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Ahstract

The implementation of urban distribution centers near
to city centers to allow freight consolidation is a widely
extended initiative worldwide, seeking to improve traffic
congestion and quality of life in downtown, among oth-
ers. This paper considers the problem of locating urban
distribution centers and proposes an exact method, based
on integer linear programming for strategic, tactical and
operational decision-making. The aim is to solve, in an
integer manner, location, sizing and operation (vehicle
routing) problems in these logistics platforms. The model
is validated using real-data taken from the city of Saint-
Etienne, France. Computational experiments are also
carried out in order to compare the proposed model with
existing procedures from the literature. Results show the
efficiency and effectiveness of the proposed model and its
applicability in real decision-making for medium sized
data sets.

Keywords
Urban distribution centers; freight consolidation,; traffic;
decision levels

Resumen

La creacion de centros urbanos de distribucién y consolidacion
de carga cerca del centro de las ciudades es una iniciativa
implementada alrededor del mundo que busca mejorar
la congestién del tréfico vehicular en las calles y la
calidad de vida sus habitantes. Este articulo considera el
problema de localizacién de centros urbanos de distribucién
y propone un modelo exacto de programacion lineal entera
para la toma de decisiones integrando los niveles estraté-
gico, tactico y operativo. Se busca resolver los problemas
de localizacién, dimensionamiento y operacién (ruteo de
camiones) en estas terminales logisticas. El modelo es
validado usando datos reales provenientes de la ciudad
de Saint—Etienne, Francia. Asi mismo, se realizan com-
paraciones experimentales con procedimientos existentes
en la literatura. Los resultados muestran la eficiencia y
efectividad del modelo propuesto y su aplicabilidad para
instancias hasta de tamafio mediano.

centros urbanos de distribucidn; consolidacién de cargas;
trafico vehicular; niveles de decisiéon
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Introduction

City logistics or urban logistics is defined in the literature as the process of to-
tally optimizing urban logistics activities by considering social, environmental,
economic, financial, and energy impacts of urban freight movement (Taniguchi
et al., 2001). According to the data presented by Koriath and Thetrich (1998),
freight vehicles in urban areas with vehicles of less than 3.5 tonnes correspond
to more than 10% of the total traffic flow in urban areas. The creation of urban
distribution centers (UDC) within cities seeks to solve the problems of traffic
congestion, negative environmental impacts and high energy consumption
(Taniguchi et al., 1999). This is particularly targeted in cities with a structure
inherited from the Middle Age that do not possess a suitable road structure for
small but abundant stores presented in downtown areas (Ligocki and Zonn,
1984). According the advantages appointed by Taniguchi et al. (1999), the creation
of UDCs allows a much more efficient urban logistics system, with the same
capacity of service than conventional systems but with lower environmental
impacts. Thus, several cities have decided to implement these UDC’s that may
offer different possibilities such as: the use of electric vehicles, the schedul-
ing of multiple successive delivery or collection routes (Guyon et al., 2012) and
the implementation of cooperative freight systems (Nemoto, 1997; Yang and
Odani, 2006).

Optimally determining the location and operation of UDC’s would have an im-
pact not only economic but also the environment and on the society. The problem
of UDC’s location corresponds to a strategic decision-making level while the
decision of defining its size corresponds to the tactical decision-making level
and the operational distribution itself (i.e., delivery routes of vehicles assigned to
UDC) corresponds to the operational decision-making level. In order to imple-
ment a design and operational methodology for UDC’s, these three decision
levels (strategic, tactical and operational) can be integrated as a location-routing
problem (LRP). As discussed later in this paper, the LRP has been a problem
largely studied in the Operations Research literature, mainly from theoretical
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cases; practical applications in urban logistics have been few and limited solely
to the work of Montoya-Torres et al. (2012). These authors proposed a hierarchi-
cal heuristic method in which the location, sizing and routing problems of an
UDC are evaluated for the city of Saint-Etienne, France. As this is a heuristic
method, there is no guarantee of obtaining the optimal solution for the problem.

