functions are derived. 

But in reality network link failure is not always independent. When a link becomes 

congested or fails, the adjacent links are also affected by this congestion or failure 

either directly or indirectly. As an example when a particular link is closed diverted 

traffic can congest adjacent links and increase the probability to fail. Same natural 

phenomena such as flooding or land slides affects more than one link at the same time 

in the terrain considered. Thus it is important to take into account these correlations. 

In addition to that it assumes failure of a link in one part of the network do not affect 

even the immediate neighbor links in the network by way of traffic flow. As 

mentioned above example when certain links are closed most of the traffic might be 

diverted to other available routes increasing the possibility of those links being 

congested or becoming impassable than otherwise. This draw back can be attributed to 

the fact that connectivity reliability does not consider the traffic flow in the network. 

Accurate state probability estimates of links are another important factor as the entire 

measure is based on these values. Therefore it is necessary to have reliable methods to 

estimate these state probability values. Link failure may happen in two ways. One is 

traffic congestion and the other is damage due to an adverse condition. If failure is 

caused due to routine traffic variations, that can be estimated and predicted with 

higher degree of accuracy by observing past records. But accurately predicting failure 

due to natural disasters and calculating the link state probabilities is still a difficult 

task with the available methods. Even if predicted it can be subjective to assessors 

perception, available information and assessing methods. 

In the event tree approach discussed by Min Liu (2005) appears to have considered a 

transportation network simply as a set of road segments, irrespective of the sequence 

of connections among them forming distinctive paths in the network. Network 

connectivity is measured using the occurrence probability of branches with link 

combinations that disconnect the network. But these combinations have no regard as 

to a certain sequence of connected links forming feasible paths is available or not. The 

advantage of this method is that it can avoid the problem of overlapping links in the 

network structure function. But the event tree approach requires an enormous amount 

of computations to perform the calculation. As the number of links increase the 
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number of computations increases exponentially. Limitations in computational 

capacity can cause problems when using this method. 

The highlighted disadvantage of connectivity reliability approach to assess 

transportation networks is the strictly binary nature of the assessment. Connectivity 

reliability considers only two discrete modes of operations. It takes availability of the 

path or existence and the non-existence as the only two modes. When considering the 

state of the network, it is possible to have a wide range of operational modes available 

according to various levels of service. Therefore one can argue connectivity in the 

binary form over estimate reliability when it is functioning and underestimates 

reliability when it is not functioning. This can probably work well with networks like 

power or communication but used over transportation networks it is necessary to 

modify or use the parameter in conjunction with other parameters to account for some 

of the intermediate modes of operation. 

2.2.2 Travel time reliability 

Travel time reliability is defined as the probability that a trip will arrive at its 

destination with in a given period. Travel time reliability is a measure of the stability 

of the path travel time, thus directly affected by the traffic flow fluctuations (Iida, 

1999). Therefore traffic fluctuation observations are important for this reliability 

measure. If traffic flow is assumed to subject to a normal distribution, it has been 

found that summation of normal distributions form a normal distribution, provided the 

distributions are statically independent (Iida, 1999). This can be expressed in the 

following way. 

__>'_>>' (5) 
aep{i) acp(s) 

Where T is travel time along route P(s), fxa and aa are mean value and standard 

deviation of travel time on link (a) respectively. The mean travel time along a route is 

given by the summation of mean travel time value of links in the route. Similarly the 

variance of travel time along a route is given by the summation of variances of link 

travel time distributions in the route. Thus the path travel time distribution can be 

approximated using the link travel time data. The probability that travel time of a 
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certain path is less than a particular threshold value (/) can be found using the path 

travel time distribution function. 

P[t] = 
C r y ,\ V2TT - c o 

1 \ \ i { t - ^ ^ ] d t (6) 

Where: 

2>. 
aeP(s) 

The key difference between this measure and connectivity reliability is that 

connectivity is defined for the entire network between a given O-D pair but travel time 

reliability is defined for individual paths between an O-D pair. When calculating 

travel time reliability using the above method assumes that failure and deterioration of 

a particular link is independent of another link, which implies that the probability of 

link being operational is independent of the state of the other links in the network. In 

modeling a real transportation network this assumption does not hold, due to events 

that cause effects simultaneous to several links. For example links within the same 

geographic vicinity are likely to be affected simultaneously by the same 

environmental impact like flooding or heavy rain. 

Al-Deek and Emam (2006) has made an attempt to address the statistical dependency 

issue with the help of developments made in communication networks. In his study 

the objective has been to apply the cause-based multimode model (CBMM) to predict 

transportation networks' travel time reliability such that an origin demand can reach a 

specified destination under multimodal dependency link failure conditions. CBMM 

approach was developed by Le and Li (1989). CBMM takes in to account both 

statistically dependent failure as well as multimode components (links). This model is 

based on the concept of causes that can affect the status of the components. Where the 

occurrence of a cause doesn't necessarily result in the failure of a component but can 

lead to component entering one of its degraded modes. A cause in one part of the 

network can affect several links simultaneously with different severities resulting links 

with multi-modes. 
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2.2.2.1 Cause based multimodal (CBMM) model (Al-Deek and Emam 

2006) 

• The system consists of a network with TV links. Each link having multiple 

modes of operation, (more than just operate/fail) 

• There are several causes (i) that can affect links with known probabilities. 

• Link dependencies are modeled by the fact that a single cause can affect 

several links, and a given link can be influenced by several causes. 

• The causes on links when it occurs can be quantified independently of the 

other causes. 

The system reliability measure is calculated as follows. 

K ( Q ) = £ P r { S A > . ^ ( 7 ) 
sheCi 

Where Si, - System state, Q = Set of all possible system states. Pr (Si,) = Probability of 

state S/„ R (S/,) = Travel time reliability of state 5/,. 

A system state consists of two components. First the combination of causes that can 

happen and then the combinations of different link modes resulting from causes. A 

link mode is defined using the V/C ratio of the link. Thus the simultaneous effects on 

links from a cause in another link can be successfully enumerated. All possible system 

states resulting from different combinations of link modes are enumerated using a 

fault tree (event tree) method. Cause-effect probabilities are listed as follows for 

network state enumeration and probability calculation for each state [Pr (S/,)]. 

Table 2 .1: Causes, effects and link probabilities (Al-Deek and Emam, 2006) 

Cause & probability 

Cause 1 (p i ) Cause 2 (p2 ) Cause 3 (p3) 

link mode 1 2 3 1 2 3 1 2 3 

Link 1 0.8 0.2 0 0.2 0.6 0.2 0.1 0.6 0.3 

Link 2 0.2 0.8 0 0.5 0.3 0.2 

Link 3 0.2 0.8 0 
Link 4 

Link 5 0.2 0.6 0.2 0.1 0.9 0 

In this example a network with five links is considered. Where every link has three 

modes (1 , 2, 3) with different V/C ratios. In the table each cause has its occurrence 
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probability (Pi, P 2 . ) and each link has different probabilities of entering in to any of 

the three modes under a given cause, while some links are not affected (Table 2.1). 

Network path travel time reliability is calculated using individual link travel time 

probabilities obtained using equation (6). Links connected in series form each path 

from origin to destination. Hence equation (2) is used to obtain path travel time 

reliability. 

According to the above methods to estimate travel time reliability, it 's quit evident 

that this measure is used to evaluate the network performance under normal traffic 

conditions subjected to daily traffic variations. Travel time reliability is a good 

indicator of both the stability of travel time as well as the level of service along a 

particular route. Availability of sufficient quantities of past and current data is 

necessary to estimate link reliabilities accurately. However it can be impossible and 

impractical to generate an exact network reliability figure due to various uncertainties 

that cannot be mathematically modeled, thus a close approximation method will be 

enough for the purpose of assessing the network. Approximating travel time reliability 

using above methods involve extensive use of probability estimates. This limits the 

application of these methods over networks subjected to emergency traffic 

fluctuations as accurate probabilistic estimates cannot be generated. At the same time 

excessive use of probability estimates induce lot of subjectivity to the final result. 

2.2.3 Capacity reliability 

It is obvious that the travel time reliability takes in to account both traffic demand 

and capacity estimation of respective roads that affects the amount of origin 

destination travel time. But later it was argued that travel time reliability alone is not 

sufficient to represent the extent of demand being satisfied by supply. In general as 

aforementioned connectivity and travel time reliability are useful for assessing the 

quality of service that of interest to individual drivers. The capacity reliability of the 

network should be considered as an important and meaning full measure of overall 

system performance that is of interest particularly to network planners and managers. 

Because the connectivity between an origin and destination can be a necessary 

condition for the successful operation of the network, but it is not a sufficient 

condition. The success of O-D connection should also ensure the availability of 
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required level of service too (Lo, yang and Wilson, 1999). This saw the emergence of 

the concept of capacity reliability. 

Accordingly capacity reliability was defined as the probability that the road network 

can accommodate a certain level of traffic demand maintaining a given level of 

service. The objective of capacity reliability is to identify the interim modes of links 

other than the two extremes of operation and failure. Actually travel time reliability 

and capacity reliability can be expressed as two sides of the same issue. Chen et al 

(1999) introduced a capacity related reliability measure based on the concept of 

network reserve capacity. Network reserve capacity is defined as the largest multiplier 

applied to an existing origin-destination demand matrix that can be allocated to a 

transportation network in a user optimal way with out violating the link capacities. In 

the above study network link capacities are modeled as random variables to allow for 

links operating at multiple discrete states or infinite continuous states. Thus capacity 

reliability measure is capable of taking in to account every day traffic variations with 

more variety than connectivity reliability with only two operating states (Chen et al, 

1999). 

As extensively stated above analyzing the reliability of a network involves 

measuring the ability of the network to function while maintaining acceptable 

functional criteria. Thus this criterion of expected function differs according to the 

specific scenario considered (type, severity and frequency). According to Sumalee and 

Watling (2003) these scenarios are broadly divided in to two groups. They are 

sporadic events and recurrent events. 

• A sporadic event refers to sudden and major impacts to the network by 

natural or man made sources, e.g. Tsunami, Earthquake, Floods, Terrorist 

attacks etc. 

• A recurrent event refers to more regular incidents such as seasonal 

variations of traffic, minor accidents, road closures for maintenance etc. 

This study is to explore and develop a method to analyze network reliability under 

disaster conditions. Therefore the focus is about sporadic events that cause variations 

in the network. Iida et al (2000) proposes a useful classification of the various states 

of a transport network's functional expectation following a major ^ i ^ f t e i j ^ h e y are 

confusion state, settlement state and stability state. According to tHiii'classification the M 

9 2 8 7 8 
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first period is the confusion state, where the main concern is the accessibility of rescue 

and emergency services. In this stage the main reliability index to be considered is the 

connectivity reliability (Sumalee and Watling 2003). At the confusion state predicting 

possible traffic conditions is impractical or impossible due to the intense chaos and 

what is more important is to ensure the area is accessible at least by one path for 

immediate requirements like evacuation and rescue. In sever events like natural 

disasters the commuter 's main objective is likely to be one of safety rather than 

executing their planned journey (Sumalee and Watling, 2003). 

The second stage is the settlement state where some time after the disaster the 

normalcy slowly being restored. Demand patterns might come back to normal but still 

the network may be in the degraded state. Capacity and travel time reliability under 

degraded network conditions can help analyze the network. The final state is the 

stability state where all damaged components are fully restored to normal conditions 

and some selected components probably be reinforced or new additions are made to 

the network with the aim of reducing vulnerability. This study looks at the network 

reliability for preparedness and the immediate aftermath of disasters. Therefore the 

main objective is to focus on connectivity and the accessibility of nodes in the 

network. 

2.3 Vulnerability 

The concept of vulnerability does not yet have a commonly accepted definition. Some 

authors point out that lack of proper terminology in reliability and vulnerability 

studies to be blamed for this situation. Following are some definitions expressed by 

several authors. According to Holmgren (2004) vulnerability is the sensitivity to 

threats and hazards, according to Berdica (2000) vulnerability is the susceptibility to 

incidents that can result in considerable reduction in road network serviceability. 

H'usdal (2004) defines vulnerability as the susceptibility of the network to lose its 

operability (level of service and network being available). Vulnerability of a 

transportation network appears when the network is put under pressure either by 

internal traffic loads, external incidents such as disasters or some combination of both 

bringing it to verge of collapse or eventual collapse at the end (Jenelius et al, 2005). 

According to the definition given by the UNDP disaster management training program 

prepared by Coburn et a/(2004) vulnerability is the degree of loss to the element at 
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risk (or set of elements) resulting from a given hazard at a given severity level. Where 

in a transportation network this is reflected by the network not being available or 

accessible and desired level of service not provided. Particularly in terms of a disaster 

scenario, additional losses like isolation of communities and key services (hospitals, 

fire brigade, schools, etc.) and loss of important routs of greater economic value both 

locally and nationally would be treated as potential losses. 

2.3.1 Measuring vulnerability 

Finding a comprehensive measure of vulnerability can be a very difficult task. 

Therefore the scope of the vulnerability analysis is very important. The relationship 

between reliability and vulnerability is worth investigating in terms of measuring 

vulnerability. 

In reliability analysis probability or predictability of available serviceability is a major 

concern where as the impacts or consequences of disruptions is the main focus of 

vulnerability. According to Taylor et al (2003) vulnerability relates to network 

weaknesses and the economic and social consequences of failure. Husdal (2002) puts 

reliability as the complement of vulnerability in order to describe vulnerability using 

reliability theory and approach vulnerability as non-reliability. In terms of Husdal 

(2004) vulnerability is the non-operability of the network under certain circumstances, 

on the other hand he states reliability as the degree of operability of the network under 

strenuous conditions. The term operability needs to be addressed differently under 

different circumstances. 

The probability of the network being available, accessible with desired level of 

service would express a measure of reliability, thus conversely road networks 

susceptibility to not being available, accessible or desired level of service not provided 

can be taken as a measure of vulnerability. Berdica (2002) highlights that reliability 

measures are too much concerned with probabilities, and argues that the magnitude of 

the consequences should be more emphasized. It is important to note that 

vulnerability, unlike reliability needs to be more than a quantitative probability 

calculation related to the functioning and non-function of a network. 

Network vulnerability is mainly categorized in to three areas by Brathen and Laegran 

(2004) based on its various attributes, namely structure, nature and traffic (Figure 2.8). 
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• Structure related or structure generated vulnerability pertains to the way the 

road is built which includes attributes like network topology, connectivity and 

various components of the road. 

• Nature related or nature generated vulnerability pertains to attributes related to 

natural environment supporting the road. This includes the type of terrain, 

topography and natural hazards 

• Traffic related or generated vulnerability pertains to attributes describing the 

general flow of traffic. 

Figure 2.8: Elements of network vulnerability 

Usually these three attributes influence the network as a collective impact rather than 

on an individual basis. Therefore it is important to assess vulnerability on each 

attribute separately as well as a whole. Several indices are found in assessing 

vulnerability separately, most often traffic and structure. But not much work is present 

to study the collective impact of the three attributes. 

