Congreso Latino-lberoamericano
de Investigacion Operativa Septemher 24-28, 2012

Rio de Janeiro, Brazil

Turning restriction design for congested urban traffic networks

Les R. Foulds
Daniel C. S. Duarte
Hugo A. D. do Nascimento*
Humberto Longo
Bryon R. Hallf

Instituto de Informatica — INF
Instituto de Matematica e Estatistica — IME T
Universidade Federal de Goias — UFG
Goiania-GO, Brasil

{lesfoulds,danielduarte,hadn,longo}@inf.ufg.br
bryon@mat.ufg.br

Resumo

O problema do projeto de restri¢ao de conversdes (TRDP) envolve descobrir um conjunto de
restrigdes de conversdes que melhore o fluxo em uma rede congestionada de trafego urbano.
Apresentamos um método de aproximagao linear sequencial para encontrar uma solugdao heu-
ristica para um modelo nao-linear do TRDP. O método destina-se a ajustar o conjunto corrente
de restrigoes de conversées de uma dada rede, a fim de minimizar o custo total de viagem do
usuario quando a rota escolhida é definida por principios de equilibrio do usuério. O método
foi comparado com um método TRDP nao linear existente, utilizando um exemplo de rede
padrédo da literatura. A experiéncia computacional preliminar com o método proposto mostra
que o mesmo compara-se favoravelmente com o método nao-linear existente.

Palavras-Chave: Aproximagao sequencial linear, Problema de projeto de redes de trafego,
Projeto de conversoes.
Area principal: L&T — Logistica e Transportes.

Abstract

The Turning Restriction Design Problem (TRDP) involves finding a set of turning restric-
tions to promote flow in a congested urban traffic network. We present a sequential linear
approximation method for identifying a heuristic solution to a nonlinear model of the TRDP.
The method aims to adjust the current turning restriction regime in a given network in order
to minimise total user travel cost when route choice is driven by user equilibrium principles.
The method has been compared with an existing nonlinear TRDP method using a standard
network example from the literature. Preliminary computational experience with the proposed
method compares favourably with that of the nonlinear method.

Keywords: Turning restriction design problem, Network design problem, Sequential linear
approximation.
Main area: L&T — Logistics and Transportation.
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1 Introduction

Recently, there has been increasing interest in the system control approach to improving
the performance of congested traffic networks through operations research. In general, a
common objective is to ease congestion by reducing the total travel cost of all users while
accounting for individual route choice behaviour. The related Network Design Problem
(NDP) involves infrastructural intervention improvement strategies comprising physical al-
terations, such as the construction of new links or the widening or resurfacing of existing
ones. The objective is to make an optimal investment decision in order to minimise the
total user equilibrium-based travel cost in the network. There are continuous and discrete
versions of the NDP but as the continuous version can be considered a relaxation of the
discrete one, we shall concentrate on the latter.

In contrast to the NDP, the Urban Network Design Problem (UNDP) involves non-
intervention improvement strategies comprising non-physical adjustments to characteristics
of the network, such as flow direction, turning restrictions and signal settings. These strate-
gies are usually lower in cost and easier to implement than the NDP strategies. However,
along with the NDP, the UNDP is a combinatorial optimisation problem that is very ex-
pensive to solve exactly and many of the later articles in our literature review concentrate
on either approximate solutions to exact UNDP models or exact solutions to approximate
models. The approach in the present article falls into the latter case.

One particular low-cost, effective, non-intervention strategy for the UNDP is that of
deciding which restrictions of maneuvers at intersections should be imposed on the users of
the network. That is, certain travel directions (left turn, right turn, drive straight ahead or
any other exit option for a non-standard intersection) may be prohibited at each particular
intersection. The question is how to select which maneuvers (if any) to restrict in order to
enhance a given system performance measure. The present article is concerned with this
specialisation of the UNDP. We shall use the term turn for maneuver, even though it may
involve driving straight ahead or performing another exit option at a non-standard intersec-
tion, such as a “Y” intersection, that is not strictly a physical turn. We have constructed a
Sequential Linear Approzimation (SLA) method for the problem that starts with a given set
of turning restrictions corresponding to the present situation in a given network, and aims
to identify which additions or subtractions (allowing all practical possibilities) should be
made in order to create the restriction regime that minimises user equilibrium-based total
travel cost. The well-known SLA methodology (Palacios-Gomez et al. (1982), Bazaraa et al.
(1993)) has been used with success in the petroleum industry. More recently, Sherali et al.
(2003) and Foulds et al. (2011) have used SLA to estimate origin-destination (O-D) travel
demand matrices in traffic networks.

