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Abstract

Traffic congestion is one of the main reasons for the unsustainability of an urban | Keywords:
transportation network. Changes in travel demand and streets’ capacity lead to | Reliability;

traffic congestion in urban transportation networks, which is known as recurrent | Recurrent Traffic

traffic congestion. This study aims to assess the performance reliability of urban | Congestion;
transportation networks subject to recurrent traffic congestion conditions in order | Traffic Awareness;

to help travelers to find alternative non-congested routes. A non-congested route is | Sustainable Urban

a route without any congested link. The network reliability is defined and modeled | Transportation Network;
as two different scenarios; users’ unawareness of the network’s traffic congestion | Network Design

and users’ ongoing awareness of the network’s traffic congestion. In addition, a
reliable network design model is provided to optimize the reliability of the network
taking into account street widening policy and budget constraints. Lastly, a
Quantum-Inspired Evolutionary Meta-Heuristic Algorithm is adopted; while
maintaining accuracy, to reduce problem-solving time and providing the possibility
of solving large-scale problems for real networks. To show the applicability of the
proposed models and algorithm, they have been implemented on the Sioux Falls
transportation network. The results indicate users’ awareness of traffic congestion
in the network increases its reliability, and centrally located links are the first
candidates for street widening.

Introduction

Urban communities depend on their transportation systems for their daily activities; inefficient
performance of these systems can make the city unsustainable in all dimensions [1] which leads
to a high level of dissatisfaction among its citizens [2, 3]. The quality of the provided services
is the most important factor for Urban Transportation Network (UTN) users. Most complaints
by users are about unpredictable congestions and travel time in the network [4]; one of the
reasons being recurrent congestions. Recurrent congestions can be a result of two phenomena
in the network: (1) changes in network’s demand in a specific hour of the day; (2) and changes
in the street capacity because of different reasons, such as accidents, bad driving, street
maintenance, etc. [5].

Analyzing the performance of UTNs under Recurrent Traffic Congestions (RTCs) to find a
practical solution for improving the level of service and sustainability of UTNs is necessary.
However, evaluating the performance of UTNs concerning RTCs using traditional methods
cannot provide reliable results. Traditional analysis of street networks is often based on average

* Corresponding author: (R. Mahmoudi)
Email: reza.mahmoudi@ucalgary.ca



70 Riahi Samani et al.

values; for example, the average travel time obtained from static traffic assignment techniques.
It is assumed that origin-destination demand and street capacity are constant over time, while
the travel demand varies over time and the capacity of the streets may change for various
reasons. Applying the average traffic flow alone is not sufficient to assess the networks’
performance in an appropriate manner, thus the implementation of other indicators becomes
necessary. No certainty can be given to the issue of whether a street is congested or non-
congested; the probabilistic nature of this issue makes it a subject of the area of reliability. The
reliability of a UTN has direct effects on the sustainability of the city and society. The more
reliable network, the less congestion, the less air pollution, the less travel and operation cost,
and the more social satisfaction. The performance reliability of a system is defined as the
probability that the system under certain conditions during a given time interval functions
appropriately [6]. In this article, the performance reliability of a UTN due to RTCs is defined
as the probability of traveling in an appropriate manner subject to RTCs condition at a given
period of time (e.g. morning peak hour). An appropriate trip from the users’ point of view has
two characteristics: 1) none of the streets in the users’ route is congested and 2) the travel ends
in an appropriate time interval. This definition is a combination of connectivity reliability and
travel time reliability [7].

By considering different time horizons, various solutions can be suggested to reduce or
eliminate congestion (e.g. pricing policy, constructing a new street, street widening, land use
management, and urban sprawl policies). In this study, street widening projects are considered
as a specific solution. It is assumed that a limited budget is available for street widening, and
the objective is to select a set of streets to maximize the performance reliability of UTN subject
to RTCs. The performance of a network will be assessed and improved under two different
scenarios. In the first scenario, it is assumed that the network’s users are not aware of the RTCs
in the streets during their trip; hence, their route choosing and changing would not be affected
by random congestions in the network. For the second scenario, it is assumed that users are
informed about the traffic congestion impulse in the network through different media such as
the radio and/or information boards, etc.; which would allow them to change their route based
on need and change availability.

Literature review

Considering three different categories, the related literature has been reviewed in this section.

Variability of Travel Time

According to Chen, Zhou [8], the collected traffic data from transportation networks confirms
the travel time in the network at a specific hour on different days, is not constant and changes
in a random manner. There have been many studies on the changes in travel time, each of which
introduces various functions for expressing the travel time density function of networks.
Wardrop and Whitehead [9] were the first to address this issue and illustrate the travel time
changes on a street suggested an asymmetric distribution. Herman and Lam [10] introduced the
Gama and Log-Normal as the closest distribution functions for their observations in the urban
streets’ travel time changes. Richardson and Taylor [11] deduced that Log-Normal distribution
can well explain the changes in travel time in urban streets. Polus [12] found that Gamma
distribution can also be applied to illustrate the travel time variations in urban networks. Al-
Deek and Emam [13] applied Weibull distribution to determine street travel time changes. Van
Lint, Van Zuylen [14] offered different distributions to illustrate the urban streets' travel time
changes based on four different traffic conditions. Pu [15] found that the distributions obtained
from Van Lint, Van Zuylen [14] are very close to the Log-Normal distribution. Research
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conducted by Institute [16] indicates that among traditional distributions, Log-Normal
distribution is very close to traffic observations.