When structurally generated vulnerability is concerned, critical links, critical nodes, 

maximum flow and the spatial spread of nodes are considered important. According to 

Albert and Barabasi (2002), Newman (2003) the average geodesic distance, the 

clustering co-efficient and degree distribution are several methods found in the study 

of graphs that has found growing attention. Geodesic distance is the minimum 

number of links that has to be traversed in order to get from one node to another. The 

average value between every pair of nodes in the network is an indication of how 

compact the structure is. The clustering coefficient C is used to measure, to what 
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extent the nodes are forming small, tightly connected groups, which is common in, 

e.g., social networks. The degree distribution P (k) is the fraction of nodes with degree 

k (k = 0, I, 2 ...). Degree of a given node is the number of neighbouring nodes 

connected with a direct link. P (k) has been found to have a great impact on the 

robustness of the network structure against random node failures according to a study 

by Albert and Barabasi (2002). In addition to the above shortest path method, 

minimum cut maximum flow methods are also can be used to identify critical links 

and nodes in a network structure (Ibarra et al, 2007). Further a new concept based on a 

topological index was introduced by Sakakidara et al 2004. This is defined as the total 

number of different nonadjacent link sets that can be found in the graph structure. 

Nonadjacent links are those that do not share the same node. This topological index is 

a quantitative measure of susceptibility to critical nodes being isolated upon impact of 

a disaster (Sakakidara et al 2004). 

All the above methods give good information regarding various qualities of the 

network they address. But they all have the common draw back of not treating 

transportation networks as part of an infrastructure to move people. Where, raw 

attributes of graphs are blatantly applied on to a transportation network with out any 

consideration given to level of service, travel time, alternative routs and perceived 

importance of certain critical nodes to users. 

Traffic related vulnerability is to study the networks' ability to cope with the present 

traffic loads after being degraded by a hazardous incident. In contrast to topological 

studies traffic related vulnerability taken in to consideration demand and traffic 

variation in the network. Some of the work found among the literature regarding 

traffic related vulnerability are "Network efficiency measure for congested networks" 

by Nagurney and Qiang (2007), "Importance and exposure in road network 

vulnerability analysis" by Jenelius et al (2005). They have used travel time or travel 

cost increments between a given origin and destination pair as indicators to represent 

the degrading effect due to damage. But unfortunately when the above methods 

address the aspects of traffic flow vulnerability, the structure generated attribute are 

ignored and becomes difficult to be considered. 

As some researchers argue, reliability measures are too much concerned with 

probability figures while magnitude of the consequences due to a disturbance is 

ignored. Vulnerability can be introduced as the consequences of the network not being 

reliable. Where reliability has a great concern on the probability of a link or the 
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network functioning properly, vulnerability is related to network weaknesses and 

economic and social consequences of network failure, thus not so much probability of 

failure. 

2.3.2 Vulnerability and risk assessment for disaster management 

Vulnerability and risk assessments are valuable tools for establishing an essential 

disaster management plan. Targeting mitigation efforts relies heavily on correctly 

assessing vulnerability. Resources available for mitigation and preparing for disasters 

are limited in any country. The understanding of how the occurrence of a natural 

hazard or how an accident turns into a disaster enables us to forecast likely situations 

where disasters are possible. Some elements are more vulnerable to a particular effect 

than others. Identifying these vulnerable components would help prioritize for 

mitigation. This is essential for the effective use of limited resources to achieve 

maximum robustness. The design of service networks-roads, pipelines, and cables 

needs careful planning to reduce risk of failure. Long lengths of supply lines are at 

risk if they get cut at any point. Networks that interconnect and allow more than one 

route to any point are less vulnerable to local failures, provided that individual 

sections can be isolated when necessary. 

It is apparent when going through the literature that any particular study about the 

transportation networks under sporadic or sever disasters should consider more about 

the consequences to the network in terms of its reliability and vulnerability. And it has 

to be reiterated that developing all-comprising expression to vulnerability and 

reliability can be very complicated if not impossible due to the multitude of aspects to 

be considered. For example Husdal (2002) lists out the following as some aspects that 

could be used to express reliability and vulnerability. They are critical paths, risk, 

structural integrity, alternative routs, cost of rebuilding, down time, road class, type of 

commodity transported, traffic safety, network availability, operations & maintenance 

and emergency preparedness. This small example serves as an illustration of how 

difficult if not impossible it can be to find a common understanding of vulnerability 

and reliability of transportation networks. The aim of this research is thus to make an 

attempt to come up with a methodological framework that would allow to investigate 

the reliability of a transportation network considering accessibility aspects under 

disaster situations. 
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2.4 Risk 

In transportation literature, risk is regarded as the product of the probability of an 

event occurring and the consequences of the impact of the event (Matthew et al, 

2005). This is some what similar to the definition of vulnerability given above. 

According to above definitions vulnerability is measured as the consequences of an 

incident to the system. In fact some authors state that risk and vulnerability are two 

synonymous terms especially in terms of disaster preparedness and mitigation. 

Therefore vulnerability studies are fundamental to risk assessment (Cobum et al. 

1994). If the risk associated with the harmful event (X) is R(X), probability of event 

(X) is Pr(X) and the consequences of (X) is C(X). Then the risk involved can be 

expressed as follows. 

R(X) = ¥r(X) x C(X) (8) 

Jenelius et al argue that vulnerability can be treated in the same way as risk, and that 

the concept of vulnerability should be separated into one component of probability, 

and one component of consequence. This way the measure of vulnerability is not 

dominated by either the consequence element or the probability element of the event, 

both components are given similar emphasis. Estimating the probabilities of extreme 

events such as natural disasters and terrorist attacks is very difficult. The probabilities 

are predicted from historical data. 

2.4.1 Estimating the occurrence of natural hazards 

Natural hazards are extreme cases of normal events; a hurricane is an extreme wind, 

a destructive earthquake is a large version of the energy released by geological 

processes that are occurring everyday, a flood is the result of extreme precipitation or 

storm, or tidal conditions. Extreme meteorological, hydrological or geophysical events 

pose threats to the human-made environment and to individuals. By definition, 

extreme events are rare. The more extreme and severe an event is, the rarer it is. 

Extreme occurrences of natural hazards are difficult to predict. They occur irregularly 

and there are very few clearly identifiable patterns of occurrence of natural hazards 

(although studies are beginning to show that some longer term patterns may be 

visible) and in the short term they appear almost random. Because they happen rarely, 
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there is not sufficient number of cases in the databases, and statistical forecasting 

based on past occurrences is unreliable. For example a volcano that has erupted only 

once in the past century may erupt once every thousand years or it may have an 

average eruption rate of once every twenty years and its recent calm just happens to be 

an unusually long gap in its eruption frequency. Estimating the likelihood of another 

eruption in the near future would need much more than a hundred years statistics on 

its eruptions (Coburn et al, 1994). But natural hazards such as floods and landslides 

are relatively more frequent than the disasters of cataclysmic proportions. Therefore 

there are already developed methods used to represent the risk and to estimate the 

probability of such incidents happening. Hazard mapping is one such standard way of 

representing the risk and probability of hazard occurrences in an area. 

A major deficiency in terms of transportation network analysis is the fact that there is 

no established method of relating such information to derive reliable probability 

estimates of link failure under hazardous conditions. But it is imperative to have at 

least some form of close estimate of the likelihood that a given link is affected and 

degraded from the potential hazardous situation. In the case study chapter a landslide 

hazard map of Rathnapura district is used as the basis for the assumed values of link 

operating probabilities. 

2.4.2 Hazard mapping 

Hazard recurrence probability varies from place to place, and one of the most 

important and a common method to understand the risk faced by any community or 

region from a hazardous event is to use the available data to plot hazard maps. 

According to the type of hazard, various types of hazard maps may be useful (Coburn 

et al, 1994). Bellow is a landslide hazard map of the Kagall district of Sri Lanka 

(Figure 2.9). 

2.4.3 Criticality and importance 

As mentioned above having a clear definition for critical links is important for 

vulnerability and reliability assessment. Most literature on structural related 

vulnerability assessment introduces various methods of finding critical links and 

nodes (Abert and Barabasi (2002); Newman (2003); Ibarra et al 2007; Sakakibara et 

al. 2004). But they have only considered the consequence of losing accessibility 

assuming the risk of danger is even through out the geographic plane. When providing 
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information for purposes like disaster mitigation and preparedness, the probability of 

failure should be included in the methodology in order to prioritize attention. 

For rare events where the estimation of probability is not feasible, the term 

conditional vulnerability is often used (Jenelius et al, 2005). Conditional is meant to 

give the notion of "given a hazardous event happens". Hence the criticality of a 

certain component (link, node, groups of links and/or nodes) in the network involves 

both the probability of the component failing and the consequences of that failure of 

the system as a whole. The more critical the component, the more severe is the 

damage to the system when that component is lost. If the probability of failure is high, 

the component (link etc.) is weak, and if the consequences are great, the component is 

impor tan t . If it is both weak and important, the component is critical (Nicholson and 

Du, 1994). This also can be termed as conditional criticality. 

Figure 2.9: Landslides hazard map of Kegalle district 

27 



2.5 Survivability 

Network survivability though not specifically meant for transportation systems is an 

active component in the telecommunication engineering sphere. Recently in 

transportation also survivability analysis is in the process of gaining good ground. 

Survivability is the ability of the network to provide essential services in the presence 

of attacks or failures, and recover in a timely manner (Matthew et al, 2005). 

Survivable Systems Analysis (SSA) is an analytical approach to assess system 

survivability in networked systems. In the SSA process, the "criticality" of 

components is analyzed. Essential components provide services or satisfy properties 

that must be maintained during an attack. Compromisable components can be 

penetrated and damaged by intrusion or attack. Critical, or soft spot, components are 

both essential and can be compromised (Matthew et al, 2005). Survivability in other 

words is an umbrella term covering reliability, vulnerability and risk involving 

networked system. 

28 



Chapter 03 
Conceptual framework for analyzing the network 
reliability 
3.1 Introduction 

It was clear from the literature review that transportation network reliability 

encompasses a multitude of variables and uncertainties. Therefore it can be 

impractical if not impossible to come up with a single measurement or one method 

that can explain network reliability for all circumstances. Each different scenario is 

addressed with a specialized technique. For example network reliability against 

routine congestion and traffic variation can be assessed using capacity and travel time 

reliability measures. This is because recurrent events can be easily predicted and 

variation in travel time and capacity is one of the important factors for decision 

making for normal traffic situations. On the contrary, for more sporadic or emergency 

situations the focus of the analysis is different than a regular event. The most 

important aspect of a transportation network when facing an emergency is the 

accessibility provided to critical nodes in the network. Therefore connectivity 

reliability is the desired assessment method for such scenarios of transportation 

networks. Some times it is argued that capacity reliability also should be incorporated 

with connectivity reliability under emergency situations. But so far it has been found 

very difficult due to the highly unpredictable nature of traffic flow behavior under 

emergency situations. Further studies are already in progress to find ways of modeling 

traffic under emergencies. Thus when considering the impact of natural disasters, 

what is more important is to study the reliability of accessibility in transportation 

networks. 

The probability of accessibility or paths being available is defined under connectivity 

reliability. A common definition for connectivity reliability is the probability of 

having at least one path available between the origin and destination. Though this 

method appears to be a quit straight forward method to calculate connectivity 

reliability, there are several limitations that prevents its practical application. 

The highly theoretical nature of the method makes it difficult to be used with out a 

lot of assumptions being made. Calculating connectivity reliability requires exact link 

failure probability values in the transportation network. But such information may not 
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be readily available for every disaster and every segment of the network. In a multi 

hazardous zone where several natural hazards can take place during different periods 

of the year the failure probability of a link due to impact is highly unpredictable. It is 

important to be able to use available information in order to estimate reliability for the 

method to be suitable for practical use. Even though the occurrence probabilities of 

rare events are estimated they will not have much significance in the short and 

medium term scope of reliability analysis of a transportation network. 

Connectivity reliability when defined as terminal reliability assumes independent 

link failure. Thereby it ignores the changes taking place on the other parts of the 

network. This assumption can be too far off when considering a real network under 

the impact of a disaster. The removal of a link in one part of the network is definitely 

going to change the conditions of other neighboring links or paths. As independent 

link failure is assumed it fails to capture these effects. Later several researches had 

made attempts to model dependent link failure by considering multimodal models to 

assume links can operate in several modes. However these CBMM (Cause based multi 

modal) models require specific probability estimates of each mode of operation which 

can be a difficult ask for rare events. And also number of possible state enumerations 

increases exponentially as the network grows. This can result in assuming states that 

are either very rare or non-realistic. 

As far as the broad classification of events to sporadic events and recurrent events 

are concerned, application of reliability analysis has to be done in a meaningful way. 

Probabilistic definitions for network reliability is very suitable and a useful method for 

network performance analysis when recurrent events are concerned. Predictable nature 

of recurrent events using capacity and travel-time distributions enable easy and more 

accurate modeling of the system using probabilistic reliability methods. This has 

proved successful in giving useful information to decision makers about the 

performance of the network under daily traffic loads. It has been argued by previous 

authors that reliability estimates focus too much on probability estimates, hence ignore 

consequences of failure. Where, consequence of failure is a very important factor 

considering the network performance under disaster impact. It can be argued that for 

sporadic or rare invents where predictability is minimum probabilistic reliability 

definitions have marginal relevance for practical use. 



3.1.1 Vulnerability versus reliability 

According to the literature reviewed it was found that vulnerability and risk analysis 

is crucial for disaster preparedness and mitigation planning. Vulnerability is the 

susceptibility to extensive damage when hit by a disaster. Reliability is defined as the 

probability of the network maintaining connectivity. But this measure has little 

meaning when there is no real method to gauge how much reliability is safe. In 

addition to that, except for exceptional cases most networks maintain several 

alternative connections among nodes and the probability that all of them being 

destroyed in a hazardous event are very small. In fact it is the purpose of having an 

interconnected network. There is more significance to vulnerability in this regard as it 

measures the degree of loss to the network when a disaster happens. Vulnerability is 

focused on the effect to the network caused when a link or set of links are affected 

rather than the probability of losing the link which is difficult to predict under 

sporadic causes. Hence reliability can be defined using vulnerability. This is possible 

because of the close relationship between reliability and vulnerability. Where, some 

researchers argue that vulnerability can be considered as the complement of reliability. 

Reliability can be defined as non-vulnerability and vulnerability being non-reliable. 

Thus vulnerability has to be used to represent reliability without too much relying on 

predictability and probability. 

The objective of this research is to develop a methodology to evaluate the state of a 

transportation network against disaster situations. Therefore in this study an attempt is 

made to represent the state of a transportation network using a component of network 

vulnerability that would account for the consequences of damage in terms of loss of 

connections and a component of network reliability that would account for the 

susceptibility to damage using connectivity probability. The state of the network is 

represented using a proposed index defined as the Preparedness Index. In the 

following sections of this chapter the proposed index is introduced in detail along with 

its attributes and the applications in transportation networks. 

