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Abstract

Traffic congestion is one of the major problems in transportation field.
To reduce unfavorable impact of that problem, one of the conventional
applications is to find optimal or near-optimal configuration of one-way
streets on road networks. When some of two-way streets in the network
are converted to one-way, which may be cheaper than other possible
improvements, the performance of the road system may increase. Thus,
this arrangement should be evaluated in order to determine its possible
effects. For this purpose, a bilevel heuristic solution algorithm is
proposed to find optimal configuration of one-way streets on road
networks in this study. The upper level deals with finding optimal
configuration of one-way streets by minimizing the total flow (demand)
weighted shortest path travel costs (distance) while user equilibrium
link flows are determined in the lower level. Shortest path travel costs
between OD pairs are obtained after executing traffic assignment
module of VISUM software by considering link travel times according to
created network configuration in the upper level. To make more
attractive one-way streets, we have used the parameter of @ which is
multiplied with the length of one-way streets to increase its speed. The
bilevel heuristic solution algorithm is combined with VISUM and applied
to Sioux-Falls city network. The results of near-optimal arrangement of
one-way streets are compared with those of base case in terms of
objective function considered. Additionally, sensitivity analysis was
performed to investigate how the algorithm reacts to the variation of
the parameter of a. Results showed that developed algorithm may be
considered for finding optimal configuration of one-way streets on
urban road networks.

Keywords: Traffic management, One-way streets, Bilevel
programming
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Ulastirma alanindaki en 6nemli problemlerden biri bilindigi gibi trafik
stkistkligidir. Trafik sikisikliginin olumsuz etkilerini en aza indirebilmek
icin  uygulanan  geleneksel  yéntemlerden  biride tek yon
uygulamalaridir. Kentici yol aglarindaki iki yonlii yollarin bazilarinin
tek yone cevrilmesi uygulamasi bilindigi gibi sistem performansini
artirmaya yénelik diger uygulamalardan daha az maliyetlidir. Bu
nedenle tek yén uygulamalarinin ag performansi lizerindeki olasi
etkilerinin degerlendirilmesi gerekmektedir. Calismada bu amagla yol
aglarindaki tek yénlii yollarin optimum konfigtirasyonun belirlenmesi
amaciyla iki seviyeli sezgisel bir ¢éziim algoritmast gelistirilmistir. Ust
seviyede talep agirlikli en kisa rota seyahat siirelerinin toplaminin en
kiiciiklenmesi amaclanmistir. Alt seviyede ise kullanict dengesi bag
akimlart belirlenmistir. Ust seviyede olusturulan ag yapisina bagh
olarak belirlenen bag seyahat siireleri dikkate alinarak trafik atama
problemi VISUM yazilimi ile ¢oziilmiis ve Baslangic-Varis (B-V) ciftleri
arasindaki en kisa rota seyahat stireleri elde edilmistir. Tek yoénlii
yollarin daha cazip hale getirmek amaciyla « parametresi
kullanmimistir. Bu amagla ulasim agi icinde tek yéne cevrilen baglarin
uzunlugu a parametresi ile carpilarak azaltilmis bir baska deyisle bag
lizerindeki hiz artirilmistir. Gelistirilen iki seviyeli sezgisel ¢6ziim
algoritmasi Sioux-Falls ulasim agina uygulanmigstir. Bazi baglarin tek
yén olmast durumundaki sonuclar agdaki tiim baglarin cift yénlii
hizmet vermesi durumuna gore gelistirilen amag¢ fonksiyonu
degerlendirilerek karsilastirilmistir. Ayrica « parametresine karsi
gelistirilen algoritmanin duyarliligini test etmek amaciyla duyarlilik
analizi yapilmistir. Sonuglar gelistirilen algoritmanin kenti¢i ulasim
aglarinda  yapilmast  planlanan  tek yon  uygulamalarinda
kullanilabilecegini gostermektedir.

Anahtar Kkelimeler: Trafik yonetimi, Tek yén, Iki seviyeli
programlama

1 Introduction

The use of motorized vehicles on urban roads has been growing
day by day especially in last decades due to rapid increase in
transport demand and low usage of public transportation
systems as well. This fact leads to various traffic problems
although some countermeasures are taken by local authorities
to minimize their negative effects. One of these problems
generally occurred at intersections of urban road networks is
traffic congestion phenomenon. To reduce the negative impacts
of that problem, optimization of signal timing plans,
reconfiguration of intersection geometry and increasing of link
capacities can be used as efficient solutions. Besides, one of
these applications is to find optimum arrangement of one-way

streets in which traffic moves in a single direction. With this
application, total travel times in the road network may be
decreased by reducing travel times of one-way streets.