Assessing the performance reliability of the network subject to RTCs

The reliability of the transportation network's performance has been and is considered a very
important issue in recent years. Many researchers have tried to develop indicators for evaluating
the reliability of transportation network performance. The focus of this content is on five
indexes of the network: connectivity reliability, travel time reliability, behavioral reliability,
capacity reliability, and potential reliability of the network [17-19]. Wakabayashi and lida [20]
studied the problem of the reliability of transportation networks’ function with respect to RTCs.
They considered origin-destination reliability as an index in their study. The reliability of an
origin-destination pair was defined as the probability of the existence of at least one route
between that origin-destination pair; in a sense, the mentioned route could provide a specific
level of service at a given time slot. Al-Deek and Emam [13] evaluated the performance of the
network when an incident occurs reducing the capacity of the street(s). Lee, Moon [21] studied
the congestion problem and variation in travel time in the network and its effects on the users’
behavior. Based on their study, in the real world, the network’s travelers tend to continue
driving on a route with minimum travel time changes compared to other alternative routes. The
probability that the network can shift a certain share of demands at a specified level of service,
is studied in the field of network capacity reliability. In this field, most studies have referred to
the probability of all network links operating below their capacities, as the capacity reliability
index (Al-Deek and Emam [13]; Chen, Kasikitwiwat [22]). Chiou, Liou [23] used the principal
component analysis method to model the reliability of travel time in the network. They joined
links’ travel time data gathered by an electronic toll collection system in order to estimate travel
times in each route. They showed that reliability indexes can recognize the unreliable departure
time of day for a specific route. Another study analyzing travel time reliability in the network
has been conducted by Zhang, He [24]. They considered influential factors on the performance
of the network and time reliability. They concluded, link length and left-turn traffic volume
could adversely affect the reliability of the links. However, more left-turn streets will improve
the reliability of travel time. Lu, Dong [25] considered standstill distance and the following
headway as two stochastic parameters and combined them into car-following models in order
to predict the travel time reliability in a freeway transportation network.

Identifying and improving critical links

To improve the performance of the urban street networks due to random events, researchers
have adopted the identifying and improving critical links approach. A critical link is defined as
a link with a great impact on the network’s performance, with a high probability of losing
functionality when an incident occurs.

Researchers determined the critical link through a simple method, where the importance of
each link is calculated by determining the amount of reduction in the reliability of the network
as a result of removing that link from the network [26, 27]. Other researchers such as Wang,
Liu [28], claimed that sorting based on the significance of the links and removing the most
critical ones, would not necessarily have the greatest impact on the reliability of the network
performance. They provided an optimization framework for identifying the most critical
combination of important links. Bagloee, Sarvi [29] studied the urban transportation network
performance by considering disturbances occurring in the network, regardless of type, time,
and the source of disruptions. They identified a set of links that the occurrence disruptions on
them would lead to the greatest effect on the performance of the network. A two-phase method
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was presented where in the first phase, the network performance was calculated after the critical
links were identified and removed. In the second phase, the performance of the network is
calculated by adding the removed links one by one.

Vodak, Bil [30] developed a deterministic algorithm to find the most crucial links in the
network. Their algorithm, instead of searching the whole network, just searches for the shortest
cycles. They showed this proposed algorithm can find critical links with significantly less time
than traditional algorithms. By taking trip demand and accessibility changes into account,
Gecchele, Ceccato [31] evaluated the vulnerability of urban street networks. For this purpose,
they used a set of vulnerability indicators to identify vulnerable links in the network. A similar
study has been conducted by Cantillo, Macea [32] to evaluate the UTNs’ performance against
possible disasters. A mathematical model was proposed to find the most critical links in the
network to show the best reactions to possible disasters. Tian, She [33] presented an approach
to recognize the key links of UTNs due to the temporal-spatial distribution of RTCs. They
calculated the traffic congestion for each street, then obtained the time interval of the traffic
congestion. Additionally, they used the time interval of traffic congestion as the evaluation
criterion to find critical links. Another study aimed to recognize the most critical roads in the
UTNs is a study by Guo, Zhou [34]; where the correlation among different locations in the city
using real-time traffic data was considered. As the evaluation criteria, they examined the
weighted degree and the impact distance in their proposed method.

Although there are some studies in the field of reliability of UTNSs, this study has several
differences and contributions compared to existing articles. The main contributions are:

e A new performance reliability index is proposed, in consideration of a
combination of connectivity reliability and travel time reliability.

o The effects of different levels of users’” awareness about RTCs on the reliability of
the performance of the network are studied. Two different scenarios are examined
for the users’ level of awareness; for each scenario, an index is introduced to
determine the reliability of the network.

e A bi-level optimization model is developed to evaluate and select street widening
projects to maximize the reliability of the network.

Problem definition and assumptions

Network users, due to different reasons, may encounter congested streets on their trips, which
would not only lead to dissatisfaction of the users but may also lead to an inappropriate trip.

Definition 1. The route ” between the node-destination pair(j’s) will be considered as a
reasonable route if:

Js

t%se 1)

Where t,f is the travel time in route p between a node to destination (j,s), t* is the minimum

travel time between (j,s) , and @ is the user’s tolerance threshold concerning the travel time.

It is obvious that the number of existing routes in the set of reasonable routes is a non-decreasing
function of & value.

Definition 2. An appropriate route between node-destination (J.9) js a reasonable route,
where all of its links are non-congested. According to this definition, a route will be
inappropriate if it is either not reasonable or contains at least one congested link.
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Definition 3. The network’s ability in providing appropriate trips, during a particular time
slot (e.g. peak hour) is named the performance of the network subject to traffic congestion.

