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Abstract:

Purpose: The present paper focuses on the modelling and solution of a large-scale personnel
transportation system in Mexico where many routes and vehicles are currently used to service 532

points. The routing system proposed can be applied to many cities in the Latin-American region.

Design/methodology/approach: This system was modelled as a VRP model considering the
use of real-world transit times, and the fact that routes start at the farthest point from the
destination center. Experiments were performed on different sized sets of service points. As the
size of the instances was increased, the performance of the meta-heuristic method was assessed in
comparison with the results of an exact algorithm, the results remaining very close between both.
When the size of the instance was full-scale and the exact algorithm took too much time to solve
the problem, then the meta-heuristic algorithm provided a feasible solution. Supported by the
validation with smaller scale instances, where the difference between both solutions was close to a
6%, the full-scale solution obtained with the meta-heuristic algorithm was considered to be

within that same range. This solution complies with the optimal number of vehicles.

Findings: The proposed modelling and solving method provided a solution that would produce

significant savings in the daily operation of the routes.

Originality/value: The urban distribution of the cities in Latin America is unique to other
regions in the world. The general layout of the large cities in this region includes a small-town

center, usually antique, and a somewhat disordered outer region. The lack of a vehicle-centered
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urban planning poses distinct challenges for vehicle routing problems in the region. The use of a
meta-heuristic CVRP combined with the results of an exact CVRP led to an improved routing

plan specific to the requirements of the region.

Keywords: capacitated vrp, tabu-search, genetic algorithms, metaheuristics

1. Introduction

Logistics have become a very important part of the operation of many industries and companies. The
percentage of the logistic cost in developed countries can reach 60%, and globally it can reach 30%
(Kazimirova & Kazimir, 2015). In recent times, many companies, as well as public entities, pursue a
reduction in the cost of their logistics operation. An improvement in the logistic network yields many

advantages for the stakeholders.

In large cities with industrial facilities most welfare participants commute outside of their neighborhoods
to find employment (Blumenberg & Ong, 2001). This sometimes forces the employees to dedicate a large
part of their daily routine to the process of traveling between their residence and their workplace. Still,
there are some companies that provide this service to their employees free of charge. We will use, as an

example, the case of a large scale automotive company located in the state of Puebla, Mexico.

This company provides its employees with a transport service to the company’s facilities, free of charge.

This service is provided through a number of buses which are assigned to a fixed number of routes.

Each route has a series of pre-defined stop points, in which the person can board the bus and then to
travel to the factory. Nobody is allowed to get off the bus until it arrives to its final destination. Almost all
of the transport routes use a single bus, and all buses have a fixed number of seats. Public transport

regulations do not allow anybody to travel standing up, so the capacity of each bus is fixed.

The said company also provides additional benefits to its workforce which includes a low-cost lease of
vehicles manufactured by the same company. In this way, many of the employees have a vehicle available,
and this reflects in a variable demand at each point. The employees can decide some days to drive to
work, instead of using the company’s transport service. However, the transport service has been working

without major incidents, and the overall demand remains relatively constant.

In total, the transport network consists of 47 routes which serve 728 locations (bus stops). When the

served locations were analyzed, it was found that several of them were repeated. Hence, they were

-624-



Journal of Industrial Engineering and Management — https://doi.org/10.3926/jiem.2116

consolidated into a list of 532 different locations. Each location is a point within the city or nearby cities,

and is served repeatedly every day.

Because this benefit represents a cost for the company, if this cost can be reduced then significant savings
can be obtained for the company. These savings can contribute to extend the sets of benefits for the

employees and also reduce operative costs for the company.

This work is aimed to achieve these potential savings by improving the performance of the transport
network. In order to achieve this objective, the transport network was modelled as a Capacitated Vehicle
Routing Problem (CVRP) considering the use of real-world transit times, and the fact that routes start at

the farthest location from the destination center (the company’s headquarters).

Due to the size of the transport network, exact results were achieved with a commercial optimization
software only for small instances of the network. In order to achieve a proposal for the complete network,
a meta-heuristic algorithm was considered. This algorithm was evaluated by comparing its results with the
exact results obtained with small instances. Because the mean difference between exact results and the
approximate results from the meta-heuristic were smaller than 6.00%, it was assumed that the meta-

heuristic could provide suitable solutions for larger instances.