This paper seeks to identify and develop a mathematical model based in in-
teger linear programming, which integrally optimizes the location of the urban
distribution center(s) in one city and the routes to visit its clients. It is noteworthy
that the concept of UDC is relatively new and needs more intensive investi-
gation in several areas such as their function, size, location, management, etc.
Moreover, since the problem under study can be modeled as an LRP, the reader
should note that authors like Nagy and Salhi (2007) conclude that the exact
methods are often very successful for solving special cases of the LRP. Given these
appreciations, the development of an exact method to determine the location,
size and operation of urban distribution centers could serve as an important tool
for decision making which, applied to real situations of cities willing to create
these logistics terminals, can improve the competitiveness of its logistics system
and its environmental and social conditions previously mentioned. The proposed
model is validated and compared with the data and the results obtained from
the application of the hierarchical model of Montoya-Torres et al. (2012), which
considers the current situation of the city of Saint-Etienne, France.

The paper is organized as follows. Section 1 presents in detail the problem
under study and the related literature. The mathematical model is described in
Section 2, while section 3 is dedicated to the analysis of experiments. Finally, last
section draws some conclusions and suggests opportunities for future research.

1. Problem Description and Related Literature

Urban Distribution Centers are public logistics terminals with complex installa-
tions and multiple functions, including transshipment yards, stores, whole-
sale markets, information centers, exhibition halls and meeting rooms, etc.
These are designed to meet various needs of the urban logistics system by us-
ing advanced information systems, in order to help implement algorithms and
heuristics to develop more efficient routing and scheduling systems for pickup/
delivery trucks in urban areas. This would be useful to reduce the number
of trucks that are required to provide same or even higher level of service to
customers compared with conventional systems. Figure 1 shows a schematic
representation of an urban distribution center. UDC may also help SME (small
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and medium enterprises) to implement efficient freight transportation through
the mechanization and automation of materials handling (Taniguchi et al.,
1999). These terminals can also facilitate the implementation of cooperative
freight transportation systems (Nemoto, 1997; Yang and Odani, 2006) by shar-
ing the costs generated by products distribution (i.e. gasoline and driver wages)
and reducing the costs of vehicles and facilities acquisition and maintenance
needed for the operation. As concluded by Taniguchi et al. (1995), truck traf-
fic can be reduced by adopting cooperative loading systems. This reduction
of vehicles leads to a monetary savings for companies, decreases city traffic
levels, reduces the environmental impact (fewer pollutants), and improves, as a
result, residents’ life quality.

Figure 1. Schematic representation of UDC location

boundary of UDCinfluence

o Delivery points
(shops, etc.)

77N

2 ubc

N_/

O Freight consolidation
center

Source: author’s own elaboration Montoya-Torres et al. (2012)

As mentioned above, the making-decision problem related to the location,
size and operation of UDC can be represented as a facility location problem
and vehicle routing problem, as known in the Operations Research literature.
The problem is called Location-Routing Problem (LRP) and handles, integrally,
the location of facilities within a set of potential points and the design of routes
between customers assigned to them. This allows, as a result, to determine
the capacity or size of the facility and, if necessary, of the vehicles. The LRP is
conceptually more difficult than the classical location problem and also than
the classical Vehicle Routing Problem (VRP). Both problems can be viewed as
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special cases of the LRP. If all customers are required to be directly served by

a given depot, the LRP becomes a standard location problem. If, on the other

hand, depot locations are fixed, the LRP reduces to a VRP (Nagy and Salhi,

2007). Thus, the LRP is an NP-hard problem, as it reduces to any of two NP-hard

problems (facility location and vehicle routing).

In the academic literature, the review carried out by Nagy and Salhi (2007)
suggests the following classification of studies regarding the LRP problem:

a. Objective function. The usual objective for location-routing problems is the
minimization of total cost, including depot location costs and vehicle opera-
tional costs. There are few papers where a different objective functions are
considered, either single of multiple: Averbakh and Berman (1994, 1995,
and 2002), Averbakh et al. (1994), and Jamil et al. (1994).

b. Solution space. This can be discrete, network or continuous. Most of the LRP
literature deals with discrete location.