Definition 4. The performance reliability of the network subject to RTC is the probability
of traveling in the network in an appropriate manner is equal to the average number of
conducted appropriate trips compared with the total numbers of the conducted trips ratio in the
network during a particular time slot (e.g. peak hour).

To improve the reliability of a network subject to RTC, a limited street widening budget is
of concern. By assigning this budget, the probability of congestion in selected streets would be
reduced and the network performance in providing appropriate routes will improve. Two
different scenarios will be considered to evaluate and select the streets for widening. In the first
scenario, it is assumed that users traveling in the network are not aware of congestion(s) in the
network. Consequently, if a street becomes congested on their route, they would not change
their path and their trip would be considered as an inappropriate trip. In the second scenario, it
Is assumed that the users have full information about the congestion(s) in the network (through
different methods like radio, internet, traffic boards, etc.). In this state, if a user becomes aware
that there is a congested street ahead and if an alternative appropriate route is available, they
will change their route.

Assumption 1. Changing the route because of the congestion(s) has no significant effect on
the offered service level to other users, hence their trips remain appropriate.

Assumption 2. Congestion would only affect the condition of the users who have already
started their trips.

These two assumptions follow the concept of static traffic analysis by evaluating a snapshot
of the network condition [35]. For solving the problem mentioned above, it is necessary to
determine the percentage of probability of a street becoming congested (or non-congested) at a
certain period of time (like peak hour), in an urban transportation network.

Solution Determining the probability of network streets’ congestion

Travel time at a specific hour on different days is not the same, because it is affected by various
random events. Therefore, different methods are proposed to define the changes in travel time
such as Log-Normal density function, probability density function, asymmetric distribution,
Weibull distribution, multimodal equilibrium model, connectivity reliability methods, capacity
reliability methods, behavioral reliability methods, and potential reliability methods [17, 36].
Log-Normal density function, among the traditional density functions, often better expresses
the urban street travel time changes [16]; which is used in this study to describe travel time
changes in the network streets. The general formula of the Log-Normal density function with
three parameters is as follows:

m(*52)

exp(—
f (X) — 20'2 ,
(x—@)oN2x
Where, o is the shape parameter, @ is the location parameter and m is the scale parameter.

Another form of Log-Normal density function is named the two-variable Log-Normal density
function and is as follows:

X>@, mo>0 )
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3)
x>0, mo>0

M=z

Van Lint, Van Zuylen [14] by gathering traffic data from the urban transportation network,
illustrated that the travel time changes in four different conditions: free-flow traffic, congestion
onset, congestion, and congestion dissolve. Pu [15] indicated that these observations are very
close to the Log-Normal Density function. They calculated the O value for each one of the
above conditions, then estimated the O value for the free flow as 0.19, the congestion onset as
0.358, the congestion condition as 0.489, and the congestion dissolved as 0.467. Moreover, it
IS common to use the following equations for the m parameter value in the two-variable Log-
Normal density function:

trean = Mexp(0,557) @)

tmedian =m ®)

The question here is whether it is possible to calculate the congestion probability of a street,
provided the free-flow travel time and the mean travel time of that street are available. To

answer this question, a simple assumption in modeling t.qian 1S @ssumed. According to the
definition, t, .., fOr a street in a given traffic condition is the time duration where 50% of
entering vehicles pass in less than the assumed time duration. Given the definition of t ., , it
is clear that t,.qia, Value of a street is related to the free travel time of that street (t,) and its
congestion volume in those given traffic conditions (t,.., /t,). Consequently, a simple model
can be proposed for obtaining t, ., as follows:

tme n ’
tmedian - tO ( t 2 j (6)
0

Where & is a parameter which should be estimated. Replacing Eq. 6 into Eq. 4 results:

mean

tmean = tmedian exp(O, 50_2) = t0 [tn,]tﬂ] eXp(O, 50_2) (7)
0
t 1-o
= [%j = exp(0,55?) (8)
0

Based on Pu [15] o is considered equal to 0.489 for the moment of congestion and it’s

assumed that the congestion in a street occurs when tme% > 2 ,thus « value can be estimated
0

as 0.82 from Eq. 8, therefore, O value for a street can be calculated as follows:
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t 0.18
o= |2In [(Mj ] ©)
t0

Using Eg. 3 and Eq. 8the travel time density function can be calculated. Also based on the
probability’s laws:

p) = f et (10)

Where p(f) is the probability that travel time in the intended street is less than £. In order to
determine the probability of congestion in the street, 1— p(2t,) should be calculated. Likewise,
to determine the probability of a street being non-congested, calculating p(2t,) value is needed
(see Fig. 1).

ft)

1.0 +

0.8 +

Fig. 1. Log-Normal curve diagram

Determining a reliability index to evaluate the performance of the network
when RTC occurs, and users are not aware

The users of the UTNs often choose the shortest paths among the accessible routes set, based
on their past experiences. If users are not provided with new information regarding the
network’s condition during their trip, they will use their daily route to reach their destination.
Hence, when there is congestion in some of the streets on their route, their trip will become
inappropriate. Assume the set of the shortest routes between node-destination ( j,s) is named

p¥ . If the user is on the link (i, j) at the present time and intends to move from node j to
destination s through route o ( p € p*), the probability of reaching destination s through this
route in the appropriate manner is B; xP,(p), where P, is the probability of link (i, j) to be
non-congested and B, (p) is the probability of route o being non-congested. According to this

relation, the network performance reliability under RTC occurrence when users are not aware
of traffic conditions can be determined as follows:
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R