Although the studies related to optimum arrangement of one-
way streets on urban road networks are quite limited,
especially in last two decades, some researchers have studied
on this issue and investigated this problem in many aspects. Lee
and Yang [1] used simulated annealing algorithm, which is a
metaheuristic to reach to global solution in a large search space,
for finding optimal configuration of one-way streets on urban
road networks. Results showed that the proposed algorithm
was found useful to solve discrete equilibrium network design
problem for planning one-way streets on urban roads. Drezner
and Wesolowsky [2] aimed to reduce the total flow-weighted
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travel time by arranging of one-way streets. For this purpose,
an exact algorithm, several heuristic methods and simulated
annealing algorithm are compared with each other and results
are discussed. Drezner and Salhi [3] focused on finding one-way
streets using tabu search algorithm. This approach was tested
on several test networks. For optimal configuration of one-way
streets on road networks, hybrid metaheuristic algorithms are
also used and encouraging results were obtained. Drezner and
Salhi [4] proposed simulated annealing and genetic algorithms
for finding optimal solution of this problem on large-sized
networks. Then, tabu search algorithm has been applied on the
solutions of these metaheuristics. It was concluded that genetic
algorithm performed better than simulated annealing. Ozan
and Baskan [5] developed a bilevel heuristic solution algorithm
based on harmony search algorithm to find optimum
arrangement of one-way and two-way streets on urban road
networks. Results emphasized that developed algorithm may
be taken into account for the solution of this problem.

From a different viewpoint, Drezner and Wesolowsky [6]
combined two objectives in the context of road network design.
They assumed that each street in the network may be built or
not. Also, each street may serve to vehicles as one-way or two-
way. Under these assumptions, four main problems are
presented and these problems are solved by using different
methods available in the literature. Zargari and Taromi [7] used
genetic algorithm for finding optimum arrangement of one-way
streets in a real city network. In their study, minimization of
total travel cost was aimed. Results obtained by using genetic
algorithm were compared with current situation. Miandoabchi
and Farahani [8] proposed a solution algorithm for discrete
road network design problem which consists of arrangement of
one-way streets in the network. Numerical examples are
conducted on a number of test networks. Results indicated that
the developed multi-objective algorithm performs better than
the other compared algorithms. Salcedo-Sanz et al. [9]
investigated the rearrangement of two-way streets on urban
roads to reduce total travel cost of all users. For this purpose, a
new definition is formulated, and a novel multi-objective
harmony search algorithm is developed. The efficiency of the
proposed definition and its solution algorithm are tested in
several test networks. Similarly, simulated annealing algorithm
for finding optimal arrangement of one-way streets was used in
Poorzahedy and Shirazi [10]. Results of simulated annealing
approach are compared with another heuristic approach. Some
suggestions and future directions on this problem are given.
Salcedo-Sanz et al. [11] studied on planning of urban roads
which consists of rearrangement of direction of the streets. In
their study, the problem is defined as a multi-objective
optimization case and solved by using an evolutionary
algorithm and its performance is tested in a real city. On the
other hand, the configuration of one-way and two-way links on
transportation road networks plays an important role at the
emergency evacuation conditions as well. In this context,
Afandizadeh et al. [12] studied on finding of optimal network
configuration in case of emergency evacuation by using
simulated annealing algorithm. Similarly, Afandizadeh et al.
[13] evaluated emergency evacuation conditions by minimizing
total travel time of all users. Optimal arrangement of one-way
and two-way links was determined using simulated annealing
algorithm and results showed that proposed model is able to
provide lower total travel time than base case.

Although the solution methods developed so far are able to find
the optimal arrangement of one-way streets, an investigation of

performances of different objective functions is needed.
Therefore, we propose a bilevel heuristic solution algorithm
based on Differential Evolution algorithm to find optimal
arrangement of one-way and two-way streets on urban road
networks. The upper level deals with making optimal
arrangement of one-way streets by minimizing the total flow
(demand) weighted shortest path travel costs (distance) while
user equilibrium link flows are found by solving traffic
assignment problem in the lower level according to created
network configuration in the upper level. In order to test the
proposed algorithm, Sioux-Falls city network was considered.
The rest of this paper is organized as follows. Problem
formulation is explained in the next section. In Section 3, bilevel
heuristic solution algorithm is presented. Numerical
application is conducted in Section 4. Conclusions and possible
future studies are given in the last section.