On the complete network the meta-heuristic algorithm generated 37 routes. In contrast to the current 47
routes of the transport network, this proposal represents a saving of 47-37 = 10 routes with their
associated operational costs. Hence, this work represents an important contribution to the logistic factor

of the company’s transport system.

The advances of this work are presented as follows: in Section 2 a literature review regarding the CVRP
and insights related Latin American urban distribution within the context of vehicle routing are presented
and discussed. Then, in Sections 3 and 4 the CVRP mathematical model for the exact solutions, and the
meta-heuristic algorithm for the approximate solutions, are presented. The results obtained with the exact
and meta-heuristic methods are analyzed in Section 5. Finally, in Section 6 our conclusions and future

work are presented and discussed.
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2. Literature Review

Dantzig (1951) published an application of the simplex method for a transportation problem. Three years
later, he performed a study on the Traveling Salesman Problem (TSP) based in the previous work
(Dantzig, Fulkerson & Johnson, 1954). Later, Otloff & Caprera (19706) defined it as a vebicle routing problem.
The addition of a restriction in capacity led to the naming of the problem as a Capacitated V'ehicle Routing

Problem, or CVRP as it was already called in the early 1990s (Li & Simchi-Levi, 1990).

Kirci (2016) lists the basic components of a VRP to include vehicles, routes, depot centers, drivers, and
constraints. All of these components are present in the considered transport network, and thus, the

nature of the problem addressed by this study can be identified as a CVRP.

One of the main problems when trying to solve a large CVRP is to obtain the data matrix. In 2015, a
small portion of this specific problem was analyzed (Garzén-Garnica et al., 2015). The results of this
research were not conclusive in the CVRP area because of the large amount of data that needed to be

processed.

The combination of the different points that needed to be served in order to obtain a distance or cost
matrix proved to be extremely consuming in time and computational resources. In the case of the
research by Garzon-Garnica et al. (2015), the resulting matrix contained over 50,000 different
combinations. Each one of those combinations consisted of the cost of travelling from point 7 to point .

In this work, the cost consists of travel time.

The large quantity of arcs poses a great challenge in solving these problems. In addition to that, the
different possible combinations are a factor to take into account, because each combination of arcs is
evaluated against the full data matrix. The search for an optimal solution transforms into billions or

trillions of iterations that should be performed in order to obtain the desired optimal solution.

In previous research, an optimal solution for the complete CVRP network was desired, but it was not
achieved due to the amount of time required by the commercial optimization software to generate it. For
smaller instances suitable solutions were achieved, however the amount of time required prevented these
solutions to be usable in practical conditions (Garzén-Garnica et al., 2015). Because of this factor, a
near-optimal solution will be looked upon in this work. It is expected that the obtained solution can
represent a large improvement against the current state of the routes and very close to the optimal

solution.

The near-optimal solutions for the CVRP were obtained by means of a meta-heuristic. This was
performed because the CVRP is a combinatorial problem of NP-hard complexity which cannot be solved

within a reasonable polynomial time (Zhang & Lee, 2015). Although exact algorithms such as Linear
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Programming (LP), Branch and Bound (BB), and Cutting Plane (CP) have been developed for the CVRP,
these algorithms are either unable to solve the problem or consume too much computational cost when
the size of the CVRP is large (Laporte., Gendreau, Potvin & Semet, 2000; Lin., Lee, Ying & Lee, 2009;
Zhang & Lee, 2015).

Research has been performed on the development of heuristics and meta-heuristics in order to provide
solutions for large CVRP instances. Although classical heuristic approaches can find feasible solutions
quickly, these may have a large disparity compared with best-known solutions. In such case, the
meta-heuristics approaches can obtain near optimal solutions (or even global optimal solutions) for the

CVRP (Lin et al., 2009).

As presented by (Fink & Vob, 1999; Osman & Kelly, 1996) “meta-heuristics may be viewed as iterative
processes guiding subordinate heuristics by combining intelligently different concepts of exploring and
exploiting search spaces using learning strategies to structure information in order to find efficiently good
or even optimal solutions”. Within the use of meta-heuristics for the CVRP, the combination of

Tabu-Search (TS) with classical heuristics and/or meta-heuristics has provided feasible solutions.
TS is a metaheuristic that has the following features (Campos & Mota, 2000):

a) Moves: moves consist on changes between and within routes (e.g.,, exchanging of two clients
assigned to different routes, insertion of clients, etc.). In order to avoid performing the same

move and re-visiting a previously found solution (local optima) the move may be declaredas tabu

(forbidden).

b) Tabu List: array where the moves declared as tabu are kept.A criterion must be defined to allow

the release of tabu moves.
c) Admissible Move: move which is not tabu and preserves the feasibility of the solutions.

d) Neighborhood: set of feasible solutions that can be obtained from a specific solution by making

one move.