c. Number of depots. This may be single or multiple. Most papers on the LRP
deal with multiple depots, except the works of Laporte and Nobert (1981),
Averbakh and Berman (1994 and 2002), Simchi-Levi (1991), and Schwardt
and Dethloff (2005), who restrict themselves to single depots. Special cases
devoted to only one depot include the travelling salesman location problem and
most round-trip location problems. Furthermore, when multiple depots
are considered, it is generally assumed that the number of depots is not given
in advance, the exceptions to this is the work of Branco and Coelho (1990).

d. Number and types of vehicles. For most location-routing problems, the number
of vehicles is not fixed in advance and a homogeneous fleet is assumed. How-
ever, a heterogeneous fleet is considered by Bookbinder and Reece (1988), Salhi
and Fraser (1996), Wu et al. (2002), and Ambrosino and Scutella (2005).
Laporte and Nobert (1981) and Averbakh and Berman (2002) investigated
problems when the number of vehicles is given in advance. Furthermore,
Laporte et al. (1983), and Branco and Coelho (1990) looked at special cases
of exactly one vehicle per depot. Traveling salesman location problems also
have this structure.

e. Route structure. The usual structure of vehicle routes in an LRP is to start out
from a depot, traverse through a number of customer nodes, delivery goods at
each customer and finally return to the same depot. For most location-routing
problems, this structure holds, but some exceptions are present in the litera-
ture: vehicles may be allowed to carry out multiple trips (Lin et al., 2002),
and vehicle routes may contain both deliveries and pickups (Mosheiov, 1995).
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The literature about the resolution of the LRP mainly focuses on deter-
ministic context. There are few studies on the stochastic context (Herazo-Padilla
et al., 2013). Readers interested on reviews regarding published literature on
LRP may consult the works of Balakrishnan et al. (1987), Laporte (1988 and
1989), Berman et al. (1995), Min et al. (1998), Nagy and Salhi (2007), and Herazo-
Padilla et al. (2013).

Due to space restrictions in this journal, the synthesis of the review carried
out is presented. Most of the papers published on the LRP discussed theoreti-
cal problems. In terms of real applications, the literature has primarily con-
sidered facility location problems for the design of large logistics networks, in
which interurban transport activities are performed. The academic literature
has emphasized the conceptual and practical differences between optimization
models for long-distance logistics and for city logistics (e.g., Barcel6 et al,,
2007). The two main characteristics are its contribution to traffic flows and the
subsequent environmental impact (Taniguchi et al., 2001; Barcel¢ et al., 2007).
For the particular case of urban distribution centers, the only work available in
the literature is developed by Montoya-Torres et al. (2012), which solves the
problem of raw materials and goods distribution to shops and stores located in
the historic center of a European city. Such paper proposes the application of
a hierarchical heuristic procedure, solving each of the relevant issues in each
step of the process: distribution center location, its sizing and finally routes
for customer delivery (shops, stores, etc.). For UDC location, these authors used a
classical model of location based in mixed integer programming (MIP); while
for the vehicle routing they used the “nearest neighbor” heuristic with load
balancing. Although this is the first approach in the existing literature, there
are more opportunities to solve the problem either integrally and/or using
more efficient resolution methods (e.g. meta-heuristics algorithms). This paper
seeks to contribute to understanding and solving the problem of UDC location
and operation through a formal integral problem using mathematical program-
ming. The following sections present the used models and its validation in detail

using real data.

2. Formulation of Mixed Integer Linear Programming Model

The mathematical model employed to solve the problem of optimal location and
operation of urban distribution centers is presented next in detail. This model
assumes the following parameters as input:
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Number of customers and urban centers as well as its location and the respec-
tive distances or costs between each.

Number of distribution centers to use / open.

Number of vehicles used and their respective capacities.

* Customers’ demands.

With these parameters the model restrictions are set. The model seeks to

minimize the cost of supplying the demand of each customer, determining the
location, size and operation of UDC.