3.2 Preparedness index 

Preparedness index consists of two components. First component (a) a topological 

index defined as Connecting Length Ratio that takes in to account the state of the 

network connection between the O-D pair. The parameter for the connecting length 
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ratio are number of feasible paths from origin to destination, the ratio of path travel 

time to free flow travel time along each path selected and the ratio of path distance to 

direct distance from origin destination. And the other component (b) to represent the 

probability of having a connection between the O-D pair which will account for the 

uncertainty of the network. The parameter used for connectivity probability is the 

probability of links being open for traffic unaffected from a hazard. Here after the 

abbreviation PI will be used to refer to preparedness index appropriately. The 

proposed preparedness index for accessibility between a given origin destination pair 

is defined as follows. 

Preparedness Index = 

n 

7=1 
n 

T=l 
1-1 

a b 

a. Connect ing length rat io 

n 
V 

M 
7=1 

Lr = Length of the r link in the network 

n = Number of links in the network 

m = Number of different paths between the O-D pair that includes link Lr 

Pi Direct distance between the O-D pair 

Distance of the i ' h path 

(jUj) = Free How travel time along the i ' h path 
ih 

Present Travel time along the / path 
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b. Probabil i ty of having at least one connection = 
between the given O-D pai r 

w = Total number of paths between the given O-D pair 

Ri = Probability of the i'h path being available 

Ri = [~~J K Rr= Probability of r'h link along the i'h path being available 

3.3 Preparedness index (PI) - Concept 

When developing the preparedness index it was important to consider the quality or 

the effectiveness of the connection available between the O-D pair and also to 

represent the prevailing uncertainty of the network. This is done by having two 

separate elements, one to represent the quality of the connection and another to 

represent the uncertainty. The state of the connection between the O-D pair is given 

by the value of the connecting length ratio. Connecting length ratio takes in to account 

the number of different paths available between the O-D pair and weighs those 

connections according to their distance compared to the direct distance, travel time 

along each path compared to free flow travel time. Quality of the connection alone 

cannot give a complete idea about the overall state of the connection. Uncertainty is 

also an important element for vulnerability analysis. By having the component of 

uncertainty it is possible to estimate the reliability of maintaining the connection 

between the O-D pair. 

3.3.1 Connecting length ratio 

The calculation of the ratio between two nodes gives a measurement of the quality of 

accessibility between the two nodes. This involves the following steps. Figure 3.1 is 

used as an example. 

Step 01 : Find all the possible paths between the O-D pair (Table 3.1). Usually in a 

real road network that is more complex than the example an upper bound for path 

lengths have to be maintained to avoid including unrealistic paths that are excessively 

long. The upper bound for path lengths can be selected using the shortest path length 

m 
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or a distance based on the minimum travel time. E.g. upper bound = 2* shortest path 

distance between origin and destination. 

Links " ~ Direct distance from O to D 

Figure 3 .1: Example network 

Tab le 3 .1 : Network paths of the example network 

Path 
No 

Path Length 

1 O-P-D 17 
2 O-Q-D 11 
3 O-P-Q-D 22 
4 O-Q-P-D 20 

Step 02: Find the direct distance from origin to destination in the network. Then 

calculate p, for each path selected. /?, is used to value each path based on how 

effectively each path is connecting the O-D pair in terms of distance. /?, is a value 

between 1 and 0. It becomes " 1 " when path distance equals to direct distance which is 

hypothetical or extremely rare in reality. It approaches " 0 " when the path is very long 

or it is disconnected. /?, measures how much direct distance is covered by a unite of 

path length. Table 3.2 gives the pi for each path. 

Assume: Direct distance from O to D is 10 

Tab le 1.2: Path distance weighting 

Path 
No 

Path Length 

1 O-P-D 17 10/17 = 0.58 

2 O-Q-D 11 10/11 = 0 . 9 
3 O-P-Q-D 22 10/22 = 0.45 
4 O-Q-P-D 20 10/20 = 0.5 
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Step 03: Select all the links supporting the feasible paths in the network. The set of 

paths supported by each link is obtained. Accordingly a given link can have several 

paths using it. Then the length of each link is weighted with the aggregate of /?, values 

of the respective set of paths belonging to each link. This value is defined as the 

weighted connections provided by the link. Table 3.3 shows how weighted 

connections were calculated for each link 

N 

Table 3.3: Link weighted connections 

Link (0 ,P) ( 0 , 0 ) (P,Q) (P,D) (0 ,D) 
Link length 9 5 7 8 6 
Path set (1,3) (2,4) (3,4) (1,4) (2,3) 
I f t 0.58+0.45 0.9+0.5 0.45+0.5 0.588+0.5 0.9+0.45 

9* 1.04 5*1.4 7*0.95 8*1.09 6*1.35 
9.36 7 6.65 8.7 8.1 

Step 04: Aggregate of all weighted link values are obtained. This value is defined as 

the total weighted connections provided by all links between the selected origin and 

destination. 

n 

y 
r = i 

N 

Z(L,(ZP0) = 9.36 + 7 + 6.65 + 8.7 + 8.1 = 39.81 

Step 05: 

Divide the above value by total link lengths in the network to obtain the average 

weighted connections provided by one unite length of links in the network. 

Connecting length ratio 

n 

y 
N 

Lr^P 
l=l 

n 

= I L L ( S 0,) = 39.81 = 1.13 
35 
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This value gives a measurement of on average how well links contribute towards the 

connection between the O-D pair. In the above index paths are only valued based on 

its distance. Therefore above basic connecting length ratio is further improved by 

taking in to account traffic flow along the path. 

3.3.1.1 A c c o u n t i n g for traffic flow 

The unique difference of transportation networks that set it apart from ordinary 

networks is its traffic along each link. It is paramount for any analysis tool to 

recognize this flow of traffic and consider that as an important variable. Two 

important parameters of traffic flow along a link or a path is travel time and level of 

service (V/C}. The two measures are essentially interdependent for a given network. 

In the thesis following two methods are proposed as ratios to account for the effect of 

traffic flow in the network using travel time or level of service respectively. It is 

important to note that to calculate the connecting length ratio with a weighting of 

traffic flow, only either one of the factors should be used as both travel time and LOS 

is used to account for the same attribute of the transportation network in two 

perspectives. 

3.3.1.1.1 A c c o u n t i n g for traffic flow using travel t ime 

To account for traffic flow using travel time a ratio (a,) is defined. 

(jij) = Free flow travel time along the path 
Path travel time 

Then each path is weighted with both fi-, and ju,-

Weighted value of a path = (fii *//,) 

Connecting length ratio = I L r ( T B>*ui\ 
With travel time weighting 

The value of (/*;) varies from 0 to 1. As the path travel time becomes closer to free 

flow travel time (//,) gets closer to 1 and if the path is disconnected or travel-time is 

too long compared to the free flow travel time (JUI) approaches 0 . WherKealculanngv 
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path travel time intersection delays are ignored, therefore path travel time is equal to 

the sum of link travel time along the path. 

Travel time of path P,- = Z T r r = number of links in the path 

3.3.1.1.2 Accounting for traffic flow using level of service 

In this study V/C ratio is used to represent the level of service of a link. Path level of 

service is taken as the weighted average of link level of services (Friedrich et al, 

2006). 

Where: 

LOSpaih = Level of service of the path 

/ = Link number 

LOS, = Level of service of the I T H link 

/, = Length of the /" 1 link 

n = Number of links in the path 

V/C ratio of a path has a value from 0 to 1 and some times exceeding 1. In this study 

0-1 range of the V/C ratio is considered. Any value exceeding 1 is considered as 1. 

According to the interpretation of the V/C ratio, when V/C approaches close to 0 the 

traffic flow is said to be approaching free flow state. As V/C approaches is close to 1 

the traffic flow is said to be approaching congested state. When calculating the 

connecting length ratio it is necessary the level of service indicator moves from 1 —> 0 

when the path state goes from free flow to congested state. Therefore the indicator C/ 

= (1 - V/C) is used to weight paths according to their level of service. 

When: 

v/c= q 

Hence the weighted value of a path = (fii * C,) 

Connecting length ratio = 
With LOS weighting I I , . 
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3.3.2 Uncertainty 

In real transportation networks and many other networks, uncertainty is an important 

input for network analysis. In fact network reliability analysis is largely about 

assessing this uncertainty of networks under various circumstances. So far the most 

popular gauge of uncertainty is probability. Transportation networks undergo 

uncertainty in various circumstances. They can be either routine traffic variations or 

man made or natural disasters. The goal of reliability analysis is to quantify and 

predict this uncertainty. Thereby enable decision makers to better understand this 

element of uncertainty to give solutions that reduce uncertainty. Predictability is at the 

heart of assessing uncertainty. Higher the degree of predictability of a certain incident, 

better the understanding of uncertainty. Regarding a transportation network, routine 

traffic behaviors is much easer to predict due to its recurrent nature. On the other hand 

damages to the network from a natural disaster or a sudden terrorist attack hardly can 

be precisely predicted. The objective of this study is to develop a methodology to 

assess the transportation network reliability under disaster situations. Therefore the 

element of uncertainty or in other words the possibility of incidents that cause the 

network to degrade has to be incorporated in the analysis. 

In the previous section it was explained how connecting length ratio with weightings 

of either travel time or LOS was used to represent the effectiveness or the quality of 

the connection between the O-D pair. But that alone is not sufficient to represent the 

true state of the network. 

As described above the connecting length ratio measures the amount of weighted 

connections provided per unite link length. But it does not give an idea about the 

probability of maintaining that connection as explained in the following example. 

Figure 3.2 and Figure 3.3 shows two network configurations connecting an O-D pair 

" O " and "D" . 

L, A L4 

o 
B 

c 
o 

Figure 3.2: Network with multiple connections 
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o — - — * — o 
Figure 3.3: Network with single connection 

Above Figure 3.2 and Figure 3.3 are two network configurations with the following 

properties. 

OAD = OBD = OCD = Direct distance from O to D 

Therefore P O A D = P O B D = P O C D = 1 

^ O A D - / * O B D = , M O C D = 1 

Connecting length ratio with travel time weighting for Figure 3.2: 

Tab le 3.4: Standard network-1 

Link Paths provided Pi* Mi ZPi*Mi L;(E #*/ / / ) 
L, OAD 1 1 L, 
L2 OBD 1 1 L2 

Li OCD 1 1 L3 

L4 
OAD 1 1 L4 

Ls OBD 1 1 Ls 
L6 

OCD 1 1 L6 

E L ; (10,*p,) 

Connecting length ratio = £ L _ ( X = (L± + L? + L^ + L_ + Ls + L_) = 1 
With travel time weighting "LLr (L\ + L2 + L3 + L4 + L5 + L 6 ) 

Connecting length ratio with travel time weighting for Figure 3.3: 

Tab le 3.5: Standard network-I 1 

Link Paths provided Pi* Mi Li 
L2 

OBD 1 1 L2 

Ls OBD 1 1 Ls 

Connecting length ratio = Z L _ ( £ fi*Mi) = (L? + LQ = 1 
With travel time weighting HLr (L> + L5) 

It can be observed that the connecting length ratio for both configurations gives the 

same value. That is because in both network configurations the effectiveness of the 

connection is the same. But if the probability of having a connection between the O-D 
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pair is considered, Figure 3.2 has higher probability than Figure 3.3. This is because 

the former one having three separate paths as oppose to one path in the latter network. 

Therefore the vulnerability of the network in Figure 3.3 is higher than the network in 

Figure 3.2. This difference of vulnerability is represented using the probability of 

having at least one connection in the network. 

3.3.2.1 Connectivity probability 

Connectivity probability is the probability that a given O-D pair stays connected 

using the links in the network. The state of a link is represented using the probability 

of that link operating with given level of service. It is important to note that 

independent link behavior is assumed when calculating connectivity probability. First 

the network configuration of links as to how they are connected (series, parallel or 

combination of both) has to be determined. Calculating the connectivity probability 

for individual series and parallel sections and then combining them in the appropriate 

manner is the proper way to calculate the connectivity reliability for the entire 

network. 

Connectivity probability for series connected links: 

o o o 
A B 

Figure 3.4: Series connected links 

When links are connected in series (Figure 3.4), all links must operate to maintain the 

connection. If at least one link fails the entire connection fails. 
n 

Connectivity probability = P (ADB) = P (A) * P (B) = ( R A * R B ) =Y\Ri 
;=1 

Where n = Number of links in the path 

Ri = Probability of ihbeing available and operating 
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Connectivity probability for parallel connected links: 

Figure 3.5: Parallel connected links 

When links are connected in parallel, all links must fail to operate in order to lose the 

connection (Figure 3.5). Thus if at least one link is available the connection still can 

be made. 

Connectivity probability = P(AUB) = P(A) +P(B) - P(A)*P(B) 

= 1-1 + P ( A ) + P ( B ) - P ( A ) * P ( B ) 

= 1-(1 - P(A) -P(B) + P(A)*P(B)) 

= 1-(1-P(A))*(1-P(B)) 

= 1 - ( 1 - R A ) * ( 1 - R B ) 

= i - f ia-^) 
1=1 

Where n = Number of link in parallel 

Ri = Probability off* being available and operating 

Connectivity probability for the combination of series and parallel links: 

Figure 3.6: Parallel and series combination 

Path-1 = 0 - P - D 

Path-2 = O-Q-D 

Connectivity probability for path-1 = R A * R B = RI 

Connectivity probability for path-1 = R C * R D = R2 

41 



Connectivity probability for parallel connected path-1 and path-2 = 1 -(1 -R|)*( 1-R2) 

It is important to note that most of the transportation networks that are found in 

reality cannot be easily simplified to a parallel-series combination (Figure 3.6) like the 

above example where an expression for connectivity probability is readily available. 

Thus the state variable of any link appears more than once in the expression of 

connectivity probability of a complicated network. In order to correct the error due to 

this overlapping of state variables Boolean algebra (event tree method) should be 

used. Higher the amount of overlapping occurs bigger the error would become. But 

using Boolean algebra would require a tremendous amount of computational capacity 

as number of computations increase exponentially with the number of links. Therefore 

considering the accuracy required for transportation network reliability estimates and 

the accuracy of the available link probability estimates as inputs, using the above 

method of connectivity probability calculation was considered feasible. Therefore to 

simplify the computations of the network it is assumed that each different path of such 

a network behaves similar to parallel connections wherever link state overlapping 

cannot be avoided. 

The proposed preparedness index is defined using the multiplication of the two 

components of connectivity length ratio and the connectivity probability of the 

network. 

Preparedness Index = 1=1 

Y.Lr 
7=1 

!=1 

Therefore it is clear the proposed preparedness index can represent the state of the 

network by both efficiency of the connection and the reliability of the connection. The 

proposed PI has two components, one to assess the importance or the effectiveness of 

the connection in terms of weighted values of distance, travel time or LOS provided, 

and the other component to assess the probability of maintaining the connection. 

There is a good balance in the measurement regarding the state of the network with 

out any one component dominating the analysis. Therefore this proposed index has the 

potential to over come some of the draw backs identified with conventional methods. 
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The most important application of the proposed preparedness index is that it can be 

used as a gauge to measure network state against possible threats. For the purpose of 

measuring, a standard value of the index is defined. When defined between an O-D 

pair the standard value of the index is 1. Then the index value of the existing network 

is compared against the standard value that is considered acceptable to be a safe 

network. Having a quantitative measurement on the state of any infrastructure facility 

is important to enable the decision makers to take effective mitigation and 

preparedness measures where it is can make the most effect. 