(11)

_ ZSGDZ]EV Zpepis Zies(j)¢§,p x PiJ' x I:)l(/o)
Z(k,s)eW dks

Where ¢ _is the number of users on the link (i, j) who are intended to travel to the destination
s through the route p (p € p*). d*is the travel demand from k to s, B(j)is the set of links
by the end on node j, p*is the set of shortest paths between (j,s) .V is the network nodes set,

D is the network destinations set and W is the network origin-destinations set. (oijp is obtained
as:

I . . js
Pip = Zkeodilj(,sp X(tTjs} ieB(j), pep’ (12)

Where dif‘pis the travel demand from origin k to destination s, which passes through the link
(i, j) and take the path p between node-destination ( j, s) to reach destination s. t; is the travel
time on the link (i, j), t* is the travel time from origin k to destination s and O is the network
origins set. It should be mention that (tij /tks) indicates the share of the link (i, j) of that path
hosting these travelers at that instance. In this study, a non-congested route is defined as a route

where all of its links are non-congested; by assuming the probability of the network links being
non-congested is independent, therefore, P,(p) can be obtained as [37]:

Pl(p) = H(|,m)eAP|m5jS (13)

Im, o

Where B, is the probability of link (I, m)to be non-congested, A is the set of the network links
and 5"

m., IS @ binary parameter equal to 1 if link (I,m) belongsto p e p”, otherwise, it is 0.

Determining a reliability index to evaluate the performance of the network
when RTC occurs and users are aware

In this scenario, it is assumed the users are aware of the network streets congestion during their
trip. In this situation, they can be divided into three groups: 1) users who have become aware
there is congestion ahead of their route. Logically, these users would change their path at the
first node, allowing them to have access to an appropriate alternative route. 2) Users who do
not have access to an appropriate alternative route and have to finish their trip inappropriately.
3) Users who are entrapped in the congested streets and have no choice but to pass through
congested streets leading to an inappropriate trip. In this scenario, the reliability of the network
will be obtained as follows:

seD 'quD-SX 2 rp-s
DX R
Z:(k,s)ewdkS

(14)
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Where @* is the number of users who are on links that end at node j, while their objective is to
reach destination s and approach j without experiencing any congestion. rp* is the set of
reasonable paths between (j,s)and P,(rp”)is the probability of the existence of at least one
appropriate route among the reasonable routes set between (j,s) (i.e. reliability of the node-
destination (j,s)). ¢ is obtained as follows (symbols are similar to Eq. 12):

t.
JS ZkeOZpep ZIEB(]) IJp i'x[t%j (15)

Based on definition 1, having users’ tolerance threshold value (&), it will be easy to
determine the reasonable routes set between node-destination (j,s). The probability of an

appropriate trip between node-destination ( j, s) can be determined as follows:

R(p*) =D P - PUREAm)+Y P(pErpF nrpf)

n+ (16)
—t ()™ p(rpf NP N..nrp)

Where rp/®is the x route in rp®set, n is the size of rp”. P(rp) is the probability of the path
rp” to be non-congested, calculated through Eq. 17:

P(rp ) H(| m)eA Im Imx (17)

Where B, is the probability of the link (I, m) being non-congested, A is the network links set.

é‘l,‘nx is a binary parameter equal to one if the link (I, m)belongs to the path x of the node-
destination (j,s), otherwise, it is zero.
Calculating P,(rp”)through Eq. 16 is very time-consuming. Due to the higher number of

reasonable routes, the higher calculation time in an exponential sense. The origin-destination
reliability problem is an Np-hard problem [38] and its calculation becomes complicated when
the number of reasonable routes is high. Therefore, to deal with this issue many approximate
methods have been suggested [39]. [40] used a method estimating the upper bound through the
minimum path set. [41] used a different method estimating lower bounds through minimum
cuts set. [42] applied a method that entails polynomial algorithms for finding useful subclasses
of the network. Additionally, the Monte-Carlo simulation method is applied to address this
problem [43, 44]. In this study, an innovative method is presented to determine the reliability
of the urban transportation network performance subject to recurrent congestion(s). Based on
Eq. 14, the reliability of the network performance (R) can be expressed in an equation in
accordance with the weighted summation of reliability of the performance of the network’s
node-destinations as follows:

R~ Z(j,s)ez q)js x PZ (rpjs) (18)

Where Z is the nodes-destinations set. The reliability of the performance of ( j,s) depends on
@* which is obtained through Eq. 15. ¢* is an upward function of the number of users reaching
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node j with the intention of traveling to destination s. Because distance (travel time) is a
dissuasive factor in urban transportation trips, there is usually less demand for traveling to
distant points. Therefore, if the distance between node-destination ( j, s) is long, the amount of

@” will be low and it is not necessary to calculate the exact value of P,(rp*). If the distance

between node-destination ( j, s) is short, ¢’ might be high and an exact calculation of P,(rp*)
Is required. According to definition (1) and closeness of node-destination ( j,s), the number of
reasonable routes between this node-destination would not be high; thus, making an exact
calculation of P,(rp*) at a short period of time possible. To calculate P,(rp”), to obtain the

reliability of the performance of the node-destinations, two methods are adopted. First, for
node-destinations close to each other, an exact method is applied to calculate the reliability of
the network performance, similar to applying Eq. 16. Second, for node destinations that are far
from each other, an approximate method is applied. The Monte-Carlo simulation method is
adopted to calculate the reliability of long-distance node-destination performance. The Monte-
Carlo simulation is a method used for calculating the probability problems through which
analytical methods are impossible or very time-consuming [45]. The simplicity of this method
and its capacity in fully considering the correlation between reasonable paths of a node-
destination in the transportation networks are two main advantages of adopting this method.