2 Literature Review

We shall review some of the literature on the discrete NDP and on the UNDP. The earlier
articles are mainly based on exact optimisation strategies and the later ones are mainly
based on meta-heuristics.

Steenbrink (1974) helped to popularise many traffic engineering concepts, including the
Braess paradox and some of the techniques that were known for traffic assignment at the
time of the publication of his book. He also discussed the NDP and appraised some of the
then existing branch-and-bound solution techniques for it. Steenbrink himself suggested
an iterative decomposition algorithm for the NDP in which user equilibrium flows were
approximated by system optimal flows. Unfortunately, the algorithm is not guaranteed to
converge to the optimal solution. LeBlanc (1975) was one of the first to consider the version
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of the NDP that is confined to deciding which links should be improved. He presented a
nonlinear mixed integer programming model of this issue and strategies for a branch and
bound algorithm to solve it. However, the algorithm has limited present-day utility as it
requires that any link improvement must reduce the total user cost. Magnanti and Wong
(1984) presented a unified view of modelling the NDP and proposed a unifying framework
for describing NDP algorithms, of which Lagrangian relaxation and dual ascent have shown
to be useful in providing bounds for special cases of the problem.

Drezner and Wesolowsky (2003) introduced some variations of the NDP by including
a facility location aspect. It is assumed that a network of potential links is given. Each
link can be created at a given construction cost. The objective is to minimise the total
construction and transportation costs. Two different transportation costs are considered:
() traffic is generated between any pair of nodes and the transportation cost is the total
cost for the users and (ii) demand for service is generated at each node and a facility is to
be located at a node to be identified in order to satisfy the demand. The transportation cost
in this case is the total cost for a round trip from the facility to each node and back. The
authors considered two options with regard to the links between nodes. They can either
be two-way only, or mixed, with both two-way and one-way (in either direction) allowed.
When these options are combined with the two objective functions, four basic problems
are created. These problems were solved by four distinct approaches: descent algorithms,
simulated annealing, tabu search and genetic algorithms.

Poorzahedy and Rouhani (2007) attempted to tackle the NDP by using various meta-
heuristics such as: ant colony systems, genetic algorithms, simulated annealing, and tabu
search. Seven hybrid meta-heuristics were devised and compared with an ant colony system
approach that was devised earlier by the authors. The meta-heuristics were tested on the
Sioux Falls network, a classic test example that is used later in the present article. The
hybrid meta-heuristics were more effective in solving the NDP compared to using an ant
colony system alone, in the sense of finding better solutions sooner. This was also evidenced
through analysing an instance of the NDP for an actual large city traffic network. Zhang
and Gao (2007) studied the situation where the flows in opposite directions on a two-way
street are seriously asymmetric; one traffic link of a two-way street is heavily congested
but the other is hardly used. In order to reduce transportation congestion and make full
use of the existing road resources, the authors proposed a lane reallocating approach and
constructed a discrete bi-level programming model for the decision-making. Then, based on
a particle swarm optimisation technique, a heuristic for the bi-level model was designed.

Foulds (1981) was one of the first to develop a branch and bound approach for the
special case of the discrete UNDP where the objective is to identify which links should be
declared one-way. Cipriani and Fusco (2004) provided a comprehensive discussion about the
UNDP specialised to just global traffic signal settings. The authors presented an algorithm
that applies the Armijo rule for step size estimation as a part of a projected gradient
algorithm and compared it to other solution procedures. Moreover, numerical experiments
were performed on a test network in order to investigate the shape of the objective function
in order to obtain further information about the mathematical properties of the problem.
Issues concerning multiplicity of solutions, algorithm convergence, and sensitivity to demand
patterns were also discussed.