In addition to that it is important to single out important components of the network 

at various stages. This way of finding critical components in the network is important 

in terms of prioritizing mitigation measures for potential hazards. It is possible to 

identify critical links and components by observing the level of variation in the 

proposed measurement when each component is affected. This type of further analysis 

enables decision makers to identify components that are critical for the functioning of 

the system and take priority measures to safeguard them. 

3.4 Preparedness index as a measurement of vulnerability 

Proposed preparedness index can be used as a gauge to measure network 

vulnerability. For the purpose of measuring vulnerability a standard value of the 

index is defined. 

When defined between an O-D pair the standard value of the index is l(one). The 

standard network is defined with the following properties. 

• Every link supports one path each 

• Path lengths equal to direct distance between the O-D pair. Hence /?, for all 

paths is equal to 1 

• Every path has free flow conditions. Hence jUj for all paths is equal to 1 

• Every link has a operating probability of 1. Hence 1 - J _ 0 . - R,) = 1 
1=1 

At the standard value the network is generating one unite of weighted connections per 

unite link length in the network and maintaining a connectivity probability of 1. Then 

the index value of the existing network with the available attributes is compared 

against the standard value. The standard network configuration is considered 

acceptable to be a safe network for accessibility. Figure 3.7. 



A L4 

B 
- e -

o D 

Figure 10: Standard network configuration 

Assume OAD = OBD = OCD = Direct distance from O to D 

Therefore P o a d = P o b d = P o c d = 1 

If travel time ratio (jij) is considered: / * o a d = MOBD = /^ocd = 1 

Tab le 3.6: Standard network 
Link Paths provided Ri Pi* Mi *P;*Mi Li (E #*// /) 
L, OAD 1 1 1 L, 
L2 OBD 1 1 1 L2 

Li OCD 1 1 1 Li 
L4 

OAD 1 1 1 L4 

L5 
OBD 1 1 1 L5 

L6 
OCD 1 1 1 L6 

I L ( I 

Connecting length ratio = Z L_(Z / ? , * / u i ) = (L\ + L? + L^ + L_ + Ls + L_) = 1 
With travel time weighting H L r (Li + L2 + L3 + L4 + L5 + L6) 

Connectivity probability = 1 - _~_(1 - j^) = 1 -(1 -1 )*( 1 -1 )*( 1 -1) = 1 

PI = i -na-^) 
1=1 

= 1 * 1 = 1 

When the network is in the standard configuration it has at least one direct path 

connecting the origin and the destination which is equal to the direct distance between 

the two. 

The preparedness index becomes greater than one (>1) when each path connecting 

the origin and destination in the above network (Figure 3.7) form intersections without 

any change in the link- operating probability. Thereby the vulnerability of losing any 
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one path is reduced by giving number of diversions at various points to avoid any 

damaged link in the network. In essence this means more alternative combinations of 

paths can be generated using the same amount of network link lengths. Figure 3.8. 

11 Ld 

Figure 3.8: Network with PI > 1 

With this configuration each link is able to support more than one path. Node (B) is an 

intersection joining the three paths OAD, OBD and OCD. Table 3.7 calculates the 

weighted path values for the above network. 

Tab le 3.7: Calculation of weighted path values 

Link Paths provided ZPi*Mi Li (I/?,*// ,) 
L, (Li, L4) , 

(L, ,L 5 ) 
(L, , U ) 

] 
3 3Li 

L2 (L 2 , L 4 ), 
(L 2 ,L 5 ) 
(L 2 , U ) 

| 
3 3L2 

Li ( L 3 , L4), 
(L 3 ,L 5 ) 
(L 3 ,L 6 ) 

| 3 3L3 

L4 ( L 4 , Li), 
(L 4 ,L 2 ) 
( L 4 , L 3 ) 

} 
3 3L4 

Ls (L 5 , L,), 
(L 5 ,L 2 ) 
(L 5 ,L 3 ) 

| 3 3L5 

L6 ( L 6 , L|), 
(L 6 ,L 2 ) 
(L 6 ,L 3 ) 

j 
3 3L6 

S Li ( I AO 

Connecting length ratio = £ LL(X B*ui) = 3*(L t + L? + L 3 + U + U + = 3 
With travel time weighting H L r (Li + L 2 + L 3 + L 4 + L 5 + L6) 

Connectivity probability =l-r](1-^) = 1-(1-1)(1-1)(1-1)....(1-1) = 1 
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As the network becomes denser with links interconnecting paths at various location 

connecting length ratio has the potential to increase further. But in an actual 

transportation network there are only limited number of links and nodes forming 

feasible routes due to excessive lengths of other routes. Thus the connecting length 

ratio will not increase exponentially. 

Preparedness index becomes less than one when the network paths in Figure 3.7 

become longer than the direct distance with out any options for diversions along each 

path and traffic flow increases from free flow condition. (Figure 3.9) 

Figure 3.9: Network with PI < 1 

Direct distance from O to D = OD 

O A D > O D , O B D > O D , OCD > OD 

Therefore P O A D < 1 , POBD < 1 , P O C D < 1 

U - O A D < 1, U O B D < 1, U-OCD< 1 

Li>0, hence L,* p 0 A D * M-OAD < Lt* 1 

Similarly we can represent other links as follows in Table 3.8. 

Table 3.8: Calculation of weighted path values 

Link Paths provided Li(IAV') 
L, OAD <1 <1 L,(2ZP)<L, 
L2 OBD <1 <1 L2(L/J,)< L2 

Li OCD <1 <1 Li (Z /?,•)< L3 

L4 
OAD <1 <1 M I # ) < L4 

Ls OBD <1 <1 L 5 ( I ^ ) < L5 

L6 OCD <1 <1 L6(2Zfr)<L6 

i -na-^) 3 * 1 = 3 
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Connecting length ratio = I LT_CL Pf/jj) = f L_(S 6i)+ + L_(S Pi)) < I 
With travel time weighting HLr (Li + L2 + L3 + L4 + L5 + L.6) 

n 

Connectivity probability = l - T ^ C 1 - ^ ) = 1-(1-1)*(!-!)*(1-1) 
1-1 

Pl = I _ L , ( I ^ » 
IL,. 

< 1 

Preparedness index becomes less than one when the network links in Figure 3 . 7 

become susceptible to failure in addition to the case in Figure 3 . 9 . Links properties are 

as same as the case of Figure 3 . 7 except that now the links operating probability is less 

than 1 because they are susceptible to damage. Assume every link has a 0 . 7 

probability of being available under a given scenario. 

Table 3.9: Standard network 

Link Paths provided Ri Pi*Vi ZPi*Mi Li (£ Pi*Mi) 
L, OAD 0 . 7 1 1 L, 
L2 OBD 0 . 7 1 1 L2 

Li OCD 0 . 7 1 1 Li 
L4 

OAD 0 . 7 1 1 L4 

Ls OBD 0 . 7 1 1 Ls 
L6 

OCD 0 . 7 1 1 L6 

Z Li (X 0i*uj) 

Connecting length ratio = £ L_(£ Pi*/v,) = (Lî  + L? + L2 + L_ + Ls + UP = 1 
With travel time weighting HLr (L, + L 2 + L 3 + L 4 + L 5 + U) 

Connectivity probability of path OAD = ROAD = 0 . 7 * 0 . 7 = 0 . 4 2 

ROAD = ROBD = ROOD = 0 . 4 2 

Connectivity probability of the network = 1 - (1 - 0 . 4 2 ) * ( 1 - 0 . 4 2 ) * ( 1 - 0 . 4 2 ) 

= 0 . 8 0 

P I = S L i l S i ^ a 
!'=1 

1*0.8 = 0 . 8 < 1 
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Above it was described using three separate cases how the index value changes from 

its standard value of 1. If the standard is considered to be the accepted value for a safe 

connection, then it is possible to use the index as a measurement of reliability of the 

network. In a real network what is present is a combination of above separate states, 

where having several diversions to paths makes a positive effect on the index while 

path distance, congestion and link uncertainty makes a negative effect on the index. 

This is summarized in the following Figure 3.10. 

Preparedness index (PI) 

1 + 
•4 • 

Path distance increase Number of diversions increase 
Congestion increase 
Link uncertainty increase 

Figure 3.10: Factors affecting PI 

The preparedness index approaches 0 under the following scenarios. 

• All paths get cutoff due to damage 

• Path distance compared to direct distance becomes very large 

• Paths become severely congested 

• Links become highly vulnerable to damage, thus probability of having a 

connection is very low, close to zero. 

V 
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When all paths are lost: 

When a path is lost with the collapse of a link along that path, the value of the path is 

defined as 0 (Zero). 

Hence /?, = 0 

hence I L r ( I ^ * / / ( ) = 0 

hence £ U ( L # * / / , ) = 0 

i-na-^) 
i=i 

When paths are too long or congested: 

O-D path length » > O-D direct distance 

Path travel time » > Free flow travel time 

hence I L r (I/?,*// ,) = 0 

hence I U ( I ft*//,) = 0 

i-na-^) 
1-1 

When links become highly vulnerable: 

1-1 

P l = I L i i l ^ ^ } i-n*-^) = 0 
1-1 
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3.5 Identifying important links and critical links 

Preparedness index can be used as an application to measure network vulnerability as 

described above. Such a measure of vulnerability can be used for a preliminary 

examination of the state of the network against possible damage. In addition to that it 

is important to single out important components of the network at various stages. This 

way of finding critical components in the network is important in terms of prioritizing 

mitigation measures for potential hazards. 

Therefore in addition to calculating the preparedness index for a particular network, 

it is possible to perform further analysis by separately considering connecting length 

ratio and link operation probabilities in order to assess the impact by individual links 

to overall connectivity. 

3.5.1 Link importance 

The link importance measures the extent of effect caused to the network when the 

particular link is closed. The importance of particular link is defined as the percentage 

reduction in the connecting length ratio after the link is closed. When a link is closed, 

it is assumed that the link remains in the network but due its current state it cannot be 

used by any feasible route leading from origin to destination. Loss of paths providing 

accessibility, network capacity reduction causing traffic congestion and delay are the 

important and direct impacts resulting from a link closure. In any network links rarely 

function in isolation when providing accessibility. All links in the network 

interdependent on each other. The degree of interdependency varies according to the 

network topology. If it is a transportation network the user perception and demand to 

access specific nodes also affect the interdependency. 

Accordingly the percentage difference in connecting length ratio has a higher rating 

on links having strong interaction with the rest of the network. Thus links supporting 

more paths having higher weighted values in terms of shorter distance, less delay in 

travel time and considered more important. When link importance is measured it is 

essential to consider the predicted variation in travel time due to resulting change of 

level of service on alternative paths due to diverted traffic. This effect on traffic can be 

reflected by proposed connecting length ratio as described in the section 3.3.1.1 

above. It is understood in disaster management that transportation networks having 

more interconnected paths are less vulnerable to disaster impacts. This is when paths 
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providing accessibility are provided with alternatives or diversions at regular intervals 

whenever possible would reduce their vulnerability. 

3.5.2 Criticality 

As link importance and network uncertainty is defined above it is now possible to 

define critical elements of the network. The criticality of a certain component or group 

of components involves both the probability of component failing and the 

consequences of that failure for the system as a whole. More critical the component 

more sever is the damage to the system when that component is lost. Therefore if the 

probability of an incident is high the component is identified as weak, if the 

consequences are great the component is identified as important. If it is both weak 

and important the component is identified as critical (Figure 3.11). 

Consequences 

High 

Low 

Low High 

Figure 3 .11: Identification of critical links 

3.6 Illustrative example 

In the following section an illustrative example is used to demonstrate the proposed 

procedure to assess a network using the proposed concept. 

5 1 



Figure 3.12: Example network 

The network used for this example consists of 13 nodes and 23 links. In this network 

nodes are numbered from " 1 " to " 1 3 " and edges are numbered from " 1 " to " 2 3 " 

(Table 3.10). First the connecting length ratio is used to assess effectiveness of the 

accessibility between the node ' T ' a n d "13" . 

Tab le 3.10: Link numbers and lengths 

Link No Link Length L ink No Link Length 
1 1,3 70 13 8,12 33 
2 1,4 42 14 8,11 33 
3 1,2 6 15 8,9 50 
4 4,5 19 16 9,11 3 
5 2,4 9 17 11,13 15 
6 2,7 62 18 12,13 55 
7 2,8 6 19 14,13 35 
8 3,8 13 20 10,14 30 
9 5,7 52 21 10,9 44 
10 5,6 15 22 3,10 30 
11 7,6 37 23 3,9 32 
12 7,12 15 
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3.6.1 Procedure to search all feasible paths between the O-D pair 

Following algorithms are used to generate paths in the network and register the 

details accordingly. The procedure to find paths has two separate algorithms. First 

Dijkstra's shortest path algorithm is used to find the shortest path from the origin to 

the destination considered. This is necessary as the first step in order to obtain the 

shortest distance between the O-D pair, which will be used to define the constraint 

that will limit the distance of the alternative routes considered for the analysis. Then a 

new algorithm is proposed to search for the possible alternative paths between the 

same O-D pair. 

3.6.1.1 Dijkstra's a lgor i thm 

Dijkstra's algorithm, found by Dutch computer scientist Edgier Dijkstra in 1959, is a 

graph search algorithm that solves the single-source shortest path problem for a graph 

with non negative edge path costs, outputting a shortest path tree. For a given source 

node in the graph, the algorithm finds the path with lowest cost (e.g. the shortest path) 

between that node and every other node. It can also be used for finding cost of the 

shortest path between any single O-D pair by stopping the algorithm once the shortest 

path to the destination vertex has been determined. Flow chart for the above algorithm 

is shown in Figure 3.13. 

The algorithm maintains a list " [ P r v i u s n d ] ,•" to record previous nodes of node /' 

according to the minimum path from the start node. [ G r a p h n d s ] list contains all the 

unvisited nodes of the network. Variable "dist (i)" is to record the cumulative distance 

at each node from the start node, "alt" is the alternative distance of a node from the 

start node, when alt is less than the current dist (i), then dist (i) is made equal to alt 

value. 

Dijkstra's algorithm to find the shortest path 

Step 0 - For every node v in graph G 

{ 

dist(/) = infinity 

[prvius_nd]; = empty 

} 
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Start node = O 

Traget node = d 

dist(O) = 0 

[Graph_nds] = set of all unvisited nodes in the network 

Step 1 - While [ G r a p h n d s ] is not empty 

{ 

Step 2 - Search k = Node with minimum dist(/r) in [Graph_nds] 

Step 3 - If k = d 

Out put: Sd = dist(*) 

Exit loop 

Step 4 - For each neighbor n o f / t 

{ 

alt = dist(Ar) + l e n g t h e n ; 

If a l t<d i s t (n ) 

dist(«) = alt 

[prvius_nd] n - k 

} 
Step 5 - Remove k from [ G r a p h n d s ] 

} 



dist(O) = 0 

Search k = Node with minimum dist(/r) 
in [Graph_nds] 

Search k = Node with minimum dist(Ar) 
in [Graph_nds] 

Remove k from 
[Graph_nds] 

alt = dist(Ar) + lengthen; 

dist(«) = alt 

* 
[prvius_nd] „ = k 

Figure 3.13: Flowchart for Dijkstra's algorithm 



3.6.1.2 Proposed algorithm to search all alternative paths between an O-D 
pair 

The proposed algorithm is for searching the different paths that can be feasibly 

generated from the available links in the network to connect the origin and destination. 