2.1. Main Sets
I = Urban Distribution Centers UDC {1, 2, ..., i}
J = Costumbers {1,2, ..., 7}
K = Vehicles {1, 2, ..., k}

2.2. Auxiliary Sets
H, F = alias of ]
L = alias of K

2.3. Decision Variables

B 1 if an UDC us kicated at cabdudate site i
o otherwise

_ |1 if vehicle k goes from UDC located in i to customer j
0 otherwise

_ |1 if vehicle k goes from customer j to UDC located in j
0 otherwise

X 1 if vehicle k goes from customer j to costumer A
0 otherwise

2.4. Model Parameters
Cl .. = cost matrix of traveling from UDC located in 7 to costumer ;
C2. = cost matrix of traveling from costumer j to UDC located in 7
€3, = cost matrix of traveling from costumer / to to costumer /

= number of UDC to open
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V' = number of available vehicles

Dj = demand of costumber ;

CAP, = capacity of vehicle £

N = number of clients

2.5. Objective Function

Equation (1) expresses the objective function. It seeks to minimize the total
distance or cost of supplying the demand of all customers, according to the
location of urban distribution centers.

MinZ =33 > Cly*X;+ 3 3% C2, %+ 3.3 3 C3,*By (1)
i j ok i j ok i j ok

2.6. Constraints

Model constraints, identified during the research process, are presented next.
The set of Constraints (2) specifies the maximum number of UDC to open or
locate. It should be noted that for the specific case of the city of Saint-Etienne
only one location is to be defined (e.g. C=1). The set of Constraints (3) ensures
that vehicle routes can be defined only if from an UDC which is open. The set
of Constraints (4) computes the minimum number of routes / vehicles required
to meet the total demand. If desired, the number of vehicles to be used can be
defined as a fixed value; this is done by changing the right side of the inequal-
ity by the corresponding desired value. The set of Constraints (5) concerns two
binary variables and ensures that if a client is visited from a UDC, the vehicle
must go to another customer, starting from the same visited customer and
in the same vehicle. This constraint initializes the route and relates the first
customer visited with the sequence of customers that should visit. The set of
Constraints (6) establishes the sequencing of the entire route for all clients,
establishing that if a client is visited, it should go to another client or to return
to the UDC in the same vehicle performing the route. The set of Constraints
(7) ensures that all customers are visited exactly once, from a client or from a
UDC. The set of Constraints (8) ensures that after a vehicle visits a customer
it goes to another client or return back to a UDC. The set of Constraints (9)
forces all vehicles routes to begin and end in the same UDC. Vehicle capacity
constraints are defined by Constraints (10), through the delimitation of the
route length. The set of Constraints (11) limits at most one route per vehicle.
The sets of Constraint (12) and (13) ensure that the size of each route is similar;
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that is a load balancing constraint. These restrictions are not binding and can
be ignored by several factors: heterogeneity of vehicle capacity. In addition, if
desired, the model can calculate the optimal size of each route. Finally, the set
of Constraint (14) avoids subtours within the solution.

A <
2 = (2)
v Ai 2 Z 2 Xijk
o Vi 3)
Z DJ
2 Z 2 Xy
CAP @
2 Xijk < Z thk
i h V), Vk )
ZXt/k +Zthk Z jik +2Bjﬂ<
f Vj, Vk (6)
Z Z Xthk + 2 2 j/‘lk
Vh )
22Blhk+zz jlk )
vj (8)
Z Xijk = 2 Yhik
g " Vi, Vk ©)
> > X, *D;+Y > B, *D, <CAP,
i i h Yk (10)

i g Yk (11D)

S5 8.5(558. )

Vk, VI (12)
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ZZthkS ZZBW -1
i h i h

Vi, Vi (13)
w;—u, +N*B, <N-1 Vj, Vh, Vk (14)

3. Solution Procedure

The solution procedure consisted of the following steps. First, the mathemati-
cal model was programmed in the GAMS (General Algebraic Modeling System)
language. As a method of solving, the CPLEX solver was used. The objective
function was defined as the minimization of the total distance to meet demand
of all customers. Subsequently, with the actual coordinates of the stores in the
city of Saint-Etienne, France, the matrix of Euclidean distances was computed.
In order to facilitate replication of the experiments, data used in this study are
available on the website http://jrmontoya.wordpress.com/research/instances/
data-Irp-saint-etienne/. The other model parameters (number and location
of urban distribution centers, number and location of customers to visit, etc.)
were determined according to the instance tested in each experiment and are
discussed below. Finally, the execution time of each and every instances was 15
minutes on a computer with Intel® Core i5 4GB RAM processor.