Ying et al. (2007) proposed an algorithm for sensitivity analysis due to link interfer-
ence within the UNDP. Based on this sensitivity analysis algorithm, a general algorithm
is provided for solving the UNDP. In particular, this algorithm is applied to identify opti-
mal traffic signal settings. Building on the approach of Cantarella et al. (2006) by using
stochastic, rather than deterministic assignment, Gallo et al. (2010) proposed a UNDP op-
timisation model and a meta-heuristic technique with the aim of optimising the layout of an
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urban road network by designing both the directions of existing roads and the traffic signal
settings at intersections. A non-linear constrained optimisation model for solving this prob-
lem was formulated that adopts a bi-level approach in order to reduce the complexity of
solution methods and the computation time. A scatter search algorithm (see Laguna (2002)
and Marti et al. (2006)) based on a random descent method was proposed and tested on a
practical network. Initial results showed that the proposed approach allows local optimal
solutions to be obtained in reasonable computation time. And finally, Russo and Vitetta
(2006) have presented a strategy that attempts to lower the number of feasible solutions to
any numerical instance of the UNDP.

Long et al. (2010) have introduced and defined the Turning Restriction Design Problem
(TRDP) as a special case of the UNDP. The TRDP involves determining the optimal
set of turning restrictions to be imposed in order to minimise the total user equilibrium-
based travel cost. Only left turns can be restricted. The authors developed a bi-level
model of the TRDP in which a shortest path algorithm is used to establish user-equilibrium
flows at the lower level and the resulting flows are used within a sensitivity algorithm
to solve a relaxed version of the TRDP model. Finally, at the upper level, branch and
bound strategies are used to solve the TRDP model to identify a promising set of turning
restrictions at each iteration. The method begins with a network without any turning
restrictions and progressively identifies a set of restrictions that are selected from a relatively
limited subset of all possibilities, until some termination criterion is met. Only some so-
called “crucial” intersections can be considered for restrictions and only left-turn restrictions
are allowed. The method is based on a highly nonlinear mixed integer programming model.
The advantages of making restrictions on maneuvers at intersections have been discussed
by Chen and Luo (2006).

3 Developing a generalised turning restriction design model

We now explain a method for the generalised TRDP that is based on a model to be solved
using SLA. The reader is referred to Foulds (1991) for the necessary graph theory notation
and terminology. We shall construct a digraph G = (N, A), due to Potts and Oliver (1972)
that models a given traffic network with node set N and arc set A. Each node in N
represents either the beginning or the end of a street, that is, an entrance or departure
point of an intersection, and and each arc in A represents either a street travel direction
or a feasible turning possibility at an intersection. Multiple arcs connecting the same pair
of nodes are not permitted. In order to visualise the digraph construction process with a
particular example, the reader is referred to Figure 1, where a particular intersection of two
two-way streets is shown in Figure 1(a) and the digraph G that results from the application
of the process is given in Figure 1(b). Allusions will be made (in italics) to Figure 1 during
the following explanation.