2 Problem formulation

As known, Discrete Network Design Problem (DNDP) includes
building new roads, increasing or decreasing of the number of
lanes, and determining the directions of one-way streets and it
only deals with discrete design decisions [14]. Therefore,
optimal arrangement of one-way streets in a given road
network can be solved in the context of DNDP. Since it is
considered as NP-hard, the exact methods such as the Branch
and Bound method cannot solve this problem efficiently.
Therefore, a large amount of solution methods in this field
consists of meta-heuristics. On the other hand, this problem
may be considered as leader-follower, where the local authority
is the leader and the users are the followers [15]. In this context,
itis supposed that the local authority may affect the users’ route
choice behavior by reconfiguration of one-way streets.
Conversely, the users make their route choice decision by
minimizing own travel costs under given structure of a road
network [16]. Thus, this interaction may be taken into
consideration as bilevel modelling. It seems obvious that it
contains two levels, which are upper and lower levels [17].

The upper level deals with finding optimal arrangement of one-
way streets on a road network by minimizing total flow
(demand) weighted shortest path travel costs (distance) while
User Equilibrium (UE) link flows are found in the lower level by
considering network configuration in the upper level. The
objective function of the upper level is formulated as

min Z dysSrs(Z) (1)

(r,5)eD

subject to

Z = (24, Z3, Z3, ey Zgy oo ) Va=1,2,..,4A (2)
z,=0o0r1; Va=12,..,4 3)
np=1 vn (4)
Noye =1 Vn (5)
K.s=1 Vr,s (6)

Where d, is the travel demand from origin r to destination s,
sys(z) is the distance of shortest path from r to s defined by z.
Besides, we have used the factor of a in order to reduce travel
times of one-way streets. To do this, the length of link a is
multiplied by @ when opposite link is closed since the speed on
one-way links is greater than the two-way links. In other words,

1088



Pamukkale Univ Muh Bilim Derg, 24(6), 1087-1092, 2018
0. Baskan, C. Ozan

the speed is increased by the factor of (1/a) when a link is used
as one-way. The objective function given in Eq. (1) deals with
minimization of total flow (demand) weighted shortest path
travel costs (distance) in the network. The possible state of each
link (i.e. in use or not) in the network is presented discrete
decision variables (0, 1) by each member of vector of z as given
in Egs. (2-3). When a link is closed from node n to node n + 1,
it means that the opposite link is turned into one-way link
which is from node (n + 1) to node n. On the other hand, each
node in the network should have at least one incoming and
outgoing links. These constraints are given in Eq. (4) and (5).
Besides, each origin and destination must be connected at least
with one path which is provided in Eqg. (6).

User Equilibrium (UE) traffic assignment has been performed
in the lower level considering network configuration created in
the upper level to find shortest path travel costs (distance)
according to the equilibrium link flows. In UE assignment,
demands are distributed according to Wardrop’s first principle
which states that the travel times of all used paths between the
same O-D pair are equal and less than any unused paths [18]. It
should be noted that this assumption is the most widely used
approach in order to find the equilibrium link flows in road
network design problems. In this study, the user’s route choice
behavior is defined by performing UE assignment which can be
formulated as follows:

Xa
mian ta(w) dw 7N
a€A o
subject to
kars:Drs Vr €R,s €S,k € K, @)
kEK
xazzzjfkrs ax Vr€RsS€ESa€AkeK, 9)
s K€K,
fil=0, Vr €R,s €S,k €K, (10)

Total traffic volume of all routes has to be equal to the demand
from origin r to destination s as shown in Eq. (8). Eq. (9) shows
volume on link a resulted from the sum of volumes of all routes
which contain this link. The volume of all routes must be
positive as given in Eq. (10).

Since UE assignment is a convex problem, it can be numerically
solved by various methods. In this study, VISUM [19] is used for
finding equilibrium link flows at the lower level. VISUM
provides various UE assignment models such as Incremental
assignment, Equilibrium assignment, etc. As different models
serve different objectives, Equilibrium assignment module has
been used by considering the objective of this study. This
assignment module provides more realistic results since its
procedure is only terminated when all routes of any OD pair are
in the balanced state. Another reason for the use of VISUM is
that it can be embedded into the proposed solution algorithm
using VBA programming language. Thus, analysis and some
modifications can be easily performed.