4. Experiments and Analysis of Results

Model validation was carried out in two phases. In the first phase a comparison
between the results of supply the demand of all customers applying the proposed
model and the obtained by applying the model of Montoya-Torres et al. (2012)
was carried out. It should be remained that the proposed model integrates the
location and vehicle routing to determine the exact (optimal) location, size and
operation of the UDC’s, while the hierarchical model of Montoya-Torres et al.
(2012) subsequently states location (strategic decision), then the size (tactical
decision) and finally the routing of vehicles (operational decision). For a better
comparison, the hierarchical model was also programmed in the GAMS language
with the same conditions and parameters (e.g. execution time) of the proposed model.
In the second phase of the experiment, modifications to the model parameters
are made (e.g. increase the number of potential locations of the UDC’s and/
or increase the number of customers) to measure the quality of the solutions.
In both phases, real data of distances, number and location of stores and shops
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in the city of Saint-Etienne, France, were used. There is a total of 1227 points
(shops or stores) outside the central area of the city.

4.1. Results of the First Phase: Comparison with the Hierarchical Approach

of Montoya-Torres et al. (2012)

The hierarchical model of Montoya-Torres et al. (2012) proposes the location of
one UDC in the city center from 20 potential locations. According to their work,
both the 20 potential locations and the 20 clients are the same and were chosen
randomly from the total 1227 points belonging to the central area of the city.
It is important to remark that the hierarchical model of Montoya-Torres et al.
(2012) used the nearest neighbor algorithm, with one, two and three routes, to
obtain the routing solution (operational level). Therefore, the hierarchical model
was programmed in GAMS, as a model of mixed integer linear programming
(MILP), to determine the optimal solution of this approach.

The results of the comparison between the proposed model and the hierarchi-
cal approach are shown in Figure 2. Initially a comparison between the hierarchical
model Montoya-Torres et al. (2012) is performed when the vehicle routing is
done using the nearest neighbor heuristic and then when routing is done with
an exact method (i.e., mixed integer programming model in GAMS). With the
exact method, which obtains the optimal solution just for the routing part
of the procedure, it is seen an improvement up to 10.25% in the total cost. From
these results, an initial hypothesis can be stated that consists on applying
the proposed model to solve integrally the location and routing problems can
generate even better results than simply optimizing the final phase of the
problem (routing). Figure 2 also shows the routes obtained using the model proposed
in this paper, based on the optimal solution for the location-routing problem
(LRP). The results show that the proposed model obtains better solutions, for
two and three routes, than the hierarchical approach and located the UDC in
a central position with respect to other customers. The integral model solution
is 22.12% better than the solution of the hierarchical approach for two routes;
and 30.57% for three routes, as shown in Table 1.

To conclude this first experiment with a relatively small number of clients
(20 clients and 20 potential locations for the UDC), it is important to highlight
that the performance of the proposed model is excellent concerning the value
of the objective function, achieving the results in a short computational time:
about 15 minutes. It can also be highlighted that solving the problem in an
integral manner is better than solving it sequentially (hierarchically). In addition,
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it is found, in part, the flexibility of the proposed model as it allows solving the
vehicle routing problem (VRP) for the mentioned instances.

Figure 2. Comparison between hierarchical approach and exact models for 20 clients

Hierarchical model
Heuristic routing: 1 route

Hierarchical model
MILP routing: 1 route

Proposed model: 1 route
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Table 1. Results comparison between hierarchical approach and exact models for 20 client

Obijective function value Hierarchical model (MILP routing) vs.
N.° of Hierarchical model proposed model
— Proposed .
routes Heuristic MILP Absolute Relative
. . model($) . .
routing ($) | routing ($) improvement ($) improvement (%)