We create a distinct arc (that is, with a distinct head node and a distinct tail node) for
each travel direction in each street (two distinct arcs for two-way streets and just one arc
for a one-way street). Let A’ denote the set of arcs representing street travel directions.
The arc set {(1C, B1), (B2, 1D), (2C, B3), (B4, 2D), (3C, B5), (B6, 3D), (4C, B7), (BS,
4D)} is a subset of A’. Next, let N denote the set of head and tail nodes of the street travel
direction arcs. The node set {1C, B1, B2, 1D, 2C, B3, B4, 2D, 3C, B5, B6, 3D, 4C, B7,
B8, 4D} is a subset of N. Note that each intersection is not represented by a unique node.
Then, we create arcs that represent turning possibilities at the intersections. To begin with,
it is likely in practical situations that some of the possible turns can never be allowed for
reasons of safety or other physical considerations, including the presence of one-way streets.
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Arcs representing such turns are never created and play no further part in the discussion.
Note that the turns (1, 2) and (4, 1) are never allowed and, consequently, the corresponding
(dotted) arcs (B1, B4) and (B7, B2) are not introduced in the digraph. Next, we establish
which turns are permanently allowed and flow is always possible in them. Let A” denote the
set of such corresponding arcs, that is, arcs for which a turning restriction is never possible.
Suppose that the right turns ((1, 4), (4, 3), (3, 2) and (2, 1)) can never be restricted. In this
case, the corresponding arcs in Figure 1(b): (B1, B8), (B7, B6), (B5, B4) and (B3, B2)
belong to A”. Next, we establish which turns are presently allowed but flow in them could
be prohibited. Let A; denote the set of such corresponding arcs, that is, arcs for which
turning could be restricted. Suppose that flow in the drive straight ahead “turns” ((1, 3), (3,
1), (4, 2) and (2, 4)) is presently allowed but could possibly be restricted. In this case, the
corresponding arcs in Figure 1(b): (B1, B6), (B5, B2), (B7, B4) and (B3, B8) belong to Ay.
Finally, we establish which turns are presently restricted, that is, flow in them is prohibited,
but that flow could possibly be allowed in them. Let Agr denote the set of such corresponding
arcs, that is, arcs for which the turning restriction could be lifted. Suppose that flow in the
left turns (2, 3) and (3, 4) is presently restricted but could possibly be allowed. In this case,
the corresponding arcs in Figure 1(b): (B3, B6) and (B5, B8) belong to Ar. The procedure
is repeated analogously for all the intersections (irrespective of how many incident streets
there are). G = (N, A) is the resulting digraph, where A = A’U A” U Ar U Ag. Note that
A’ U A” comprises arcs whose status cannot be changed, whereas A; U Ag comprises arcs
representing the turning possibilities whose status can be changed.

@W— @
3)

\J
(a) (b)

Figure 1: (a) A street intersection. (b) The underlying digraph G for the street intersection.

Let OD denote the set of origin-destination node pairs that define the rows and columns
of the trip table matrix T' = (Tj;), where Tj; is the given travel demand from origin node i
to destination node j. For all (4, j) € OD, let n;; be the number of routes from node ¢ to
node j and let pf”j denote the k' (i, j) route, for k = 1,. .. ,n;j. The route pfj is represented
by a binary vector of elements (pfj)a, corresponding to the arcs o € A, where (pi-“j)a is unity
if @ belongs to pfj and is zero otherwise. Also, let mf} be the number of users of pfj and let
the travel cost of arc o be denoted by t,(+), Vo € A. The following popular arc travel cost
function for any arc o € A representing a street has been provided by the USA Bureau of
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Public Roads (BPR) (1964):
tallo) =18+ [1+0- (22 ], 1)

Uq

where f, is the flow, t£ is the congestion-free travel cost, u, is the effective capacity and
0 and ~ are parameters that must be calibrated according to the actual network being
studied. For congested networks the values § = 0.15 and v = 4.00 have been used in the
United States, and § = 2.62 and v = 5.00 in Holland and Japan (Steenbrink (1974)). Note
that the travel costs of the arcs in A; U Ar are calculated separately with, in this case,
TF =1 and 0 varying according to whether the maneuver is a left turn, a right turn or
involves driving straight ahead.

The decision variables of the proposed model are denoted by y., Va € AU Ag, where
Yo 18 set to unity if flow is allowed in «, and is set to zero otherwise. From (1) it can be seen
that u, has an inverse effect on t,. This fact has lead us to adopt an arc capacity-based
approach to the TRDP, that is based on the premise that changes in traffic signal settings
at an intersection, altering the turning regime there, usually affect the capacity of nearby
arcs to handle traffic. Towards this end, for all arcs @« € A and 8 € A; U AR, let s2 be a
real number that denotes the change in u, when the turning status of 8 is changed. That
is, uq becomes u, + s2 whenever either (i) B € Ar and flow in 3 is prohibited (with yz set
to zero) or (ii) B € Ag and flow is allowed in 3 (with ys set to unity). Note that sh can
be positive or negative, depending upon the relationship between « and . Furthermore,
let B = {38 € Ay, sh 4 0}, let EF = {B| 3 € Ag, sh 0}, let ¢, denote the cost of
changing the status of arc a, Va € AU AR, and let B denote the budget for the total cost
of all changes in arc status.