Similarly to TS, Genetic Algorithms (GA) can provide suitable solutions for the CVRP. GA is a
population-based meta-heuristic which uses evolutionary inspired operators (recombination, mutation) to
generate sets of more suitable solutions (reproduction of better individuals in a population) (Wink, Bick

& Emmerich, 2012). The general features of a GA are the following:

a) Initial Population: initial set of “parent” solutions (individuals).

b) Fitness Evaluation: criterion to determine the suitability or “fitness” of the individual to solve a

specific problem (e.g., minimum total distance, maximum savings, etc.).
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c) Selection Strategy: selection technique to determine which “parent” solutions will be used to

generate “offsprings” with the reproduction operators.

d) Reproduction Operators: recombination (crossover) and mutation (operators based on the natural

evolutionary process).

e) Population Update: initial population is updated with the fittest individuals (both, from “parents”

and “offsprings”).

Hence, for the CVRP instance of the present work, a meta-heuristic that combined Tabu-Search (TS) and
a Genetic Algorithm (GA) was used. The results obtained with this meta-heuristic corroborate the

suitability of the local-search and improvement mechanisms of TS and GA.

2.1. The Particularities of Latin American Urban Distribution

During three centuries, from the beginning of the 1500s to the beginning of the 1800s, most of the
territories in what is currently known as Latin America, were ruled by the Spanish and Portuguese crowns
(effectively becoming a colony of those reigns). The majority of the populated urban areas established

during that period of time were traced under the style of the Spanish urban planning,

The Interamerican Bank of Development (Banco Interamericano de Desarrollo, BID) states that the
typical city in Latin America and the Caribbean is characterized by groups of informal settlements around
spaces of residential or commercial neighborhoods (BID, 2011a). In a different article of the same source,
it is stated that currently one third of the families in Latin America and the Caribbean face housing

problems (BID, 2011b).

In many cities of Latin America, there is an old town center, which usually has a main square in the form
of a park, a temple, and a government building, Around this center, there can be buildings, whether public,
like schools, ot private, and houses and/or commerce. The usual layout of these towns or cities is

rectangular and stable.

The modern constructions followed that trend. However, currently the main trend is to close spaces,

establishing closed communities. This closedness makes public transport difficult (Cabrerizo, 2013).

The characteristics of the many cities in Latin America, and in this particular case, of the cities near the
automotive plant subject of this study, pose a series of challenges when trying to obtain a solution for a
CVRP. One of the main challenges is the impossibility to standardize the travelling speed of a transport

vehicle.
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One form of standardization would be to use direct lines between points, and then adjust the travelling
speed between those points to show a travelling time close to reality. However, given the complexity of the
urban settlements in Latin America, the travelling time from two different sets of points can differ greatly,
considering that one set of points might be in a part of the city with large streets, and another one could
be in a part with a highly dense population, and prone to traffic jams. Thus, although the distance between
one set could be larger, the travelling time could be significantly smaller, and the opposite would be true

for the second set of points. This alone makes it impossible to use straight lines, or Euclidean distances.

To sort out this problem, a different approach was considered to obtain the distance matrix between
points. And the found solution was to use a geographical information system, or GIS, that included traffic

information, and used the actual routes that a vehicle could travel between points.

In previous research, Garzén-Garnica et al. (2015) used the platform of Google Maps® to obtain the
distance matrix for a smaller instance of this problem. It was found that it included real time information
about traffic, and that the time of the day could affect the travel time. The GIS reflected these changes
properly. As this method of data collection yielded the adequate travel time between each pair of points,

the full data matrix was obtained using the GIS.

The size of the data matrix posed its own challenge. When the full data set was obtained, the amount of
different combinations accounted for 282,492. If the data matrix was to be calculated with 728 locations,

the amount of different combinations would exceed half a million arcs.