1 3,004 2,696 2,696 0 0.000

2 4,016 3,639 2,834 805 22.127

3 4,696 4,675 3,246 1,429 30.570

Source: authors’ own elaboration
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4.2. Results for the Second Phase: Proposed Model’s Performance
The second phase of the computational experiment on the proposed model
consisted of carry out various performance tests with multiple data sets from
the city of Saint-Etienne, France. Specifically, two instances were analyzed: 5
potential locations for the UDC and 50 customers and 5 potential locations
for the UDC and 100 customers. These experiments sought to test the capac-
ity of the model to provide feasible and real solutions, increasing the number
of customers and reducing the potential locations for the UDC. In fact, given
the characteristics of the real problem, it is likely that decision-makers (public
authorities) have a small and preselected number of potential locations of the
UDCs (e.g. old abandoned buildings) and a larger set of costumers. In both cases,
potential points of UDC locations are different from the points where customers
are located. For these two scenarios, the selection of 50 or 100 customers (out
of 1227 points in the city) sought to cover 100% of the central area perimeter
and all major routes. This ensures that the model solution to be closer to reality.
In the instance of 5 potential locations for the UDC and 50 clients (see Table 2),
the results for one and two routes show the preponderance of making the jour-
ney with a single route; the routing has an over-cost when two routes are used
equivalent to 0.99% compared to the cost of using a single route. In the three
routes case, the model obtains a sub-optimal solution, although it is “feasible”;
the inefficiency of the model to solve this size of problems is evidenced. For this
instance, the difference between the model solution and the best possible solution
(lower bound) corresponds to 20.24%. Based on these results, Figure 3 shows the
distribution of the 50 preselected clients and the optimal solution for one route.
Likewise, the distribution of all shops and commercial areas of the city is observed,
showing that the obtained solution cover around 80% of the 1227 total points.

Table 2. Results for proposed model: 5 potential locations for UDC and 50 costumers

N.°of | Proposed model Optimal? Lower Absolute Relative
routes solution ($) bound (§) | difference (§) | difference (%)
1 4,955 Yes NA NA NA
2 5,004 Yes NA NA NA
3 6,264 No 4,996.13 1,267.87 20.24

Source: author’s own elaboration
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Figure 3 also shows the resulting route for the instance with 5 potential points to
locate the UDC and 100 costumers. With this number of clients the result given by
the model is no longer optimal. In this instance, the difference between the model
solution and the best possible solution (lower bound) corresponds to 7.05% (i.e.,
the solution of the model is 6318.00, while the lower bound has a value of 5872.55).
Although it is a “feasible” solution, it is graphically seen that it is not the best one.

Figure 3. Solutions for 50- and 100-costumers instances with one route
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Conclusions and Perspectives

The mixed integer linear programming model discussed in this research is pre-

sented as an exact method to integrally define location, size and operation of

UDC, minimizing the total cost/distance of the routes and respecting the limita-

tions and constraints of the problem. The model has the ability to solve or the

LRP or the VRP, with the following characteristics:

* Single and multiple depot problems can be solved, according to the needs
of the problem. The number of depots can be determined as an initial data or
the model can determine the optimal number according to the relevant
constraints. For the specific case of the city of Saint-Etienne a single depot
is defined.

* The number of vehicles can be given as initial parameter, or the model can
calculate the optimal number of routes.

* The number of routes per vehicle and/or depot may be constrained.

* Vehicles capacity can be homogeneous or heterogeneous.

Comparisons between the approach of Montoya-Torres et al. (2012) and the
proposed model show that the integral solution is better than the hierarchical
approach in all cases, with improvements up to 30.57%. Likewise, performance
tests of the model with data from the city of Saint-Etienne, France, show that it is
better to make one trip for all customers than have multiple routes with multiple
vehicles assigned to the UDC.

As future work, one line for research could be using of meta-heuristics with
good performance for solve the location-routing in the particular case of the
distribution of products to a large number of shops and commercial stores in
the city of Saint-Etienne. Preliminary works (Mufioz-Villamizar et al., 2013)
show that hybrid iterative local search and Monte Carlo simulation procedures allow
obtaining good solutions. In the other hand, due that large cities need to restrict
the movement of trucks in the center or in certain residential areas, formal tools
for decisions-making with integrated geographical information systems can be
designed. In this way, decision-makers (usually public administration entities)
can use these tools to “simulate” the economic (but also social or environmental)
impacts that depend on the urban distribution centers location.
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