Case Improving the reliability of network performance subject to RTC

In this section, a bi-level model is presented to improve the reliability of network performance
due to RTC. The assumptions made in this model are based on budget limitations, limiting the
number of the candidate streets selected to be widened. The cost of each widening project is
predetermined. The proposed bi-level optimization model is as follows:

Upper-Level model:

SItl/lax R 9)

2.0aCeZ<B (20)
Lower-Level model:

Min > jo L)dx+> 2z, jo (t (X) —t, (x))dx o

st

Zpepks Xf =d* Vv(k,s) e p (22)

Va = Z(k,s)ep Zpepks 5;,3;7)(;5 vaeA (23)

x5 >0, Vpe p©,(k,s)ep (24)

Where R is the reliability indicator for network performance subject to RTC, A is the network
links set, and A is the candidate links set for street widening. B is the total available budget for
street widening, c, is the widening cost of the link a (a< A), t,(v,) is the travel time-volume

a

function of link a (a e A), and t/(v,) is the travel time-volume function of the link a (a e A)

if street widening is performed on it. To provide a better view of the methodology, Fig. 2
presents the flowchart of the method and procedure.
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Fig. 2. Flowchart of the applied method and modeling procedure

Selecting streets for widening is a network design problem. This problem is Np-hard, in
which an increase in dimensions of the problem increases its solving time exponentially [3]. To
solve these problems in large dimensions, many researchers have used metaheuristic methods
[46]. In this study, a Quantum-inspired evolutionary algorithm (QIEA) is applied to solve this
problem. QIEA is a population-based metaheuristic method inspired by quantum mechanics
concepts and improves the process of searching and optimizing evolutionary methods.
Evolution algorithms are of random search types inspired by Darwinian evolutionary theory.
These algorithms provide better results in comparison with other optimization methods, similar
to gradient-based methods, in solving problems with multiple local optimal answers [47-49].
The QIEA was first proposed by Narayanan and Moore in 1996 to solve the traveling
salesman problem [50], but it was not in full focus until several years later in 2000-2002, an
applied algorithm of this method was proposed [51, 52]. Although various types of this
algorithm have been introduced since then, the algorithm’s main structure has not changed and
follows its initial form Zhang [53]. In this kind of algorithm, an initial population of the answer
set is encoded and generated through Q-bits to fit within the problem constraints. If it is rejected,
the generated population will be corrected by removing the rejected Q-bit. Afterwards, by
applying the Q-gate and the Quantum rotation gate the answer set will be updated and converted
from one generation to the next. This process continues until the stop condition is met, this
condition is the convergence of the modified response population (for more details see Mani
and Mani [49]). In this study, a specific number of iterations is considered as the stop condition.
For more information regarding the QIEA and the validation of this method please see [54].

Numerical example

In order to evaluate the accuracy of the proposed models mentioned in this paper and illustrate
their operational capability in real transportation networks, this method is implemented on the
Sioux Falls network (Fig. 3). The Sioux Falls network is a part of South Dakota, United States,
transportation network consisting of 24 nodes and 76 links and is applied in many transportation
studies. The travel time-volume function of link (i, j) € A in this network is presented as

t, = ¢ +,B i » Where, t; is the mean travel time in the link (i, j) . v; is the traffic flow passing

through the link (i, j), o is the free flow travel time (indicated by t,), and j; is the congestion



80 Riahi Samani et al.

parameter of the link (i, j) . The transportation details of this network are tabulated in Table 1.
This information includes t,, the congestion parameter of each link ( £), and the congestion
parameter after widening (ﬁ ’). Moreover, the details of the origin-destination demand matrix
(dks) of this network are tabulated in Table 2.

Fig. 3. Sioux falls transportation network

Table 1. Specification of links of Sioux Falls network

Link (ij)  to(x 1072hr) g B~ Link 1) te(x102mr) B B
(1,2) 5.06 6.13 1.00 (11,12) 6.46 538 045
(1,3) 434 4.52 1.00 (11,14) 4.42 104 025
(2,6) 5.17 8.29 0.77 (12,13) 2.98 0.96 1
(3,4) 431 5.04 0.99 (13,24) 3.72 307 016
(3,12) 4.14 4.35 1.00 (14,15) 452 799 032
(4,5) 2.16 2.95 0.90 (15,19) 3.50 504  0.80
(4,11) 6.46 9.5 0.84 (15,22) 3.50 1128 037
(5,6) 4.17 9.95 0.48 (16,17) 1.67 1007 0.16
(5,9) 5.03 13.54 0.42 (16,18) 2.69 935  0.99
(6,8) 217 2.42 0.09 (17,19) 2.31 467 031
(7.8) 2.50 19.1 0.36 (18,20) 4.46 1428 0.9
(7,18) 2.18 12.59 0.99 (19,20) 3.99 1480  0.39
(8,9) 9.61 14.89 0.60 (20,21) 5.72 1048  0.69
(8,16) 4.82 16.41 0.43 (20,22) 471 436 0.60
(9,10) 2.75 19.62 0.47 (21,22) 1.67 673 040