The VRP, and its variants, like the CVRP, have been classified as an NP-Hard problem. Different
algorithms have been tested, and some exact results have been obtained. Still, the size of the instances has

remained relatively small, reaching 78 or 135 points in some instances (Baldacci, Mingozzi & Roberti,

2012)

In a previous research, optimal results were obtained on a small instance, using the algorithm proposed by
Schrage (1999). The instance contained three routes with 27 different points. The solving algorithm was
able to obtain the optimal result after 22 minutes and 30 seconds. A larger instance with 27 routes and
244 points was also processed. However, the amount of time required as well as the resources like

computer memory, were not enough to obtain an optimal result (Garzén-Garnica et al, 2015).

As the processing time increases with the size of the data instance, it becomes impractical to wait for the
completion of the solving process. It was decided that a different method should be tried. There are two
types of algorithms that can be used to solve a model: exact and heuristics algorithms. Usually heuristic
algorithms use less computer time and can find an optimal or near-optimal solution in a reasonable

amount of time (Gillett & Miller, 1974).
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Hence, we extend on the work reported by Garzéon-Garnica et al. (2015) in order to provide a complete
solution for the 244-points and 532-points transport network. For this, a meta-heuristic algorithm is

considered.

3. Mathematical Model for Exact Solution

Being a widely-studied problem, several Capacitated Vehicle Routing Problems have been solved through
different methods. When trying to find an exact solution, the algorithm used in a previous study by
Garzoén-Garnica et al. (2015) was used. This algorithm is the one proposed by Linus Schrage (1999) and
implemented in LINGO. The same algorithm was described by different authors as Restrepo & Medina
(2008).

The objective function for this model is to minimize the sum of the cost associated with traveling each
arc within the route, considering also that each point has to be visited once, that every vehicle must go to

the final destination, and that the capacity of the vehicle must not be surpassed.

The algorithm is described as follows:

n n
minimize Z Z CijYij (1)

i=1 j=1
where ¢, is the cost of travelling through an arc going from point 7 to point 7 and y.. indicates if the arc 7
Y 9

to 7 is to be travelled.
Subject to:
Vi =1 2
which states that each location must be visited once,
Vi = 1 €)
which states that each location must be exited once,
Xijesyy=|S] - 1 4

which assures that there are no sub-tours,

YijeryisSIT| - k ©)
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which ensures that there are no overloads.

The above model was implemented and solved with LINGO, as it was already done in the previous
research by Garzon-Garnica et al. (2015). Optimal results were obtained consistently when the size of the

instance was small.

4. Meta-Heuristic Model for Approximate Solution

When large instances are difficult to solve due to computational resources or time restrictions, it is a
common practice to consider the use of meta-heuristic methods to obtain near-optimal solutions within

acceptable time.

In the literature, there are many cases reported on the development of heuristics and metaheuristics for the
CVRP. For this large-scale CVRP, a meta-heuristic based on Tabu-Search (TS) and Genetic Algorithms
(GA) was used. TS was considered due to the suitability of its local-search mechanisms for the CVRP
(Takes & Kosters, 2010; Cordeau & Laporte, 2005). On the other hand, GA was considered due to the
efficiency of its reproduction operations (crossover and mutation) to perform explorative and exploitative
search for the CVRP (Nazif & Lee, 2012). As presented in Figure 1, the meta-heuristic integrates the GA
to improve the solutions generated by TS to provide a final CVRP solution. Figure 2 presents a
description of the constructive and improvement stages of the meta-heuristic on the solution process of

a CVRP instance.

Constructive Improvement
Stage Stage
. Initial CVRP Final CVRP
TS Algorithm e GA oA
Solution Solution
Osman’s Order Crossover (OX)
Model and
Simple-Exchange
Mutation

Figure 1. Structure of the used meta-heuristic
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As presented in Figure 2, the GA can improve the routes built by the TS algorithm. This improvement can
lead to significant reduction in distance cost (i.e., 90.15 vs. 83.51, 86.50 vs. 79.73, 115.13 vs. 108.08 and
126.27 vs. 118.72).

It is important to mention that the solution presented in Figure 2 is based on Euclidean distances. As
discussed in Section 2.1 the data matrix for the CVRP does not consider Fuclidean distances and real
distance and time data was obtained from Google Maps®. For practical purposes the routes obtained for
the CVRP will be presented as straight lines even though computation was performed with

non-Euclidean data. In reality, these routes should look like those presented in Figure 3.