The algorithm starts searching from the origin node and goes on building a path 

searching for the destination by sequentially connecting adjacent nodes with available 

links. While on the search it maintain constrains of distance and not to visit same node 

twice along a particular path. The search will continue until all possible options are 

visited. 

The algorithm maintains [Prv iusnds] list to record previous nodes visited according 

to the sequence along the « l h path. [Pa th l inks] list is maintained to record the links 

used for the n , h path according to a sequence. [adjcnt_links]j maintains the list of 

adjacent links of node i in the network. Variable dist (i) is to record the cumulative 

distance of each node as the path progresses. (u*Sd) is the restriction criteria which is 

a distance either based on minimum distance or free-flow travel time between i&j. C± 

is any selected link from node i to node k. O is defined as the current origin node. 

Flow chart is shown in Figure 3.14. 

Step 0 - Initialize 

[Prvius_nds] = empty 

[Pathj inks] = empty 

For every node / in the graph G 

{ 
Set of [adjcnt_links]i = {Cik} where [K] = {immediate neighbors of 

/} 

dist (/) = 0 

} 

Origin node = j 

Destination node = d 



Step 3 - While [Adjcntj ink] 0 is empty 

{ 

Restore [Adjcnt l inks] o to original values 

Select last node k in the [Prvius_nds] list 

Remove the minimum value from the [Adjacent_link] K 

Remove k from the [P rv iusnds ] list 

Set O = k 

} 

Step 4 - Select the minimum of [Adjcnt l inks] o , C 0 k and connect k 

Step 5 - Cd = dist (O) + C o k 

Step 6 - Check: k e [P rv iusnds ] „ or Cd > u * Sd 

If t rue , Remove C 0k from [Adjcnt l inks] a and go to step 2 

If false step 7 

Step 7 - Cd = dist (A:) 

Step 8 - Add C 0 k to end of [Pa th l inks] „ 

Add O to end of [P rv iusnds ] „ 

Step 9 - Check: k = d 

If t rue , give out put Pn = |[Prvius_nds] „, [Path_links] „, dist (k), 

Remove C 0 k from the [Adjcnt l ink] of O 

Remove C 0 k from the [Pa th l inks] 

Remove O from the [Prv iusnds] 

n = n+1 and go to step 2 

If false, k = origin node O 

Remove C k 0 from [Adjcnt_link] K 

Go to step 1 



Restore 
[Adjcntjinks] 0 

Select last node k 
[Prviusnds] 

Remove min- value 
of [Adjcnt link]* 

Remove k from 
[Prvius nds] 

0 = A 

Out put Pn = 
[Prviusnds] 
[Pathjinks] 
dist (k) 

Remove C o k from 
[Adjcntjink] 0 

Remove C o k from 
[Pathjinks] 

Remove O from 
[Prviusnds] 

n = n+1 

Select the minimum of 
[Adjcntjinks] o, C o k and connect k 

Cd = dist (O) + C o k 

Cd = dist (k) 

Add C o k to end of [Pathjinks] 
Add O to end of [Prvius_nds] 

Yes 

Remove C k o from 
[Adjcntjink] A-

Remove C o k from 
[Adjcntjinks] 0 

Yes 

Figure 3 .14: Flowchart for the proposed algorithm to search paths 
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The network shown in Figure 3.12 gives 140 different paths to reach node 13 from 

node I with out subject to any upper bound of path lengths. The shortest path from 

origin to destination is 60 unites and the direct distances from node 1 to 13 is assumed 

as 50unites. Figure 3.15 shows how each path was registered on an Excel work sheet 

in order to perform the calculations. It shows how each path is represented with their 

respective lengths and "pi" value on opposite columns. 

Hi Be 6<tt Insert Format tools Bato Window H<* 

B | C | D J_J_ M 

Node number 

5 
- T S -

6 

T5~ 
7 

~3T~ 
12 

-re-

Distance between the adjacent 
nodes 

Path length 

274 

291 

177 

288 

305 

197 

283 

192 

233 

0 .182481752 

0 

0 .171821306 

0 

0 .282485876 

0 

0.173611111 

D 

0.16393442B 

0 

0 .253807107 

0 

0 .176678445 

0 

0 .260416667 

0 

0 .214592275 

Figure 3.15: Registering paths on an Excel work sheet 

In the above Figure every arrow head represent a different path. Each path is 

represented using the sequence of nodes along the path from origin to destination and 

the corresponding distance between each pair of adjacent nodes. Cumulative length of 

the path is recorded in the path length column and weighted path value in the pi 

column. 

3.6.2 Calculating connecting length ratio 

In the following Table 3.11 shows the summary of the calculation required for the 

determination of the connecting length ratio. There are separate columns for link 

number, length, I /?, and Lj (E /?,). 
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Table 3 .11: Network link details (considering the entire network) 

No 
Link 

length 
Number of paths 

using the link y.Bi Lr(TB!) 

1 70 30 6.40 448.12 

2 42 66 13.53 568.31 

3 6 44 12.20 73.22 

4 19 76 14.32 272.18 

5 9 54 11.82 106.41 

6 62 49 9.36 580.39 

7 6 58 14.44 86.65 

8 13 48 11.34 147.48 

9 52 38 7.18 373.37 

10 15 38 7.14 107.17 

11 37 38 7.14 264.37 

12 15 81 16.11 241.75 

13 33 69 14.09 465.03 

14 33 42 9.45 312.15 

15 50 42 8.67 433.61 

16 3 62 14.36 43.10 

17 15 45 12.85 34.45 

18 55 30 6.62 364.63 

19 35 64 12.28 429.95 

20 30 64 12.28 368.53 

21 44 51 9.98 439.14 

22 30 53 10.43 312.98 
23 32 51 10.55 337.65 

E Lr = 706 Total = 6810.73 

According to Table 3.11: 

I L r (I/?,) = 6810.73 

IL,. = 706 

Therefore, connecting length ratio = I L L ( I /?/) = 6810.73 = 9.64 > 1 

IL,. 706 

It is important to note that for this particular calculation paths did not subject to any 

upper bound, hence all paths were considered. That is not realistic for practical 

purposes having unrealistic paths that are too long to reach the destination. Therefore, 

later in this section paths will be subjected to several levels of upper bound to 

demonstrate how accessibility of the O-D pair changes when the paths are restricted 

within a feasible range. In this example network paths are only weighted with the 

basic value ignoring level of service and travel time indicators. 
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When analyzing accessibility between two given nodes in a transportation network, it 

is essential to consider the maximum length of alternative routes that users are willing 

to take when the usual rout is not available. It is crucial for a transportation network to 

provide feasible connections that commuters or users would decide to take to avoid 

certain degraded parts of the network. Thus just having any connection which may be 

too much in length compared to the necessity of accessing a particular place has to be 

ignored as redundant because traffic may not divert to such paths. Therefore for in the 

above network an upper bound for path distance was introduced. The upper bound 

was varied in several stages starting form the unbound state to 90 units. (Path length 

<= 30 units + shortest path distance). 

Connecting length ratio Vs Path distance limit 

11 

10 

9 

.E 5 

0 I , , , , , , , , , , 1 

90 120 150 180 210 240 270 300 330 360 390 420 

Distance limit 

Figure 3.16: Connecting length ratio Vs Path distance limit 

As shown in the graph of Figure 3.16 the Connecting length ratio value gradually 

reduces when the feasible portion of the network is restricted. Given this is a 

transportation network and analysis is done considering accessibility for emergency 

situations, the critical region of the network for the purpose has to be selected. The 

shortest distance between node 1 and 13 was found to be 60 units. Thus for this 

particular network the critical region was assumed as the network having paths less 

than 120 units or 90 units. Though for the unbound network the connectingjejtgth 

ratio for the accessibility of (1 , 13) nodes was high as 9.65, when paths w£r^reiracted:A 
/r* ~%'\ 

to less than 120 and 90 units the Connecting length ratio reduces to 0(91,7 ancl0..94\9>; i 



0 

respectively. Connecting length ratio values indicate that, even with the limited 

network it was able to maintain accessibility close to the standard value of 1. But it is 

important to find the link importance in the available network to have a clear picture 

of how accessibility depends on each link. 

3.6.3 Calculating link importance 

Importance of a given link is defined as the percentage reduction of the connecting 

length ratio when that link is closed. A closed link is still regarded as part of the 

network but unable to contribute with its connections. Therefore the percentage 

reduction in the connecting length ratio is proportional to the extent of accessibility 

lost due to the link closure. 

In the following Table 3.12 and Table 3.13 shows how the network is affected when 

link number 12 and 18 are removed separately. 

Tab le 3 .12: Change in weighted connections of links after link 12 closed 

No 
Link 

length 
Number of paths 

using the link T.Bi Lr{T,Bl) 
1 70 15 3.95 276.25 

2 42 33 7.19 302.03 

3 6 11 4.93 29.59 

4 19 22 3.78 71.91 

5 9 11 3.41 30.66 

6 62 22 3.78 234.67 

7 6 44 12.12 72.74 

8 13 21 5.91 76.86 

9 52 11 1.89 98.41 

10 15 11 1.89 28.39 

11 37 11 1.89 70.02 

12 15 0 0.00 0.00 

13 33 9 2.30 75.98 

14 33 18 4.89 161.30 

15 50 18 4.38 219.11 

16 3 26 7.37 22.10 

17 15 21 7.23 108.45 

18 55 9 2.30 126.63 
19 35 28 6.12 214.21 

20 30 28 6.12 183.61 

21 44 23 5.16 226.82 
22 30 21 4.89 146.84 
23 32 21 5.22 167.18 

L L r = 706 Total = 2943.75 
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Connecting length ratio = I Lr(S ft) = 2943.75 = 4.16 
ILr 706 

Therefore link importance = (9.6-4.16) *100 = 5 6 . 6 % 

9.6 

Tab le 3.13: Change in weighted connections of links after link 18 closed 

(5 

No 
Link 

length 
Number of paths 

using the link m Lr(TM 
1 70 10 2.86 200.24 

2 42 60 11.99 503.79 

3 6 40 10.70 64.20 

4 19 60 11.15 211.92 

5 9 40 8.95 80.57 

6 62 40 7.46 462.66 

7 6 40 10.91 65.44 

8 13 44 10.46 136.00 

9 52 30 5.57 289.50 

10 15 30 5.59 83.79 

11 37 30 5.59 206.69 

12 15 60 11.79 176.84 

13 33 60 11.79 389.06 

14 33 34 8.07 266.35 

15 50 34 7.35 367.67 

16 3 54 13.03 39.09 

17 15 45 12.86 192.83 

18 0 0 0.00 0.00 

19 35 64 12.28 429.95 

20 30 64 12.28 368.53 

21 44 43 8.73 383.92 

22 30 45 9.18 275.34 
23 32 43 9.15 292.76 

LLr= 706 Total = 5487.14 

Connecting length ratio = S L L ( I ft) = 5487.14 = 7.77 
ILr 706 

Therefore link importance = (9.6-7.77) * 100 = 2 0 % 

9.6 

According to Table 3.12 and Table 3.13 it can be seen how different links in the 

network contribute to accessibility in terms of providing connections. When compared 

with the number of paths using each link before after link 12 and link 18 is removed, it 
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can be seen that link 12 had caused a greater reduction in number of paths using each 

link. Likewise link 12 is rated higher with a 56.6% reduction in the ratio as oppose to 

a 20% reduction in the ratio when link 18 is removed. It has to be noted that traffic 

flow is ignored for these calculations; hence resulting variation in p-, (weighting for 

travel time) for each path is not considered. 

Similarly link importance can be found for all links in the network as shown in 

Table 3.14. 

Tab le 3.14: Link importance 

No Link length IBi L«JBi) 

PI for (1 , 13) 
node pair 

PI when links 
closed Importance 

1 70 6.40 448.12 9.6 7.58 21.34% 

2 42 13.53 568.31 9.6 5.04 47.68% 

3 6 12.20 73.22 9.6 6.65 30.97% 

4 19 14.32 272.18 9.6 4.35 54.85% 

5 9 11.82 106.41 9.6 5.94 38.38% 

6 62 9.36 580.39 9.6 6.23 35.36% 

7 6 14.44 86.65 9.6 5.66 41.29% 

8 13 11.34 147.48 9.6 6.37 33.91% 

9 52 7.18 373.37 9.6 6.98 27.59% 
10 15 7.14 107.17 9.6 7.01 27.26% 
11 37 7.14 264.37 9.6 7.01 27.26% 

12 15 16.11 241.75 9.6 4.02 56.66% 

13 33 14.09 465.03 9.6 4.85 49.64% 

14 33 9.45 312.15 9.6 6.75 30.01% 

15 50 8.67 433.61 9.6 6.73 30.17% 

16 3 14.36 43.10 9.6 5.42 43.74% 

17 15 12.85 34.45 9.6 6.69 30.61% 

18 55 6.62 364.63 9.6 7.54 21.83% 

19 35 12.28 429.95 9.6 5.11 46.98% 

20 30 12.28 368.53 9.6 5.1.1 46.98% 

21 44 9.98 439.14 9.6 6.08 36.94% 

22 30 10.43 312.98 9.6 5.94 38.41% 
23 32 10.55 337.65 9.6 6.11 36.62% 

E L r = 706 E L r ( E f t ) = 
6810.7374 9.6 

In the following Figure 3.17 a bar chart is used to graphically represent the above 

variation of link importance for the accessibility of (1 , 13) node pair in the network 

Following Figure 3.17 is drawn considering the accessibility of (1 , 13) node pair 

without any upper bound for paths. But in reality the entire network can not be used to 

provide accessibility for nodes considering the length of alternatives. Hence an upper 

bound is introduced in order to keep out the paths that are not feasible and will not be 
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opted by users due to the excessive travel time or distance. Therefore Figure 3.18 and 

Figure 3.19 were drawn after reducing the network to paths under a length of 120 and 

90 respectively. 
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Figure 3.17: Link importance for accessibility of (1-13) 

120 

Link importance for accessibility of nodes (1,13) with restricted paths less than 

120 units 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 
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Figure 3.18: Link importance for accessibility of nodes ( I , 13) with restricted paths 
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Figure 3.19: Link importance for accessibility of nodes (1 , 13) with restricted paths 

From the above Figure 3.18 and Figure 3.19 vulnerability of accessibility between 

node 1 and 13 can be described. According to Figure 3.17 it can be observed that none 

of the links did cause more than 60% loss of index alone. Which means the network 

was relatively stronger against individual failure. But when only few paths were 

considered under the restriction of 120 units of distance, it can be clearly seen that the 

network is more vulnerable to failure. In Figure 3.18 link No.7 causes a 100% change 

meaning the network is disconnected. Thus the network is vulnerable to collapse at 

link 7. In addition to that links 3 and 17 separately cause more than 70% reduction 

leaving the network very weak at those locations. When we close-in on the network 

further down to 90 unit distance limit the vulnerability seems to have increased 

further. In Figure 3.19 Links 3, 7 and 17 is able to completely disconnect the origin 

from destination. Therefore network is vulnerable to complete collapse at three 

locations namely link 3, 7 and 17. Further it can be observed that links that were 

feasible before are now redundant or do not supply feasible connections under the 

current restriction. 