(10,11) 5.00 16.62 0.37 (21,24) 3.29 2097  0.24
(10,15) 5.87 18.35 0.40 (22,23) 4.00 2214 0.29
(10,16) 4.50 321 0.19 (14,23) 4.25 725 046
(10,17) 8.04 15.02 0.47 (23,24) 1.88 2408 050

* B 10™* x hr(1000veh/day)* ** B'107* X hr(1000veh/day)*
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Table 2. O/D Travel demand for Sioux falls network (thousands of veh/day) *

ob 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1 0 03 03 12 05 07 1 17 12 27 12 05 11 06 1 12 09 03 06 06 03 08 06 03
2 02 0 03 0503 1 0509 0512 05 04 07 02 03 09 05 01 03 03 02 03 02 01
3 03 03 0O 06 02 07 02 05 03 07 07 05 04 03 02 05 03 01 01 02 01 03 02 0.2
4 12 0506 0 1 1 1 14 1525 3 14 12 11 1 16 11 03 05 08 05 09 1 05
5 0503602 1 0 06 0512 17 21 11 05 04 04 06 11 06 01 03 04 02 05 03 0.2
6 07 1 07 1 06 0O 08 17 09 16 09 06 05 03 05 2 11 02 06 0.7 03 06 03 0.2
7 1 05 03 09 0508 0 21 12 38 11 15 09 06 11 29 21 04 09 12 06 11 05 03
8 17 09 05 14 12 17 21 0 17 33 18 13 13 08 13 45 28 06 15 19 08 12 08 05
9 12 05 04 15 17 09 12 17 0 57 29 13 12 12 2 3 19 04 1 14 07 15 11 05
10 27 12 07 25 21 16 38 33 57 0 81 41 39 43 81 89 79 14 37 51 26 54 37 17
11 12 05 06 3 11 09 11 18 29 8 0 29 21 32 29 29 21 04 1 14 09 23 27 12
12 05 04 05 14 05 06 15 13 13 41 29 0 28 14 16 14 13 05 07 1 08 15 15 11
13 11 07 04 12 04 05 09 13 12 38 21 28 0O 13 15 13 12 02 07 14 13 26 17 16
14 06 02 02 11 04 03 06 08 12 43 32 14 13 0 27 14 14 03 07 1 09 25 22 09
15 1 03 02 1 05 05 11 13 2 81 29 15 15 27 0 25 31 05 17 22 17 52 2 09
16 12 09 05 16 11 2 29 45 3 89 29 14 13 14 25 0 57 1 27 34 13 25 11 07
17 09 05 03 11 06 11 21 28 19 78 21 13 12 14 31 57 0 13 35 35 13 35 13 06
18 03 01 01 03 01 02 04 06 04 14 04 05 02 02 05 1 13 0 07 09 03 07 02 01
19 06 03 01 05 03 06 09 15 1 37 1 07 07 07 17 27 35 07 0 25 09 25 08 04
20 06 03 02 08 04 07 12 19 14 51 14 1 14 1 22 34 35 09 25 0 25 5 14 1
21 03 02 01 04 02 03 06 08 07 26 09 08 13 09 17 13 13 03 09 25 0 37 15 12
22 08 03 03 09 05 06 11 12 15 54 23 15 26 25 52 25 35 07 25 5 37 0 44 24
23 06 02 03 1 03 03 05 08 11 37 27 15 17 22 2 11 13 02 08 14 15 44 0 16
24 03 01 02 05 02 02 03 05 05 17 12 11 16 09 09 07 06 01 04 1 12 24 15 0

* The demand values should be divided by 2 and then used

Determining the reliability of performance of Sioux Falls network due to RTC

To determine the reliability of network performance (R) subject to the RTC in both scenarios,
the following steps have been taken:

Step 1. A travel demand matrix is assigned to the network concerning the Sioux Falls network
and t_.., foreach link is obtained. Table 3 shows t__.. values for each link.

Step 2. The probability of non-congestion of each link (P, ) is obtained by inserting the values
of t, and t

mean

in Egs. 6 - 10. The values of B, for each link are tabulated in Table 3.

mean

Step 3. Using Eqgs. 12 and 15 the values of ¢; , and @" are obtained respectively.
Step 4. P(p) and P,(rp”*) are calculated. P,(p)is calculated through Eq. 13. To calculate

P,(rp”), at first, a set of reasonable routes between each node-destination should be obtained

based on the tolerance threshold of users. In this example, the tolerance threshold of users (8)
is assumed as 1.5. Accordingly, the set of reasonable routes between each node destination is
obtained. For node-destination pairs with a number of reasonable routes less than 15, Eqs. 16
and 17 are used to calculate the probability of existing at least one appropriate route between
that node-destination. As it is hard to do calculations with ordinary computers, to calculate
P,(rp*), if the number exceeds 15, the Monte-Carlo simulation method is applied with 1000

iteration.
Step 5. The value of R is calculated for both scenarios, using. (11) and (14) (Table 4).
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Table 3. Free flow travel time, mean travel time, and non-congestion probability of links
Link (ij) t,(x10"hr) t__ (x10°hr) P, Link(ij) t(x10%hr) t__ (x10”hr) PR