Sub-routes (5 routes out of 14) for the CVRP instance eilB 101 from the TSPLIB library*

Constructive Stage Improvement Stage
80 80 T
wh _° . & ©+ | 90.15vs.83.51 | B

- . /’}_\ a . ES . R B =
) b, 86.50 vs. 79.73 R TTRY 8

w LN T s T T 1 IBBw 808 N — S

e : -1 12627ve 11872 : Thgf e
¢ ] 1.’0 ELCi 3‘ 0 ;ﬂ 5‘0 6‘0 70 ° ] 1‘0 ::0 ;0 4‘0 5‘0 6‘0 70

* hitp://elib.zib.de/pub/mp-testdata/tspAsplib/rp/index.html

Figure 2. Description of the constructive (TS) and improvement (GA) stages of the meta-heuristic

on solving a CVRP instance
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Guia turistica - i ar e - 5eC mag N9 ng althojo.15.70

Figure 3. Real representation of three CVRP routes

Performance assessment of heuristics and meta-heuristics is commonly performed with benchmark
instances. The difference between the results obtained with the meta-heuristic and the benchmark (best-
known or exact) results is measured as an error metric. In the literature, errors from exact solutions within
the range of 0.0% to 40.0% are reported for different methods and CVRP instances of different size

(Garrido & Castro, 2009; Steinhaus, 2015).

Due to the practical nature of the CVRP considered in this work, approximate solutions must not have
large errors from exact (or best achievable) solutions. Hence, the meta-heuristic must not perform with

errors larger than 10.0%. The following equation describes the error metric considered for its assessment:

Error(%) = 100X [Meta-heuristic result — Exact result]/[Exact result] (6)
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5. Proposed Solutions

The Automated Data Acquisition method used to obtain the full data matrix works by obtaining a series of
locations, then generating a table, and then acquiring all of the distances, or travel times, between each pair
of locations. However, if the coordinates of a location already exist in the list, that location will be
ignored. In the case of this research, several locations existed in this situation, and were not taken into

account. This yielded a location list of 532 points, instead of the original 728.

The demand for each location was not known, but it was calculated in the following way: the capacity of
the vehicles (41 passengers) was divided by amount of visited locations in each route. The resulting
number was assigned to each location as the demand. The reason for this calculation was that each route is
currently served by one vehicle, and the capacity of the vehicles is currently fixed at 41 passengers, thus,
the demand for the whole route would be of 41. As it is desirable to keep the visited locations in their
current state, it was decided that this method of estimation of the demand would be sufficient for this

research.

The sum of the demand in all of the 532 locations, after the Automated Data process was performed, was
1480, and dividing this number by 41 passengers, the result is 36.09. As it is needed to cover all of the
demand, the resulting number of vehicles needed would be 37. The solution should then yield this

number of vehicles/routes.

It was also decided that the difference between the original list of locations, as well as the demand, does
not represent a problem for the case of this research, because both solution methods used an identical

instance of data.

Different instances were obtained from the 532X532 data matrix for assessment of the meta-heuristic
method. These instances were solved with the exact algorithm (through LINGO) as well as with the meta-
heuristic algorithm (which was coded in Octave). Identical instances of data were used for both methods
and efficiency was measured based on the sum of all the arc times which was defined as the total cost of

the solution.

The instances for assessment were obtained as follows: the full data matrix was used in sizes varying from
10x10, with increments of 10 elements per side, up to 50%50. Because the full data matrix contained
532x532 points, it was simply trimmed to obtain each of the smaller data instances. Finally, it was also
decided that any local optimal, or near optimal result, that had a difference smaller than 10.0% compared

to the exact optimal solution would be acceptable.
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5.1. Results on Small Instances (<50 Points)

Table 1 presents the exact solutions for the smaller instances which were obtained through LINGO.
On the other hand, Table 2 presents the solutions obtained with the meta-heuristic algorithm. Table
3 presents a review of these results and the error achieved by the meta-heuristic algorithm is
computed. As presented, for the smallest instances the meta-heuristic algorithm achieved the exact
solution. As the size of the instances increased the error increased to a maximum of 5.59%.
Nevertheless, the mean error remained at approximately 2.08%. Also, the results of the
meta-heuristic algorithm were obtained within a maximum time of 2 minutes while the exact
solutions were obtained within a maximum time of 55.0 hours, when the algorithm was able to
produce a solution. Hence, it can be observed that the processing times were significantly smaller

with the meta-heuristic algorithm than with the exact method.