It is assumed that the flow pattern is in user equilibrium. That is, according to Wardrop’s
First Principle (Wardrop (1952)), all routes actually used between any origin-destination
pair of nodes should have close to equal travel costs and this cost must not exceed the
cost of any unused route between this pair. To represent this, let ci-“j denote the unit
cost of pfj, i = min{cfj |k =1,...,n45}, Kijj = {k |k € {1,...,nij},cfj = cj;} and
ng = {1, ce ,nij}\K,;j.

An initial linear mixed binary model for identifying an adjusted turning restriction
regime that is within budget and tends towards user equilibrium flow principles is given
next. This model is new and is one of the main contributions of the present paper.

Model M,,:
Minimise z = Z Z szf] (2)
(4,7)€OD k=1
subject to
N
wh =Ty, V(i,j) € OD, 3)
k=1
n;j
S S el Suat 3 sLO -y + Y shys Vacd ()
(1,j)€OD k=1 BEEL BEER
Nij
ST > k)t < Mya, Vo€ AU Ag, (5)
(4,§)eOD k=1
an 1_ya)+zcaya<Ba (6)
O56"41 OCEAR
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x>0, V(i,§) €0D, k=1,...,ng, (7)
Ya € {0, 1}, Vae ArU Ag, (8)
where
Ch=> (P)atalfa), Vke Ky, (9)
acA
= M. Z(pfj)a-toc(fa)) Vke Kz{jv (10)
acA

and where M and M; are suitably chosen positive real numbers.

The elements of the model are now explained. The function (2) is based on (9) and (10)
and represents the objective of identifying a user equilibrium assignment. Relationship (3) is
a conservation of flow constraint for all travel demand. Constraint (4) enables arc capacity
to be adjusted as a result of changes to the turning restriction regime. Next, (5) prevents
travel in any arc with a turning restriction. And (6) introduces a budgetary constraint that
enables control over the total cost of alterations that can be made to the original turning
restriction regime. In the example discussed later, the c,’s are set to unity and the budget
B is set to various levels, controlling the total number of changes that can be made to the
original turning restriction regime. B can be set to a relatively high number, allowing any
possible combination of changes to be made. Finally (7) and (8) are the usual non-negativity
and binary conditions.

It should be observed that the above model is not designed to solve the nonlinear model
of the TRDP obtained by substituting the nonlinear functions (1) into (9) and (10) and
thus creating a nonlinear objective function in (2). Instead, the model has been constructed
to identify at each iteration a collection of O-D routes that can be substituted into (9)
and (10) to compute a set of temporarily constant objective function coefficients. These
coefficients are substituted into (2) to create a linear mixed binary program. The optimal
solution to this model is not necessarily optimal for the nonlinear model and thus, like many
NDP approaches, the proposed solution technique is an approximating, iterative, heuristic
procedure.

4 A sequential linear approximation approach

We propose a bi-level SLA scheme for the TRDP which is described in Algorithm 1. A
traffic assignment process is applied to establish a user-equilibrium flow pattern in the given
network with the original turning restrictions in place. The resulting arc flows and travel
costs are then used to calculate route costs that are temporarily fixed. This creates a specific
numerical TRDP problem that is solved to identify a promising set of turning restrictions
and the consequent arc capacities. Restrictions on all travel directions: left-turn, right turn
and drive straight ahead, can be imposed on each incoming stream at each intersection
wherever it is feasible to make a decision on whether ongoing travel in each direction is to
be permitted or not.

We now outline the SLA scheme where the necessary route costs are modified and held
constant at each lower level iteration to provide the objective function coefficients of a mixed
binary ILP that is used to identify a promising regime of turning restrictions. Updated arc
capacities are inputted to establish a user equilibrium flow assignment at each upper level
iteration. Consider the following problem, termed Problem SLA(TR)", for the r* SLA
lower level iteration that has as input Va € A, the current flows f, together with arc travel
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costs to(fL) found by substituting f2 in (1):

Problem SLA(TR)":

MNij
Minimise z = Z Z(Cg)rxf] + Z My .wo, (11)
(i,j)EOD k=1 a€AUAR
subject to (3), (5), (6), (7), (8) and (12)
Nij
Z Z(pf])a:cfj < uq + Z s8.(1— yg) + Z sg.yg +wa, Vae A, (13)
(1,§)€OD k=1 BeEL BeEE
we >0, Vaec AjUAg, (14)
where
(CE)Y =D (Watalfh), Vhe (Ky), (15)
a€cA
= M;. Z(pi?j)a-ta(f(;% Vke (Kz{j)rv (16)
acA

and where the M,’s are a suitably chosen positive real numbers and (K;;)" and (K7;)" are

the versions of K and K’ at the 7" lower level iteration. Note that a new variable we,
YV a € A has been introduced in order to extend the feasible value of f, as far above u, as
is desirable to obtain user-equilibrium flows. This extension of u, is limited by the second
term in (11).