In general the vulnerability of a network can be reduced by having extra links 

providing different alternatives. This can be observed when the path restriction is 

relaxed and more links are allowed to supply access to nodes. When more links are 

allowed in to the network the individual importance of other links which were 
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important earlier lose their ranks as the new links also start to provide alternative 

access to nodes. Figure 3.20 shows how the importance of each link in the above 

considered network varies with different stages of link restriction. 

150 180 210 240 

Path length restriction 

Figure 3.20: Change of link importance with level of path distance limit 

It can be observed from Figure 3.20 that when the network is restricted to paths less 

than 90 to 120 unit, links 3, 7, 8, 16 and 14 stand out of the rest as important links 

providing access in the critical portion of the network, because the network becomes 

highly vulnerable to lose accessibility when those links are closed. The variation of 

link importance beyond 120 units point in the above figure is not significant for the 

exact scope of this study because the connections longer than that is not realistic to 

access node 1 to 13 under an emergency. But it is interesting to observe that when the 

upper bound is relaxed further the importance of links for accessibility tend to 

converge in to one range of values. It is not certain at this stage whether ultimately 

they would converge further as the network density is limited. But it is clear that when 

more links are present in the network the vulnerability of the network under individual 

link failure is drastically reduced increasing the reliability of the network. The exact 

profile of the above figure will depend on how effectively the links in the network 

contributes to accessibility, in terms of its topological arrangement, the weighted 

value of paths (distance, travel time, LOS). 
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3.6.4 Calculating connectivity probability 

The proposed preparedness index value consists of two components as illustrated in 

section 3.3 and 3.4. Connecting length ratio is one component and its application was 

described in the previous section above. Connectivity probability is the other 

component that accounts for the uncertainty in the network. 

For the illustration that follows the probability of operating in a given incident was 

assumed as 0.6 for all links in the network. In Table 3.15 bellow, connectivity 

probability of the network is calculated for each of the path distance restriction levels 

considered. It is possible to observe that connectivity probability is gradually 

decreasing lesser paths are considered for connections. 

Tab le 3.15: Connectivity probability 

Distance 
restriction level 

360 330 300 270 240 210 180 150 120 90 

connectivity 
probability 

0.97 0.96 0.96 0.95 0.94 0.9 0.84 0.62 0.52 0.23 

Following Figure 3.21 shows connectivity probability of the network after each link 

is closed at the 120 unit distance restriction level. If this is compared with 

corresponding chart showing link importance (Figure 3.18) it is possible to observe 

that important links that cause considerable reduction in accessibility also have a 

significant affect on connectivity probability too. 
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Figure 3 .21: Probability of having at least one connection in the network 
each link. Initial value at 0.52. Uncertainty of every link was assumed 
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In the same manner it is possible to draw a chart showing the variation of the 

preparedness index value with individual link closure. The preparedness index is 

calculated for the remaining network after any particular link is closed. Figure 3.22 

show how the index value changes for the network within 120 units distance 

restriction when each link is closed. Similar to Figure 3.21 it is possible to observe 

that important links have caused a drastic reduction in the index. The original value of 

the preparedness was 0.45. 
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Figure 3.22: Preparedness index variation 

In this example it can be observed that links 7, 3, 17 cause the most significant 

reduction in the value. While links 4, 6, 9-12 do not affect the connectivity as they are 

out of the critical portion considered. It is important to identify critical elements in a 

transportation network especially for disaster preparedness operations. Identifying 

critical links help target mitigation effectively generate maximum possible benefit the 

limited resources. 

3.6.5 Network connectivity 

Preparedness index is defined for the accessibility between two nodes. According to 

the extensive illustration above accessibility between node pairs is vital for any 

network. When the accessibility of all node pairs are put together forms the 

connectivity of the network. The individual accessibility of nodes is vital for the 

Q connectivity of the network. On the other hand it is similarly important to understand 
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the interaction and the contribution of nodes and links for providing accessibility 

when the entire network is considered. 

In order to model network connectivity the basic concept of connecting length ratio 

is applied for the entire network with multiple O-D pairs. A method is proposed using 

the connecting length ratio to represent the overall network connectivity. 

For the connectivity of a network, accessibility of all O-D pairs is considered at the 

same time. Just as for individual node pairs it is important to select the critical portion 

of the network for connectivity also. Because connections which are not feasible 

would not be of any value as traffic cannot be diverted or the demand for alternatives 

with excessive travel time is minimum. A method similar to single O-D pair 

accessibility assessment is used for assessing connectivity where all feasible paths 

connecting the set of O-D pairs are generated using the same procedure proposed 

earlier in this Chapter. When accessibility between several O-D pairs is considered, a 

particular link is part of paths connecting between more than one O-D pair. Therefore 

a link has to be weighted with weighted connections between several O-D pairs. But 

the demand to travel between certain O-D pairs is different than the others. Therefore 

the paths connecting important nodes have to be weighted higher than the other paths 

with respect to an appropriate criterion. The criterion to weight can selected according 

to land use in regions considered, population and amount of trips generated among the 

O-D pairs, availability of critical infrastructure such as hospitals, food storage, refuge 

areas for emergency relief, etc. 

Connectivity probability is defined only between any given O-D pair. Therefore the 

connectivity probability for multiple O-D pairs is difficult to be defined using the first 

definition. Thus it is necessary to investigate the appropriate way to represent network 

connectivity probability prior to using that in the proposed methodology. Hence in this 

study network connectivity is assessed primarily with the scope of evaluating the 

aspects of accessibility among nodes in the network as one system. 

Following example can be given to illustrate the use of connecting length ratio to 

represent network connectivity. This example uses the same network in Figure 3.12 

with three selected nodes namely node 1, 10 and 13 to have multiple O-D pairs in 

order to demonstrate the procedure. 
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Figure 3.23: Network connectivity 

As shown in Figure 3.23 node 1,10, and 13 are considered to assess the connectivity. 

Highlighted links indicate the critical portion of the network that is feasible for 

connectivity among the O-D pairs considered. 

The only difference of this and the calculation of accessibility for single O-D pair is 

the presence of ( £0 / )/n . Connecting length ratio was originally defined for the 

accessibility of two nodes. But when assessing connectivity there are several node 

pairs considered. Therefore a given link supports connections between several O-D 

pairs at the same time. Accordingly (£/J/) of a link contains weighted values of 

connections for all O-D pairs in the network supported by that link. Hence weighted 

average value of connections per single O-D pair is used for the calculation of the 

connecting length ratio. Following is an example calculation of the Average weighted 

connections per O-D pair for link No-2. 
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Table 3.16: Network connectivity 

No Link 
length Lr 

1/3/ (Ifii)ln 
n = 3 

Link 
importance 

1 70 0.4 0.13 9.33 5.26% 
2 42 0.89 0.29 12.5 13.15% 
3 6 6.41 2.13 12.82 76.31% 
4 9 0.89 0.29 2.67 13.15% 
5 6 7.30 2.43 14.60 89.47% 
6 13 3.05 1.01 13.21 36.84% 
7 33 0.5 0.16 5.5 6.57% 
8 33 2.42 0.80 26.70 28.94% 
9 50 1.32 0.44 22.08 17.10% 
10 3 3.25 1.08 3.25 39.47% 
11 15 4.08 1.36 20.43 47.36% 
12 55 0.5 0.16 9.16 6.57% 
13 35 1.04 0.34 12.18 14.47% 
14 30 1.04 0.34 10.44 14.47% 
15 44 1.95 0.65 28.71 25% 
16 30 2.65 0.88 26.57 34.21% 
17 

32 2.16 0.72 23.09 28.94% 
£ = 506 £ = 253.33 

e.g.: from Table 3.16. 

Link No-2 weighted value of connections = 2J8' = 0.89 

Number of O-D pairs considered {(1, 13), (1 , 10), (10, 13)} = n = 3 

Average weighted connections per O-D pair for link No-2 = ( 7/3;) = 0.29 

Preparedness index for network connectivity = Z \Lr*(JBi Vn] 

Z L r 

= 253.33/506 = 0.5 

One important out come of representing network connectivity is the possibility to 

obtain link importance considering connections between several O-D pairs. A network 

is an arrangement of several nodes and links interconnecting these nodes. Therefore 

the importance of any component has a much broader sense when taking in to account 

the accessibility to several O-D pairs at the same time. Figure 3.24 shows the link 

Q importance for the connectivity among the three nodes considered. 
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Figure 3.24: Link importance for network connectivity 

In this example average weighted connections per O-D pair was calculated by 

dividing 2J3' with number of O-D pairs. Therefore we have made the assumption 

that all the O-D pairs in the network are equal. While this may be true for most of 

other networks, in transportation networks different O-D pair has different levels of 

demand to access them. This has to be recognized when assessing network 

connectivity especially for transportation networks. A weighted average can be used 

to recognize this variation in demand to access certain nodes in the network. In 

transportation networks the perceived demand to access certain nodes depends on the 

prevailing situation. In and ordinary day work related trips may place a high demand 

to access the capital city in the region from peripheral locations. But totally opposite 

to that at a time of a disaster there may be a high demand to evacuate certain nodes to 

reach safer locations in addition to that nodes with critical facilities like hospitals, 

refuge areas or other location with emergency relief facilities also need to be given 

priority access. Some times in the network of a particular region certain nodes may 

have developed connections with networks of adjoining regions. Where as, some 

nodes have to rely on an only link to a node within the region, therefore that particular 

node has to place very high value for that only connection as it is highly vulnerable if 

the link is closed. The exact way to recognize this disparity among node pairs using 

weightings has to be further studied in detail taking into account both tangible and 

intangible elements of network components. 

•ys? 
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Chapter 04 

Case Study 

4.1 Introduction 

In the following section the applications of network reliability analysis using the 

proposed concept of preparedness index is demonstrated using the road network in the 

Rathnapura district. The road network comprising A and B class roads in the 

Rathnapura district were selected for the case study of this research. Ratnapura is a 

district of Sri Lanka in the province of Sabaragamuwa. Rathnapura district is 

frequently battered by several types of natural hazard situations during the course of 

the year. Land slids and floods are the most common types of natural hazard prevelent 

in the area. During the year a lot of property is damaged specialy public infrastucture 

like roads and bridges. Rathnapura district is divided into 17 local political entities, 

where Rathnapura is considered as the capital city of the district. The road network 

connecting four DS. idvisions namely Rathnapura, Kalawana, Balangoda and 

Ehaliyagoda was considered for the case study. Rathnapura-Ehaliyagoda and 

Rathnapura-Balangoda are the two O-D pairs used to demonstrate the evaluation of 

the disaster vulnerability of accessibility between O-D pairs and then the network 

comprising all four nodes of Rathnepura, Ehaliyagoda, Balangoda and Kalawane is 

used to demonstrate the evaluation of network connectivity. Figure 4.1 shows the 

selected network for the study. 
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Figure 4 .1 : Selected road network in the Rathnapura district 
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4.2 Simplified network 

The above network selected for the study was simplified as shown in Figure 4.2. The 

simplification was done to remove intermediate nodes that do not provide any 

alternative links as diversions. Unless the node is one of the selected nodes to 

represent a DS division, nodes having only two series connected links on either side 

were considered as one straight link with the total length of the connected links 

without the nodes in between. 

Figure 4.2: Simplified network 

TRANSPLAN 4.0 program was used to obtain the relevant link information. Table 

Al and Table A2 in the appendix section show the relevant link information. In the 

respective tables start and end node numbers used are according to the original 
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TPvANSPLAN database. Network links obtained from the database are grouped 

according to the links in the simplified network shown in Figure 4.2. 

In appendix Table Al "calcdTravelTime" and "freefolwTravelTime" are respectivly 

the calculated travel time of traffic and free flow travel time of a link obtained from 

the TPvANSPLAN 4.0 program. The totals of linkLength, CalcdTravelTime and 

FreefolwTravelTime for each link group in the appendix Table A l represent the 

respective values for the corresponding simplified link in Figure 4.2. Calculated travel 

time and free flow travel time values are used to calculate the travel time weighting 

(«/) for each path in the network. 

(jUj) = Free flow travel time along the path 
Calculated travel time along the path 

According to chapter 03 "Conceptual frameworks" it was proposed that either travel 

time ratio (jui) or level of service indicator C-, can be used to account for the amount of 

congestion prevailing in a path. Therefore in appendix table 02 provides necessary 

data and calculated V/C ratios for respective links in order to obtain LOS weighting 

Q. 

V / C = Volume 
Capaci ty 

C, = ( 1 - V / C ) 

Level of service of each link was calculated using the data from appendix table 02. 

Average V/C value for each group was obtained by calculating the weighted average 

of V/C values with link length as the weighting. This average V/C was assumed to 

approximate the LOS of the path. The values of fa, k,fp and EPCU were assumed as 

follows./rf= 1, k - 0.\,fp = 1 and EPCU = 1 . An assumption is made that traffic flow 

in the remaining network does not change after links are closed when calculating path 

travel time and V/C ratio. But it has to be noted that in a real life situation this 

assumption may not hold, because when certain links are closed traffic on other links 

change drastically. As it was not possible to simulate such variation in all parts of the 

network the above assumption was made to perform the calculations. 
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4.3 Estimating uncertainty 

The probability of link closure was assumed using a land slide hazard map of the 

Rathnapura district (Figure 4.3). This map was drawn by the National Building 

Research Organization (NBRO). 

N 

I I Modest level of landslide hazard 

I I Landslides not likely to occur 

I I Safe slopes 

Figure 4 .3: Landslides hazards map of Rathnapura 



According to the above representation of hazard risk following probability values for 

links remaining operable was assumed (Table 4.1). The assigning of link probabilities 

was based on the following assumptions. The hazard occurrence on each link is 

independent. The underlying circumstances to trigger the hazard remain active and 

equal in intensity throughout the considered geographical area. But in reality this is 

quiet different to what we have assumed. Though the risk of hazard is available the 

exact probability of that taking place depend on the occurrence and intensity of a 

trigger event, which usually only affects a limited area. It is also assumed that links 

are closed at every occurrence of a hazard. In reality the occurrence of a hazard 

causing total link closure is rare. Most of the time hazards partially degrade links 

reducing the capacity. That effect is difficult to be simulated at this stage of the study 

due to computational limitations. But it has to be noted that the proposed index is 

capable of representing partial degradation as travel time and level of service is used 

to value the paths. 