3 Bilevel heuristic solution algorithm

In this study, a bilevel heuristic algorithm is developed to find
optimum arrangement of one-way streets on urban road
networks. An optimization procedure based on Differential
Evolution (DE) is embedded into the algorithm to solve

minimization problem given in Eq. (1). The optimum
arrangement of one-way streets is found in the upper level
while the shortest path travel costs (distance) are found in the
lower level by using VISUM. The proposed algorithm is coded
in VBA programming language due to outstanding advantages
of VISUM that allows to import and export data using VBA.
Because of being quite robust and reliable for solving of
complex optimization problems, decision variables are
generated by using DE algorithm in the upper level. The DE is a
quite simple and efficient meta-heuristic algorithm in which the
initial population is improved to find the global or near-global
optimum through repeated cycle of mutation, crossover and
selection procedures [20]-[25]. In the DE, two fundamental
control parameters are utilized to conduct the optimization
process. The first one is the Mutation Factor (F) which is used
to obtain mutant vector from selected three solution vectors in
the population and the second one is the Crossover Rate (CR)
that s the probability of consideration of the mutant vector (see
for details Storn and Price [26]). The upper level decision
variables are generated as in Figure(1).

1 1 1 1 1 1 1
Zl ZZ Z3 24 ZS Za ZA
2 2 2 2 2 2 2
z , | 1z z, z . z,
3 3 3 3 3 3 3
z z, | 1z 7, | z z; z,
v iv|v viv |y v v v v v
p p p p p p p
FA N I L 3 S I A z! zp

Figure 1: Representation of upper level decision variables.

In Figure(1), a represents the number of decision variables (i.e.
the number of links) and p is the number of population in the
DE. Similarly to other meta-heuristic algorithms, each row of
population is randomly filled by variables of 0 or 1 (if this value
is 0, the link is closed) and so called target vector is created.
After creating all target vectors, the decision variables are input
to VISUM and shortest path travel costs (distance) are
determined by executing traffic assignment module in VISUM.
Thus, the objective function values can be calculated for target
vectors by using Eq. (1). After then, each element of a mutant
vector is obtained from randomly selected three solution
vectors using Eq. (11).

,1;'“ =z +F(z}" = 2") i=12,..,pj=12..,4 (11)

Where z]-l’”, Z]-z’” and z]-?”u are randomly taken decision variables
within the range [1, p] at generation u, 4 is the total number of
upper level decision variables and Z]-l'u # z]-z‘” * z]-3’u. After
creating the mutant vector for each target vector, the other
improvement process of the DE is performed using crossover
operator to obtain trial vector. At this stage, each value of trial
vector, ™, is selected from the mutant vector or from the
target vector depending on the value generated between 0 and
1 as shown in Eq. (12).

o A%, ifrand(0,1) S CR or  i=iwqn a2

J z]-i’u, otherwise
As can be seen on Eq. (12), the value of the (CR) is compared
with random number between 0 and 1. The aim of this
comparison is to determine whether the member of the trial
vector is taken from mutant vector or target vector. If the value
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generated between 0 and 1 is less than (CR) or equal to (CR)
at generation u, the member of trial vector is chosen from the
mutant vector; otherwise it is chosen from the target vector.
The constraint of i = i,,q provides that at least one member of
the trial vector is taken from the mutant vector to diversify the
population. Then the trial vector w* is compared with the
target vector considering their fitness values. At this step,
decision variables (0 or 1) are input to VISUM for determining
fitness value of trial vector and traffic assignment process is
executed. After then, the fitness value of trial vector is
calculated using Eq. (1). Finally, the objective function values of
trial and target vectors are compared to each other. The best
one is taken to the generation (u + 1) and the other is ignored.
Iterative solution process is repeated until maximum number
of generations is reached. The algorithm steps are given in
Figure (2).

v

Step 3 Mutation
Step 1 Setting input parameters —{ Determine mutant vector
o DE parameters (£, CR, p) using Eq. (11)
¢ 0-D demand matrix and 12

network parameters
e Parameters of link cost function
¢ Parameter of aindicates
decreasing of length of one-way

Step 4 Crossover
Determine trial vector by
considering mutant and
target vectors using Eq. (12)

links and calculate its fitness value
v using Eq. (1)
Step 2 Generation of the initial ¥
population

Step 5 Selection
Compare fitness values of p=p+1
target and trial vectors and
enter best one to the next

¥ generation
Solve the lower level problem
and obtain shortest path travel
costs (distance) for each vector
v
Calculate fitness values for target
vectors using Eq. (1) ¥

|

Generate randomly discrete
decision variables for each link
and create target vectors

N u=u+1

Optimal configuration of
one-way links

Figure 2: Flowchart of the proposed algorithm.