Consider the special case where a user equilibrium assignment can be found at the
upper level that is a feasible solution to (12)—(14). Next, consider the lower level problem
SLA(TR)" whose objective function coefficients have been calculated by substituting the
arc flows of this assignment into (15) and (16). Then an optimal solution to SLA(TR)" can
be found that is a user equilibrium solution.

In general, the procedure solves the linear problem SLA(TR)" at the r*" lower level itera-
tion with revised arc flows f,, the arc travel costs t,(f,) found by using function (1) and the
revised route costs (ij)” calculated using (15) and (16). The column generation technique
(Ford and Fulkerson (1958), Dantzig and Wolfe (1960), Gilmore and Gomory (1961, 1963))
can be used to generate O-D routes as they are needed as part of the optimisation process.
If a stopping criterion is satisfied, the procedure is terminated and the latest computed
solution is outputted. Several types of stopping criteria can be defined for the method. For
instance, it can be established whether or not the arc flows of the current solution did not
change significantly after a number of iterations, or whether a given number of iterations
have been executed, this number being based on the network size. Whichever stopping cri-
teria are collectively adopted, the important idea is to provide sufficient iterations to enable
the arc flows, and their associated arc travel costs to converge towards user-equilibrium
assignment. If no termination criterion is met, the updated arc capacities that are part of
the solution to SLA(TR)" are inputted into the traffic assignment problem to be solved at
the next upper level iteration. The outputted arc flows, costs and route costs (C’ikj)’“r]L are
used to define problem SLA(TR)"*! which is then formulated and solved.

Instead of simply replacing the arc flow values with the new values from the upper level,
we have found it more effective at the lower level to update them with a moving average
of the previous values. This approach, also applied by Sherali et al. (2003) and by Foulds
et al. (2011), promotes a better transition of the arc flows from one iteration to another,
avoiding drastic jumps back in forth in flow values.
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Algorithm 1: SLA(TR)
input : A network G = (N, A).
output: A set of turning restrictions.

// Pre-Processing.
1 Set all arc capacities to their original values.
2 r+ 1.

// Upper level.

3 Use a traffic assignment algorithm to identify a user equilibrium flow pattern for G. This
calculate the arc flow f,, Va € A.

4 Use (1) to calculate the travel cost to(fo), @ € A.

5 Use (15) and (16) to calculate the cost of each relevant O-D route.

// Lower level.

6 Solve SLA(TR)".

7 Establish if any stopping criterion has been met.

s If so, terminate the process and output the current set of rescindable turning restrictions as
the solution.

o If not, update the sets A; and Ar and the arc capacities u,, V o € A, according to (5) and
(13).

w0 r+r+1.

11 Go to step 3.

5 Computational experience with algorithm SLA(TR)

Here we discuss some preliminary computational experience with algorithm SLA(TR) on a
standard network from the literature in comparison with the nonlinear method of Long et al.
(2010). The SLA(TR) was implemented using JAVA and CPLEX v. 12.2 API for the linear
model. All numerical tests of the algorithm were executed on a personal computer with
a Pentium M730 processor with 1.73 GHz clock speed, 2GB of RAM and 150 GB of HD,
running Linux. The execution time for SLA(TR), for all examples to be described, ranged
between 32.3 and 129.7 seconds. Two termination criteria were adopted simultaneously,
the number of iterations and the degree of change from one iteration to the next. For
some examples, the number of iterations caused termination and in the others it was the
degree of change. The numerical example is known as the Sioux Falls network and was first
introduced by LeBlanc (1975). It has 24 nodes, 76 arcs, 528 O-D pairs and 178 possible
turns at intersections (any of which can be restricted). The numerical results about to
be reported are summarized in Table 1, with the tests denoted by labelled rows that are
referred to in parentheses in the following discussion.