mean ij mean ij

1,2) 5.96 6.13 1 (11,12 6.46 5.38 0.45
(1,3) 4.34 4.52 1 (11,14 4.42 10.4 0.25
(2,6) 5.17 8.29 077 (12,13) 2.98 9.96 1
(3,4) 4.31 5.04 099 (13,24) 3.72 3.07 0.16
(3,12) 4.14 4.35 1 (14,15) 4.52 7.99 0.32
(4,5) 2.16 2.95 090 (15,19) 3.50 5.04 0.80
(4,11) 6.46 95 084 (1522 3.50 11.28 0.37
(5.6) 4.17 9.95 048 (16,17 1.67 10.07 0.16
(5.9) 5.03 13.54 042 (16,18) 2.69 9.35 0.99
(6,8) 2.17 2.42 009 (17,19) 231 4.67 0.31
(7.8) 2.50 19.1 036 (18,20) 4.46 14.28 0.99
(7,18) 2.18 12.59 0.99 (19,20) 3.99 14.80 0.39
(8,9) 9.61 14.89 060 (20,21) 5.72 10.48 0.69
(8,16) 4.82 16.41 043 (20,22) 471 4.36 0.60
(9,10) 2.75 19.62 047 (21,22) 1.67 6.73 0.40
(10,11) 5.00 16.62 037 (21,24) 3.29 20.97 0.24
(10,15) 5.87 18.35 040 (22,23) 4.00 22.14 0.29
(10,16) 4.50 3.21 019 (14,23) 4.25 7.25 0.46
(10,17) 8.04 15.02 047 (23,24) 1.88 24.08 0.50

Table 4. Result of calculating reliability

Reliability index Non-awareness Full awareness

R 0.3708 0.3920

Prior to street widening indicated in Table 4, 37.08% of in-progress trips on the Sioux Falls
network, in the case of non-awareness, will be appropriate; the same holds at 39.20% in full
awareness. In other words, the awareness of the users will improve the reliability of network
performance by up to 2.12%. The question arises as to whether the amount of impact of
awareness regarding congestion conditions on the reliability of the network’s performance is
influenced by traffic congestion in the network. The results of assigning nine different traffic
demand patterns to the Sioux Falls network in terms of the impact of awareness on the network
congestion condition, on the reliability of Sioux Falls network performance is tabulated in Table
5. Naturally, by changing travel demand in the network, traffic flow crossing through links and
probability of non-congestion in the network’s links will change.

Table 5. Results of assigning nine different demands on the Sioux falls network

Total travel demand  Reliability value (non-awareness)  Reliability value (full awareness)  Differences

dks 0.0496 0.0499 0.0003
66% of dks 0.1765 0.1797 0.0032
50% of dks 0.3708 0.3920 0.0212
40% of d*s 0.5810 0.6203 0.0393
33% of dks 0.7420 0.7800 0.0380
28% of d*s 0.8398 0.8700 0.0302
25% of dks 0.8955 0.9188 0.0233
22% of dks 0.9260 0.9454 0.0194
20% of d*s 0.9438 0.9583 0.0145

As observed in Table 5, the awareness effect on improving the reliability of the network
performance is associated with congestion, and its distribution diagram is presented in Fig. 3.
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Fig. 4. Distribution of the impact of network crowding on increasing the reliability of network performance by
providing information about traffic conditions to the users

The following points can be pointed out in Table 5 and Fig. 4:

The effect of users’ awareness of the network traffic condition on improving the
reliability of network performance in very congested networks is not high. This can be
because in the congested networks all links are congested, therefore, the probability of
an appropriate alternative route existing between node-destinations of the network is
very low.

In non-congested networks, detouring is not necessary. Consequently, users’ awareness
will increase the reliability of the network performance, more than those of congested
networks.

The biggest effect of users’ awareness through the network to improve the reliability of
network performance, is related to the condition where the network is half-congested.
In this case, some of the network links are congested, and informing drivers about the
congestion of those links, with the existence of appropriate alternative routes, can
improve the reliability of the network more than in other cases.

Improve the performance of Sioux Falls Network through street widening approach

Adding a line to a street will increase the width of said street. It is assumed there is a limited
budget for street widening for some of the Sioux Falls network’s streets. The objective is to
identify the streets on the network in which widening, would lead to maximizing the reliability
of the network. To this end, the proposed bi-level optimizing model should be solved. Applying
a full enumeration algorithm for the Sioux Falls network, 27¢ links sets should be assessed to
identify optimal links set for street widening. A logical approach is where non-congested streets
or streets whose non-congestion probability is close to 1, cannot be selected as members of
candidate links. By considering the probability values of the Sioux Falls network’s links in
Table 3, 20 links with less probability of non-congestion are selected as candidate links for
street widening. Through this approach, 276 will be reduced to 22°. Table 6 shows the candidate
links and related widening costs. To make these costs rational, the street widening costs are
considered proportional to the free-flow travel time of each link. In addition, B=20 money units
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are assumed. Solving the bi-level optimization model through a full enumeration algorithm,
optimal links are selected for street widening (Table 7). Asitis clear from Table 7, the reliability
index in the first and second scenarios would be upgraded from 0.3778 to 0.5703 and from
0.3920 to 0.6103, respectively.