4 Numerical application

In this section, the Sioux Falls city network is used in order to
test the proposed algorithm. The link parameters and peak-
hour travel demands are taken from Baskan [16]. It is assumed
that each link has two lanes in the network. The travel cost
function is used as given in Eq. (13).

ta(xg) =14+ 0g (xa/ga)4 (13)

Where 7,, 0, are the parameters and 6, is the capacity for link
a, Va € A. The parameters of the DE (F, CR and p) are selected
0.8, 0.8 and 10, respectively in keeping with the literature. The
value of @, by which link lengths are multiplied when the
opposite links are closed, is taken as 0.5 to reflect the increase
of speed on a one-way link. At the lower level, UE is conducted
by way of VISUM. It is supposed that the algorithm has reached
to optimum or near-optimum solution when the maximum
number of generations is reached which is taken as 30. The
convergence graph of the proposed algorithm can be seen in
Figure (3).

In case of all links in the network are operated as two-way, the
objective function value is found as 4824. In the initialization
process, the proposed algorithm randomly generates upper
level decision variables and thus the initial population is

created. The best value of objective function in the initial
population is found as about 4730. After then mutation,
crossover and selection operators are applied to initial
population and the final objective function value is obtained as
about 4386 when links 6, 21 and 23 are closed as shown in the
network given in Figure (4). This means that links 8, 24 and 13
are operated as one-way links. When the final objective
function value is compared with the value of base case which
represents that no link is closed, total flow-weighted shortest
path travel costs (distance) is reduced about 10% in the overall
network by reconfiguration of the network. At this point, it
should be emphasized that the value of « is key parameter since
the different a values may lead to various improvement rates.
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Figure 3: Convergence graph of the proposed algorithm.
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Figure 4: Sioux-Falls city network.
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4.1 Sensitivity analysis of parameter a

An additional analysis has been conducted to investigate how
the proposed algorithm is affected when the parameter of a is
changed. The sensitivity analysis is performed by comparing
the convergence graphs of the algorithm with respect to the
different a values which vary from 0.5 to 1. As aforementioned,
the value of ¢ is multiplied with the length of link to reflect the
increase of speed on one-way links, and to make it more
attractive by the users on the road network. As expected, the
high values of a cause early convergence of the proposed
algorithm as can be seen in Figure (5). Road users do not notice
the advantages of one-way links in terms of the increase of their
speed since the decrease of the length of one-way links is not
significant with use of high values of a. On the other hand, the
low values of a provide that one-way links may be more
attractive due to increase of their speed, and this may lead to
increasing its choice probability by the users.

5300

4300
1 10 100

Number ofiterations

Figure 5: Comparing of the convergence graphs for different
values.

5 Conclusion

This study aims to find optimal design of a road network which
may include one-way and two-way streets. For this purpose, a
heuristic solution algorithm is developed using bilevel
modelling approach. The upper level aims to minimize total
flow-weighted shortest path travel costs (distance) while the
UE link flows are found by VISUM at the lower level. In order to
test the proposed algorithm, Sioux Falls city network is used
which is probably most preferable test network in the
literature. Results revealed that the proposed algorithm is able
to reduce total flow-weighted shortest path travel costs
(distance) about 10% by optimal arrangement of one-way
streets in the network in comparison to the base case.
Additionally, sensitivity analysis has been performed in order
to see how the developed algorithm is affected by changing the
parameter of a. In future, the proposed algorithm will be
applied to a signalized road network in order to investigate
possible effects of signal timings and phase plans in the solution
of that problem.
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7 Appendix A

Nomenclature

The set of streets in the network,

The set of paths between O-D pair rs, Vr € R,s €
S,

Represents a link in the network, Va € 4,
Represents a node in the network,

The number of incoming links for node n,

The number of outgoing links for node n,

The set of origins,

The set of destinations,

The vector of O-D pair demands, D = [D,], Vr €
R, s€S,

The vector of path flows, f = [f{°], Vr €R, s €
S, k €K,

The vector of link travel times, t = [t,(x,)], Va €
4,

The vector of link flows, x = [x,], Va € 4,

The set of feasible decisions for link a that is a
subset of {0, 1},

Represents whether link a is closed or not, it
equals 0 if link a is closed,

(24, 23y o, Zq,...) represents of one-way and
two-way links,

the link/path incidence matrix variables Vr € R,
SES, k€K, Va€eA,

The factor by which link lengths are multiplied
when the opposite links are closed (a < 1),
Mutation factor,

Crossover rate,

Number of generation,

Mutant vector at generation u,

Trial vector at generation u,

Number of population.
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