We first establish a user equilibrium assignment for the original network with no turning
restrictions present, meaning that users can make any of the 178 turns. The total user
equilibrium cost of this assignment is z = 15,585,566.05 according to our calibrations and
we use this cost as the basis for comparison for the next three results. Long et al. (2010)
selected 22 “crucial” possible turning restrictions in the network, any combination of which
could be imposed. The best result produced by the methods of Long et al. (2010) resulted in
a turning restriction regime with 15 of the possible 22 restrictions imposed. We configured
our method to reproduce this regime using our calibrations and this resulted in a 3.195%
reduction in total user cost (77). Algorithm SLA(TR) was run on the original network with
the same set of 22 possible restrictions as in 7;. This resulted in a regime with 12 restrictions
imposed, with a 5.077% reduction in total user cost (73). There are nine restrictions in
common between the regimes of 77 and of Th. Algorithm SLA(TR) was also run on the
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original network with a budget of B = 22 with each restriction introduction costing unity.
That is, any combination of up to 22 restrictions can be imposed out of the possible 178. This
resulted in a regime with the full limit of 22 restrictions imposed, with a 5.810% reduction
in total user cost (73). Interestingly, there are only two restrictions in common with the
regimes of 71 and T5. When B is increased to 178, allowing any combination of restrictions
to be imposed, the best regime identified by algorithm SLA(TR) has 108 restrictions, with
an 8.002% reduction in total user cost (7y).

As has been mentioned, algorithm SLA(TR) is designed to deal with the practical sit-
uation in which a regime of restrictions is already imposed and the method is to be used
to adjust the regime by imposing new restrictions and removing existing ones in order to
attempt to minimise total user cost, taking into account user equilibrium-based route choice.
In order to test this aspect of algorithm SLA(TR) we applied it to the modified Sioux Falls
network (77) created by the method of Long et al. (2010) with the 15 restrictions imposed,
but with the original capacities for all arcs. This network has a user equilibrium cost of
15,507, 321.89 according to our calibrations and we use this cost as the basis for comparison
for the remaining tests. When alterations can be made only to the original 22 turns, the best
regime identified by algorithm SLA(TR) has 17 restrictions imposed, 12 of the original ones
and 5 new ones, with a 1.659% reduction in total user cost (T5). When algorithm SLA(TR)
was run on this network with a budget B = 22 and the status of any turn was allowed to
change, the best regime identified has 31 restrictions imposed, 12 of the 15 original ones and
19 new ones, with a 3.126% reduction in total user cost (Tg). When algorithm SLA(TR)
was run on the network with B = 178, this resulted in a regime with 99 restrictions with
the same 12 of the 15 original ones, and 87 new ones imposed, with a 4.598% reduction
in total user cost (7%). It is evident from the just mentioned tests that SLA(TR) has the
capability to solve quickly and easily a variety of interesting numerical instances derived
from the Sioux Falls network.

No. of
Test Method z % Reduction Restrictions
T Long et al. 15,087,557.74 3.195 15
15 SLA(TR) 14,794,305.21 5.077 12
T3 SLA(TR) 14,679,976.38 5.810 22
Ty SLA(TR) 14,338,358.57 8.002 108
Ts SLA(TR) 15,250,111.58 1.659 17
Tg SLA(TR) 15,022,539.58 3.126 31
17 SLA(TR) 14,794,283.44 4.598 99

Table 1: The results of applying algorithm SLA(TR) to the Sioux Falls network.

6 Conclusion and summary

We have presented a successive linear approximation method, termed SLA(TR), for iden-
tifying a heuristic solution to a nonlinear model of the TRDP. The method aims to adjust
the current turning restriction regime in a given network in order to minimise the total cost
when user route choice is driven by user equilibrium principles. The method has been com-
pared with an existing nonlinear TRDP method using a standard network example from the
literature. Preliminary computational experience with SLA(TR) is favourable. The authors
are in the process of refining the SLA(TR) model, conducting further numerical experiments
on large-scale Brazilian city networks and investigating the model’s convergence properties.
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