Table 6. Non-congestion probability and street widening cost of candidate links

Link (i,j) P Widening cost Link (i,j) P Widening cost
(6.8) 0.09 2.17 (11,14) 0.25 4.42
(16,17) 0.16 1.76 (22,23) 0.29 4.00
(13,24) 0.16 3.72 (17,19) 0.31 2.31
(10,16) 0.19 4.50 (14,15) 0.32 4,52
(21,24) 0.24 3.29 (10,11) 0.37 5.00
Table 7. Selected links for street widening
Link (i.j) Users are non- Users are full Link (i.j) Users are non- Users are full
' awareness awareness ' awareness awareness
(6.8) * * (11,14)
(8,6) * * (14,11)
(16,17) * * (22,23)
(17,16) * * (23,22)
(13,24) (17,19) *
(24,13) (19,17) *
(10,16) * * (14,15)
(16,10) * * (15,14)
(21,24) (10,11)
(24,21) (11,10)

Analyzing Table 7 can make some interesting findings. 1) The combination of links most
likely to be congested, is not considered for street widening. Here, mere congestion of the links
IS not a factor in selecting them for street widening. 2) The selected links for street widening in
both scenarios are similar, this similarity does not prevail in generality. To illustrate this
expression, Table 8 indicates the number of selecting each link as the optimal link for widening
in the assigned nine different travel demand matrices. As Table 8 shows, the central-located
links of the Sioux Falls network are the ones most frequently selected.

Table 8. The number of selecting each link as the optimal link in nine different demand conditions

Chosen for Chosen for Chosen for Chosen for
street street street street
Link (i,j) widening widening Total Link (i,j) widening widening Total
without with full without with full
information  information information  information
(6.8) 6 4 10 (11,14) 2 1 3
(8,6) 6 7 13 (14,11) 2 1 3
(16,17) 9 7 16 (22,23) 0 0 0
(17,16) 8 8 16 (23,22) 0 1 1
(13,24) 1 0 1 (17,19) 4 6 10
(24,13) 0 1 1 (19,17) 3 4 7
(10,16) 8 9 17 (14,15) 0 0 0
(16,10) 8 9 17 (15,14) 0 0 0
(21,24) 1 0 1 (10,11) 0 0 0
(24,21) 0 0 0 (11,10) 0 0 0

Optimizing network performance reliability subject to both scenarios in the Sioux Falls
network, a medium-sized transportation network, through a full enumeration algorithm is time-
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consuming. As discussed in the previous section, to accelerate solving this problem, the QIEA
is applied. To make the answers obtained from QIEA attributive and accurate, tuning the
parameters of the algorithm is necessary. Therefore, by applying the full factorial design, the
parameters are tuned, and the results indicate 100 iterations values and 30 generated populations
of each iteration. By applying QIEA, the time used for solving the bi-level optimization model
of reliability index applied on the Sioux Falls network is reduced from an average amount of
400 minutes, in full enumeration algorithm to 45 minutes through a computer with 2.40 GHz
CPU and 4 GB RAM.

Discussion and conclusion

The stability and sustainability of street networks concerning the usual and unusual traffic
congestion occurrence are one of the issues that have become a major focus in transportation
studies. Changes in travel demand at a particular hour of the day and changes in streets’ capacity
due to various reasons lead to traffic congestion in Urban Transportation Networks, UNTS, in
a random manner, known as Recurrent Traffic Congestions, RTCs.

One of the objectives of this study was to evaluate the performance of UTNs subject to
RTCs. These types of congestions follow a random pattern, hence to assess the network’s
performance a reliability measure is proposed, considering two major concepts in transportation
network analysis, which are connectivity reliability and travel time reliability. In this context,
the reliability of network performance is defined as the probability of traveling in the network
in an appropriate manner; which is equal to the average number of appropriate trips conducted
versus the total trips conducted in the network. Moreover, an appropriate trip for users is a trip
where users do not encounter any congested street and end the trip at a reasonable time.
Moreover, the current study considered two different scenarios in defining the reliability of the
network. In the first scenario, it is assumed the users traveling on the network, are not aware of
the network traffic congestion(s) and take their daily route to their destination. In the second
scenario, it is assumed the users are aware of network traffic congestion(s) during their trip and
change their route if an appropriate alternative route exists in case of congestion occurs on their
path. Due to the complexity of calculating the network's reliability when users’ are provided
with traffic information, a new method is introduced in determining the reliability of the
network in the second scenario. This study first, assessed the effect of providing traffic
information to network users on network reliability. Results showed that users’ awareness of
the network traffic condition could only increase the reliability of network performance in
networks with low demands. In congested networks, providing traffic information to the users
will not be helpful to increase the network’s reliability and other methods of traffic management
are needed.

Another objective of this study was to apply street widening projects to maximize the
network’s performance reliability. Considering financial limits, a bi-level urban transportation
network design model is developed to indicate a set of links for street widening. To analyze the
performance of the proposed model and demonstrate its practicality on transportation networks,
the model is implemented on the Sioux Falls network subject to both conditions of non-
awareness and awareness of users. The results indicate congested streets, central-located links,
are more likely to be selected for street widening. The results of this paper are in line with
Wang, Liu [28], which mentioned that sorting and selecting only congested links for the street
widening is not always the best solution in improving networks reliability.

Taking into account street widening is a network design and an Np-Hard problem, to reduce
its solving time two techniques are applied. 1) Due to logical reasoning, non-congested streets
were not considered as candidate links. 2) QIEA is applied instead of the exact methods such
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as full enumeration algorithm, to maintain accuracy and reduce problem-solving time to a great
extent.

There are research directions for future studies mentioned. In this study, all parameters are
considered in deterministic form, to make the problem more realistic the future studies can
consider the uncertainty of the parameters. As a second suggestion, a new index can be
developed to evaluate the reliability of the network. Thirdly, future studies with access to real
data can apply the proposed model to evaluate the performance of real large scale UTNSs.
Although this study sheds light on the reliable transportation network design problem with two
different scenarios considered; future studies can take the combination of these scenarios as a
third scenario. Finally, other heuristic/metaheuristic algorithms can be applied to solve large-
scale problems using the proposed model and compare results.
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