Table 4 .1 : Link uncertainty 

Link Probability of 
number operability 

1 0.4 
2 0.5 
3 0.5 
4 0.9 
5 0.9 
6 0.7 
7 0.6 

Link Probability of 
number operability 

8 0.9 
9 0.7 
10 0.6 
11 0.7 
12 0.7 
13 0.7 
14 0.6 

4.4 Calculation of the preparedness index for individual O-D 

pares 

4.4.1 Rathnapura - Ehaliyagoda 

Direct distance = 25 km 

Shortest distance = 30 km 
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Table 4.2: Calculation of network path weightings for Rathnapura-Ehaliyagoda 

Path 
No 

Path Total / 
Average Pi Mi Pi*Mi Pi* c, 

1 Node R E 0.83 0.94 0.87 0.4 0.78 0.72 
Link 1 
Distance 30 30 
LOS 0.123 0.123 
Freeflw-tt 32.34 32.34 
Calcd-tt 34.15 34.15 
R, 

2 Node R 3 3 E 0.71 0.93 0.85 0.3 0.66 0.60 
Link 3 2 
Distance 19 16 35 
LOS 0.203 0.066 0.14 
Freeflw-tt 23.54 26.16 49.70 
Calcd-tt 25.63 27.65 53.28 
Ri 0.5 0.5 

Freeflw-tt = Free flow travel time, Calcd-tt = Calculated travel time 

Calcula t ions 

P i : Path weighting for distance = 

Pi 

P2 

: Path weighting for travel time = 

Mi 

M2 

Direct distance of the between the O-D pair 

Distance of the i'h path 

25/30 = 0.83 

25/35 = 0.71 

Free flow travel time along the path 
Path travel time 

32.34/34.15 = 0.94 

49.7/53.28 = 0 . 9 3 

Q: Path weighting for LOS = (1 -LOS P aui) 

Ci = (1-0.123) = 0 . 8 7 6 

C2 = (1-0.14) = 0 . 8 5 9 

n 

Rf. Path reliability = Yl% R<= Reliability of/"' link along 
they i-i 

Path 

R, = 0.4 

R2 = 0.5*0.5 = 0.25 
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Calculation of preparedness index (PI) for the accessibility the node pair. 

PI with fij & fi; as path weightings, 

Link No Link length ! / ? , > , L r 

1 

2 

3 

30 

16 

19 

LLr 65 

0.78 23.4 

0.66 10.56 

0.66 12.54 

I L r (E/? ,* /,) 46.5 

Hence: 1 Lr_CL 0,* fi,) = 0.72 

Connectivity reliability = (1 - f\0~ Rj)) = l-(l-0.4)*( 1-0.25) = 0.55 

Thus PI x O - n ^ 1 " ^ = 0 . 5 5 * 0.715 =M 

Preparedness index accounting for traffic flow using V/C ratio can be calculated in a 

similar procedure by replacing jx,- with Q 

L ink n u m b e r 

Figure 4.4: PI variation with each link closed 

1 2 3 

Link number • Connectivity probebility • Connecting length ratio 

Figure 4.5: Connectivity probability & connecting length ratio 
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Link number 

Figure 4.6: Link importance 

From above figures it is possible to assess the state of accessibility between 

Rathnapura to Ehaliyagoda. First of all the preparedness index for the O-D pair 

registers a very low value of 0.4. The low index value is mainly attributed to the high 

uncertainly prevailing in the network connecting the nodes. The connectivity length 

ratio without uncertainty indicates 0.72, meaning an effective connection which 

covers the direct distance effectively and provides a good level of service along the 

paths. But still it is less than one which is the standard value of the network, because 

even though the connection has two independent paths there are no inter connections 

between the two paths providing more alternatives. This fact again can be observed in 

Figure 4.6 where link importance is plotted. There it can be observed that the 

accessibility is reduced by almost 50% by every link in the network when it's closed. 

That means the accessibility is equally and highly vulnerable to any of the three links 

being closed. This can be prevented by including interconnections between the two 

paths, thereby reducing the vulnerability of each path to link closure. Figure 4.5 

indicates that the connectivity probability of the network becomes low as any one of 

the links being closed. One reason for this is that both paths in the network go through 

a highly risky corridor for landslides. And the other reason is that the two paths are 

quiet independent of each other with out having any diversions among them, which 

could have increased the network connectivity probability. By observing Figure 4.4 it 

can be stated that all three links are equally essential to the network. With each link 

closed the PI value of the network is reduced to very low values because the 

remaining network connection is also in a very unreliable sate. Therefore it can be 

concluded that any improvements for the network can mainly focus at reducing risk of 

hazard affecting the links to increase the reliability of paths in the network. 
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As the effectiveness of the accessibility can be considered as fairly good compared to 

the standard value, the possible improvements should be to reduce uncertainty or 

increase the connectivity probability by way of landslide risk reduction. Finding 

possible links to provide feasible diversions for the available paths also can improve 

the index further. 

4.4.2 Rathoiapura-Balangoda 

Direct distance = 33 km 

Shortest distance = 43 km 

Tab le 4 .3 : Calculation of network path weightings for Rathnapura-Balangoda 

Path 
N o 

Path T o t a l / 
A v e r a g e fii Mi Pi*Mi 

1 Node R B 0.6 0.98 0.7 0.59 

Link 12 

Distance 55 55 
Freeflw-tt 191.2 191.29 
Calcd-tt 194.2 194.24 

Ri 0.7 
2 Node R 1 1 4 4 B 0.76 0.94 0.44 0.72 

Link 8 11 13 

Distance 3 15 25 43 
Freeflw-tt 4.39 18.01 34.55 57.02 
Calcd-tt 4.39 19.75 36.24 60.3 

R, 0.9 0.7 0.7 
3 Node R 1 4 4 5 5 B 0.43 0.94 0.23 0.40 

Link 8 11 10 14 

Distance 3 15 14 45 77 
Freeflw-tt 4.39 18.01 17.56 64.46 104. 61 
Calcd-tt 4.39 19.75 18.90 67.41 110. 74 

Ri 0.9 0.7 0.6 0.6 
4 Node R 2 2 1 4 4 B 0.43 0.95 0.2 0.41 

Link 6 7 11 13 

Distance 22 15 15 25 77 
Freeflw-tt 51.13 22.04 18.01 34.55 125.80 
Calcd-tt 53.46 22.04 19.75 36.24 131.50 
Ri 

0.7 0.6 0.7 0.7 
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Calculation of preparedness index (PQ for the accessibility the node pair. 

PI with P; & fl,- as path weightings, 

Link No Link length L r ( L # * / / , ) 

6 22 0.41 9.02 

7 15 0.41 6.15 

8 3 1.12 3.39 

10 14 0.40 5.67 

11 15 1.53 23.1 

12 55 0.59 32.5 

13 25 1.13 28.36 

14 45 0.40 18.24 

JlLr 194 £ L r (£/?,* /,) 126.43 

Hence: 0.651 

Connectivity reliability = ( i - J ~ J ( i - £ )) = 0 . 8 9 

x (1-nO-^)) =0 .651 * 0.89 = 0.58 

0.7 | 

0.6 r—3 I — 

0.5 I I I I 
0.4 I—I I 1 

E O . 3 n n 
0.2 

0.1 

0 I—I l—r-J 1—r-J 1—t-J L-T-l 1—r-J ' , ' L^J 
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Figure 4.7: PI variation with each link closed 
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6 7 8 10 11 12 13 14 

Link number • Connectivity probebility • Connecting length ratio 

Figure 4.8: Connectivity probability & connecting length ratio 

10 11 

Link number 

12 13 14 

Figure 4.9: Link importance 

From the above figures it is possible to assess the state of accessibility between 

Rathnapura to Balangoda. The preparedness index for the O-D pair registers a value of 

0.58, which is higher than the previously considered O-D pair. The difference can be 

attributed to the difference in uncertainly between the two networks. The connectivity 

length ratio without uncertainty indicates 0.651, that is little less than the earlier value 

because the longer paths providing access has a lesser ratio to the direct distance. The 

connecting probability of the network is certainly higher than the previous case. This 

is part due to the lesser risk levels for hazard occurrence in the region considered and 

the availability of several alternative routs in the network. According to the 

connecting length ratio value effectiveness of the connection is above 0.6 and more 

towards the standard value indicating the available links provide effective feasible 
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paths for accessibility. But the vulnerability of the accessibility remains little high 

particularly with links 8, 11, and 13 causing more than 50% loss of accessibility when 

removed (Figure 4.9). But still because the network is having two link-independent 

connections no single link alone can cause a 100% loss of accessibility in the network. 

Figure 4.7 indicates that link 8, 11 and 13 does the highest effect to the preparedness 

index compared to the initial value of 0.58. This is because these links are important 

links that removes most number of paths in the network. As link 11 and 13 have a 

comparatively more risk of hazard occurrence, they can be identified as the critical 

links for the connection between Rathnapura and Balangoda. When the connectivity 

probability of the network is considered against each link, it remains between 0.9-0.6 

with each link closed (Figure 4.8). At the same time Figure 4.8 shows that 

effectiveness of the remaining network against each closure remains around 0.5-0.7, 

indicating that the network performance hasn't got severely affected by any one link 

being closed. But still links like 8, 11 and 13 considered for further risk reduction 

measures to reduce vulnerability of the network. 

Also it is important to note that the above discussion hasn't considered the dynamic 

nature of traffic as oppose to distance in the network. The weighting for traffic flow 

(fjj) of a path changes due to diverted traffic as adjacent paths are lost. Hence in this 

case study such changes in traffic flow are not simulated due to available time 

constraints for the study. It is highly important to simulate the possible change in 

traffic flow and demand levels in the aftermath of the hazardous event and consider 

them for the calculation of the connecting length ratio where a true picture of the state 

of the network would be represented. 

Calculation of preparedness index for all the O-D pairs in the network can be 

summarized as follows in Table 4.4. 

Table 4.4: Preparedness index of each O-D pair 

O-D pa i r Z.Lr (i-n(i-R,)) PI 

Rathnapura-Ehaliyagoda 65 47 0.723 0.55 0.39 

Rathnapura-Balangoda 194 126.44 0.652 0.89 0.58 

Rathnapura-Kalewane 113 48.35 0.428 0.89 0.38 

Ehaliyagoda-Balangoda 373 698.29 1.872 0.84 1.57 

Ehaliyagoda-Kalewane 159 214.31 1.348 0.79 1.06 

Kalewane-Balangoda 327 374 1.144 0.96 1.09 
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4.5 Evaluating network connectivity 

All O-D pairs in the network are combined to calculate the connecting length ratio in 

order to evaluate network connectivity. In this network there are six different O-D 

pairs considered. Therefore any link in the network has the potential to cater for six O-

D pairs to provide accessibility. Hence the (Z /?;*//') value for a particular link consists 

of paths from six O-D pairs. Therefore the average value per O-D pair needs to be 

obtained as the weighting for each link. As all O-D pairs cannot be considered equal 

in terms of their demand to access depending on the particular situation, the weighted 

average is obtained instead of a simple average. Table 4.5 gives the weightings used 

for each O-D pair. The weightings are calculated based on the inter-zonal demand 

prevailing for each O-D pair. Inter-zonal demand values were obtained from the 

TRANS PLAN database. 

Tab le 4 .5: O-D pair weightings 

O-D Pair R-E R - B R-K E-B E-K K-B Total 

Weighting 0.65 0.15 0.05 0.07 0.04 0.012 1 

Table 4.6 demonstrates how weighted average of weighted connections for link No-1 

is calculated. Similarly the weighted value of connections for all links in the network 

can be obtained using the same procedure (Table 4.7). 

Link-1 provides connections between O-D pairs Rathnapura-Ehaliyagoda, 

Kalawane-Ehaliyagoda and Ehaliyagoda-Balangoda out of all six O-D pair in the 

network. 

Tab le 4.6: Weighted average of weighted connections using link-1 

O-D 
pair 

Path Pi*M< 
(a) 

O-D Weighting 
(b) 

(a)*(b) 

R-E R-E 0.79 0.65 0.52 
K-E K-3-R-E 0.412 0.04 0.015 

K-2-R-E 0.510 0.04 0.018 
K-2-1-R-E 0.550 0.04 0.02 

E-B E-R-B 0.60 0.07 0.036 
E-R-1-4-B 0.67 0.07 0.041 
E-R-1-4-5-B 0.46 0.07 0.028 
E-R-2-1-4-B 0.46 0.07 0.028 
E-R-2-1-4-5-B 0.35 0.07 0.021 

Weighted average = 0.72 
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Table 4.7: link weighted connection for network connectivity 

Link 
No 

Link length Weighted average 
Lr*(lfii>, )/n 

1 30 0.72 21.89 
2 16 0.73 11.74 
3 19 0.66 12.56 
4 36 0.15 5.51 
5 18 0.20 3.64 
6 22 0.26 5.67 
7 15 0.3 4.48 
8 3 0.43 1.30 
9 60 0.03 2.01 
10 14 0.20 2.86 
11 15 0.56 8.39 
12 55 0.24 13.18 
13 25 0.40 10.1 
14 45 0.18 8.04 
Total 373 111.43 

Preparedness index for network connectivity = Z \Lr*(J0i Vnl 

E L , 

= 111.43 
373 

0.29 

The connecting length ratio with travel time weighting for the network is 0.29. This 

is a very low value indicating a poor network performance. But if it was calculated 

assuming equal weightings to all node pairs the value would be 0.6, which is fairly 

acceptable. The reason is that in the above network Rathnapura-Ehaliyagoda and 

Rathnapura-Balangode node pairs have less number of paths in between them 

compared to the number of paths available for other node pairs, even though they 

represent 80% weighting because of the high inter-zonal demand. On the other hand 

the rest of the network comprise majority of network paths but the collective 

weighting for all the four remaining node pairs is 20% because of the less inter-zonal 

demand. 



The critical network for each node pair was considered as same as the one 

considered earlier for the calculation of PI for accessibility of individual node pairs, 

which is the network comprising paths less than (2*shortest distance) between 

respective points. In most networks nodes that are far apart can make use of more 

number of paths than those that are comparatively much closer to each other. This is 

because longer span between the nodes make it possible to have more number of links 

included in the critical portion of the network. Whereas two closer nodes may not get 

the same opportunity because their critical network limit cannot include as many links 

as two faraway nodes. But in transportation networks, user perception is what matters 

in terms of defining alternative paths between nodes. Thus it is possible to limit 

alternative paths between faraway nodes that are unrealistic due to excessive length. 

The above calculation of connecting length ratio value has had a negative effect by 

including too many paths from faraway node pairs for example Ehaliyagode-

kalewane, Eheliyagode-Balangoda, that are again having a very low weighting due to 

less demand to access them. 

Figure 4.10 is prepared to show link importance for network connectivity. Links that 

connect important node pairs ( links 2 and 11) and support many paths in the network 

is highlighted as they cause a higher percentage reduction in the index value. When 

compared with the probability of being closed for damage due to an adverse effect 

( 1 - probability of operability) it is possible to observe that link 1, 2, 3, 7 and 11 are 

critical links as the network is at more risk of being vulnerable to damage (Table 4.8). 

6 7 8 9 
Link n u m b e r 

10 11 12 13 14 

Figure 4.10: Link Importance for network connectivity 
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Table 4 .8: Critical links 

Link 
No 

Importance 
C(x) 

Probability for link closure 
P(x) 

Risk 
C(x)*P(x) 

1 31.13 0.6 18.68 
2 41.90 0.5 20.95 
3 32.60 0.5 16.30 
4 15.21 0.1 1.52 
5 15.95 0.1 1.60 
6 22.95 0.3 6.89 
7 26.51 0.4 10.60 
8 27.97 0.1 2.80 
9 4.25 0.3 1.28 
10 20.16 0.4 8.06 
11 41.96 0.3 12.59 
12 18.34 0.3 5.50 
13 28.06 0.3 8.42 
14 16.65 0.4 6.66 



C h a p t e r 05 

Conc lus ion and future w o r k 

5.1 General 

This study was conducted with the objective of developing a methodology to assess 

the reliability of transportation networks under disaster impact. Reliability or on the 

other hand the vulnerability of critical infrastructure is vital in disaster management, 

particularly for mitigation and preparedness projects. Reliability and vulnerability 

assessment has been part of risk assessment for various infrastructure projects for 

example housing, irrigation and telecommunication against potential disruption due to 

hazardous phenomena. But unfortunately transportation network infrastructure is yet 

to subject to such assessment in terms of reliability and vulnerability of accessibility 

between critical locations and overall network connectivity. Lack of an established 

methodology and identified parameters that are universally agreed specifically for the 

purpose is the major barrier faced in this regard. Though this happens to be one of the 

new realms of transportation research this has seen rapid development during the 

recent past with lot of research interest being focused. Most of the established 

transportation network reliability analysis methods were developed with daily traffic 

variations in mind. This has led to those approaches being largely dependent on 

predictability and probability while sidelining potential consequences in terms of loss 

of accessibility and level service. While this may be acceptable when dealing with 

regular traffic conditions, one has to find a method that represent both network 

degradation by way of loss of accessibility as well as predictable uncertainty of the 

network in equal terms when disaster situations are concern. 

An extensive literature review was done to ascertain current methods of 

transportation network reliability analysis. From the literature review it was possible 

to determine the basic concepts and definitions of transportation network reliability. 

And further literature review helped to understand the relationship to compare and 

contrast the concept of reliability and vulnerability particularly against disaster 

impacts. The relevance of reliability and vulnerability for disaster risk assessment of 

critical infrastructure was also understood with the comprehensive literature review. 

It was realized from the literature review that it is essential for a transportation 

network analysis method against disaster impact to be equally sensitive to 
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vulnerability in terms of damage to accessibility and the element of uncertainty in 

terms of maintaining a connection of the network. Accordingly a methodology was 

developed by taking in to account the above dimensions of network reliability under 

disaster impact. The proposed methodology to assess the network reliability contains 

one element of connection effectiveness which is termed as the connecting length ratio 

and another element of probability of maintaining a connection between a given O-D 

pair that takes in to account the uncertainty of the components in the network. Then 

the Preparedness index is defined using multiplication of the two different dimensions 

of the network. 

Preparedness Index = 

n 

S 4 
i-rjn-^i 

1-1 

This consists of two components: 

1. Connecting length ratio 
With travel time weighting 

2. Probability of having at least one connection = 
, i=i j 

Vulnerability and reliability assessment of transportation networks has to recognize 

the possible damage to the network as well probability of sustaining such damage. 

Most of the previous work on vulnerability and reliability assessment had failed to 

consider these two elements. Using the proposed concept of this study it was possible 

to develop a methodology that is sensitive to both consequences and probability of 

damage. The strength of the connection between two specific nodes is measured using 

the connecting length ratio. This indicator is capable of taking in to account the 

number of alternative routs, the distance and level of service along each rout. The 

network is evaluated based on the amount of weighted connections provided per unite 

link length. Therefore it is possible to use the connecting length ration when 

comparing networks with different number of links and topological arrangements. 

Connecting length ratio is extended to account for the available level of service along 
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any path using either travel time or V/C ratio as indicators of the expected level of 

service. This way it was possible to combine the effects of network topology and 

traffic flow toward the overall quality of accessibility in the network. The other 

component of transportation network vulnerability is the susceptibility to damage. 

Hence connectivity probability is used to measure the probability of operating at lest 

one connection network. Therefore connectivity probability is able to provide a 

probabilistic estimate of how susceptible the network is to lose the connection. 

Therefore it is clear the proposed preparedness index can represent the state of the 

network by both efficiency of the connection and the reliability of the connection. 

There is a good balance in the measurement regarding the state of the network with 

out any one component dominating the analysis. Therefore this proposed index has the 

potential to over come some of the draw backs identified with conventional methods. 

Preparedness index can be used as a measurement of vulnerability of transportation 

networks. This is can be seen as a highlighted advantage of the proposed concept over 

most of the conventional indicators of vulnerability and reliability. Some of the 

previous researches had pointed out this need for a proper method to assess 

transportation networks using a measurement of vulnerability rather than an indicator 

of vulnerability. Transportation reliability studies and transportation vulnerability 

assessment methods described in the literature review cannot be used as a gauge of the 

state of the network though they are good indicators. This can be attributed to the 

absence of a standard to indicate how much reliability or vulnerability is deemed safe 

or acceptable under prevailing circumstances. The proposed preparedness index has 

standard value of " 1 " which is defined for the current network with the following 

properties. 

• Every link supports one path each 

• Path lengths equal to direct distance between the O-D pair. Hence /?, for 

all paths is equal to 1 

• Every path has free flow conditions. Hence for all paths is equal to 1 
n 

• Every link has an operating probability of 1. Hence 1 - Y\ 0- ~ ^ ) = 1 
1=1 

The current state of the network is compared with this standard configuration of the 

network that can be considered as safe and acceptable against a possible threat. But at 

the same time proposed standard for the network may not be practical due to the use 
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of direct distance and free flow travel time as basis for path weightings. However this 

concept of measurement can be further developed by using a standard configuration 

which is closer to a practical transportation network. For example: using shortest path 

distance and average daily travel time instead of direct distance and free-flow travel 

time respectively as basis for weightings. 

5.2 Future work 

Due to constraints of time this study could not cover certain aspects adequately. The 

following could be recommended for future work. 

In this study it was not possible to use simulated traffic flow data to represent the 

changes to traffic flow when certain components are removed due time constraints of 

the study. It is highly important to consider this dynamic nature of traffic flow 

specially in terms of assessing the network against possible damage to components. 

When identifying critical components it was assumed that one link at a time would 

get affected in the network, whereas the analysis should be expanded to model the loss 

of several links in the vicinity of a hazard. Further it was assumed that only links 

would get affected while the nodes are operating. Hence the analysis could be 

extended by isolating nodes in the network to identify impotent intersection of a 

particular network. An important element for network connectivity analysis was the 

demand variation among specific nodes in the network. A proper methodology has to 

be developed to generate weightings for nodes in the network based on demand placed 

on them by users according to prevailing circumstances. 

Assessing a transportation network for disaster preparedness has to focus the 

attention directly to movement of people rather than a medium to transfer vehicles. 

This is especially important for developing countries to consider whether there is 

enough capacity and facilities to move people to safety even if it means by combining 

several modes of transportation. Therefore it is timely and essential that transportation 

research in the realm of vulnerability and reliability assessment for disaster 

preparedness move towards assessing the safety of moving people rather than 

vehicles. 
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t. 

Appendix 



Table A l : Network link information 

Linkgroup RoadNo LinkNo StartNodeNo EndNodeNo RoadWidth Length Shoulderwidth CalcdTravelTime Freeflow 
speed 

Freeflow 
traveltime 

1 A004 A004-560 741602 741603 7.50 3.15 3.00 3.72 53.96 3.50 
1 A004 A004-550 741601 741602 7.50 1.35 3.00 1.52 56.37 1.44 

1 A004 A004-540 740801 741601 7.50 4.10 3.00 4.42 58.25 4.22 
1 A004 A004-530 672901 740801 7.50 21.60 3.00 24.50 55.83 23.21 

Total 30.20 34.15 32.38 

2 B222 B222-010 740501 672901 3.70 15.10 1.07 25.77 36.84 24.59 
2 A008 A008-130 740501 740601 6.00 1.15 2.00 1.88 43.95 1.57 

Total 16.25 27.65 26.16 

3 A008 A008-140 740601 741603 6.00 18.80 1.56 25.64 47.90 23.55 

4 B160 B160-010 740601 743001 4.30 14.40 1.50 25.80 34.99 24.69 
4 B034 B034-010 743001 800701 4.00 16.80 2.00 31.65 32.34 31.17 
4 B421 B421-030 800801 800701 4.40 4.40 1.90 6.84 39.44 6.69 

Total 35.60 64.29 62.56 

5 B421 B421-020 753301 800801 4.97 18.10 2.06 32.36 33.56 32.36 

6 B390 B390-020 742301 753301 3.85 10.83 2.00 31.81 26.29 24.73 
6 B390 B390-010 742403 742301 3.85 11.57 2.00 21.65 26.29 26.40 

Total 22.40 53.46 51.13 

7 B421 B421-010 751701 753301 5.83 15.25 2.00 22.05 41.50 22.05 

8 A004 A004-630 751702 751701 7.50 3.25 4.00 4.40 44.32 4.40 
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Linkgroup RoadiN'o Link.No StartNodeNo EndNodeNo RoadWidth LinkLength Shoulderwidth CalcdTravelTime Freeflow 
speed 

Freeflow 
traveltime 

9 A017 A017-120 810501 811301 5.20 13.30 0 28.01 29.77 26.80 
9 A017 A017-110 811301 811303 5.80 0.03 0 0.07 25.82 0.07 
9 B18l B181 -010 800801 811303 4.70 46.66 0 104.11 27.17 103.02 

Total 59.99 132.20 129.90 

10 A018 A018-010 752701 810501 6.50 13.90 0 18.91 47.49 17.56 

11 A004 A004-540 751701 752701 8.60 15.40 0 19.75 51.13 18.07 

12 B391 B391-010 751702 750901 4.80 7.80 0 13.06 36.37 12.87 
12 B391 B391-020 750901 751101 3.30 21.60 0 87.88 15.00 86.40 
12 B477 B477-010 751101 751301 3.20 11.60 0 46.91 15.00 46.40 
12 B039 B039-010 752303 751301 3.60 13.80 0 46.40 18.15 45.62 

Total 54.80 194.24 191.29 

13 A004 A004-550 752701 752302 6.40 25.10 0 36.24 43.59 34.55 

14 B038 B038-010 752304 753101 7.20 3.50 0 4.39 49.41 4.25 
14 B223 B223-010 753101 753201 5.80 5.50 0 8.46 40.73 8.10 
14 B124 B124-010 753201 753902 5.80 5.95 0 9.21 40.31 8.86 
14 B351 B351-010 811501 753902 5.40 14.65 0 23.19 39.20 22.42 
14 A018 AO 18-020 810501 811501 6.80 15.85 0 22.16 45.65 20.83 

Total 45.45 67.42 64.46 
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Table A2: Network link information 

Link 
group LinkNo StartNodeNo EndNodeNo 

Road 
Width 

Shoulder 
Width fw fd Capacity k Epcu CalcdFlow Volume V/C 

1 A004-560 741602 741603 7.50 3.00 0.95 1 2668.4 0.1 0.95 1 3767.90 357.95 0.13 
1 A004-550 741601 741602 7.50 3.00 0.95 1 2668.4 0.1 0.95 1 3925.03 372.88 0.14 
1 A004-540 740801 741601 7.50 3.00 0.95 1 2668.4 0.1 0.95 1 3449.68 327.72 0.12 
1 A004-530 672901 740801 7.50 3.00 0.95 1 2668.4 0.1 0.95 1 3410.04 323.95 0.12 

Average 0.12 

2 B222-010 740501 672901 3.70 1.07 0.92 1 2585.24 0.1 0.95 1 1329.76 126.33 0.05 
2 A008-130 740501 740601 6.00 2.00 0.81 1 2268 0.1 0.95 1 6972.83 662.42 0.29 

Average 0.07 

3 A008-140 740601 741603 6.00 1.56 0.79 1 2226 0.1 0.95 ] 4774.46 453.57 0.20 

4 B160-010 740601 743001 4.30 1.50 0.68 1 1904 0.1 0.95 1 1104.63 104.94 0.06 
4 B034-010 743001 800701 4.00 2.00 0.68 1 1920.8 0.1 0.95 1 344.33 32.71 0.02 
4 B421-030 800801 800701 4.40 1.90 0.68 1 1904 0.1 0.95 1 743.03 70.59 0.04 

Average 0.03 

5 B421-020 753301 800801 4.97 2.06 0.69 1 1946 0.1 0.95 1 401.75 38.17 0.02 

6 B390-020 742301 753301 3.85 2.00 0.68 1 1915.2 0.1 0.95 1 862.61 81.95 0.04 
6 B390-010 742403 742301 3.85 2.00 0.68 1 1915.2 0.1 0.95 1 862.61 81.95 0.04 

Average 0.04 

7 B421-010 751701 753301 5.83 2.00 0.81 1 2268 0.1 0.95 1 1568.23 148.98 0.07 

8 A004-630 751702 751701 7.50 4.00 0.97 • 2716 0.1 0.95 1 7016.75 666.59 0.25 



Link 
group LinkNo StartNodeNo EndNodeNo 

Road 
Width 

Shoulder 
Width fw fd Capacity k fp Epcu CalcdFlow Volume V/C 

9 A017-120 810501 811301 5.20 0.66 1 1848 0.1 0.95 1 1069.25 101.58 0.05 

9 AO 17-110 811301 811303 5.80 0.68 1 1904 0.1 0.95 1 1171.91 111.33 0.06 

9 B181 -010 800801 811303 4.70 0.66 1 1848 0.1 0.95 1 129.42 12.29 0.01 

Average 0.02 

10 A018-010 752701 810501 6.50 0.82 1 2296 0.1 0.95 1 3616.91 343.61 0.15 

11 A004-540 751701 752701 8.60 0.91 1 2548 0.1 0.95 1 6191.53 588.19 0.23 

12 B391-010 751702 750901 4.80 0.66 1 1848 0.1 0.95 1 302.96 28.78 0.02 

12 B391-020 750901 751101 3.30 0.66 1 1848 0.1 0.95 1 107.81 10.24 0.01 

12 B477-010 751101 751301 3.20 0.66 1 1848 0.1 0.95 1 51.73 4.91 0.00 

12 B039-010 752303 751301 3.60 0.66 1 1848 0.1 0.95 1 140.57 13.35 0.01 

Average 0.01 

13 A004-550 752701 752302 6.40 0.78 1 2184 0.1 0.95 1 2090.36 198.58 0.09 

14 B038-010 752304 753101 7.20 0.88 1 2464 0.1 0.95 1 1807.82 171.74 0.07 

14 B223-010 753101 753201 5.80 0.7 1 1960 0.1 0.95 1 1597.90 151.80 0.08 

14 B124-010 753201 753902 5.80 0.7 1 1960 0.1 0.95 1 1424.62 135.34 0.07 

14 B351-010 811501 753902 5.40 0.7 1 1960 0.1 0.95 1 1077.58 102.37 0.05 

14 AO 18-020 810501 811501 6.80 0.7 1 1960 0.1 0.95 1 3052.76 290.01 0.15 

Average 0.09 
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