-635-



Journal of Industrial Engineering and Management — https://doi.org/10.3926/jiem.2116

Size ObjectiveValue (OV), Routes Map
11x11 OvV=1413 o
6 <]
R1=[1-3-2-4-5-6-7-8-10-9-11-1] - \
98.24
V M
g“\ssm 9.06 9.08 191 19.12 19.14
20%20 ov=2197 o
s 2
R1=[1-3-2-4-5-6-7-8-10-9-11-12-13-1] N :
R2=[1-15-16-17-20-18-19-14-1]
9824 - & .
)
98.26 - - - w" -
30%30 OV=3643 i .
e 12
R1=[1-3-2-4-5-6-7-27-28-29-30-1] <\
-88 18 %
R2=[1-8-26-10-9-11-12-13-1]
5928
R3=[1-25-24-16-15-21-23-22-20-17-18-19-14-1] =
"
[ \
5824 w,},‘g;j NN
‘-rg—— ,‘.,\
4040 OV=5438 g
" 8 n2
R1=[1-3-2-4-5-6-7-27-28-29-30-13-1] IR
R2=[1-10-9-8-11-12-26-31-1] 2 3
R3=[1-22-24-16-15-21-23-20-17-18-19-14-1] _
R4=[1-33-34-35-36-37-38-39-40-25-32-1] BN
‘ﬁu—”?ng
98.26 | - %%0
683 Wy
50%50 OV=5812 4,
o g
R1=[1-3-2-4-5-6-8-26-10-9-11-12-13-32-1] N
&
R2=[1-7-27-28-29-30-31-1] e N,
R3=[1-33-34-35-36-37-38-39-40-41-47-42-43-44- ‘ \
L
45-46-48-49-50-25-1] .I: ;g\
R4=[1-22-24-16-15-21-23-20-17-18-19-14-1] k =
98.28 IF"'

Table 1. Exact Solutions for the CVRP with Small Instances (<50 points)
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Table 2. Meta-heuristic Solutions for the CVRP with Small Instances (<50-points)
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Size Exact Meta-heuristic Errot(%)
11x11 1413 1413 0.00
20x20 2197 2197 0.00
30%30 3643 3716 2.00
40x40 5438 5593 2.85
50%50 5812 6137 5.59

Table 3. Comparison of Results with Small Instances (<50-points): Exact vs. Meta-Heuristic

An issue regarding the exact methods for solving transportation problems is that optimality is based on the
solution of global minimum cost. In practice, this solution may represent only a small advantage (or
disadvantage) when compared with an approximate solution. As an example of this situation we present
the case of the instance 40X40. The exact solution (as provided by LINGO) consists of four routes with
a total time of 5438. In comparison, the meta-heuristic solution consists of three routes with a total time
of 5593. While the approximate solution has an error of 2.85% it represents a “saving” of one route for

the company.

An attempt to solve the instance of 244 X 244 points with the exact method was realized. However, the
Lingo system ran for over 900.0 hours continually until it stopped. It is unknown if the stopping was
caused by a cut in the power supply of the computer, by the computer running out of memory, or by a
different cause. Still, such a large processing time was deemed impractical to achieve a result. A similar

situation was expected with the instance of 532 X 532 points

Because, as reviewed in Table 3, the results of the meta-heuristic algorithm were consistently close to
those of the exact method (considering the instances that could be solved within a reasonable amount of
time), it was decided that a solution obtained by the meta-heuristic algorithm would be reliable for the

case study.

5.2. Results on the Instance of 244 X 244 Points

Table 4 presents the results of the meta-heuristic algorithm for the instance of 244X244 points leading to

an objective value of 85052.
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R1=[1-163-134-158-2-8-167-189-136-31-236-51-117-1]
R2=[1-127-128-129-133-3-240-52-44-84-70-71-233-145-72-
234-1]
R3=[1-210-101-81-94-106-108-201-114-68-28-29-30-10-177-
191-1]

R4=[1-39-69-227-223-187-160-169-93-244-22-15-16-20-19-
205-1]

R5=[1-99-198-86-27-7-9-130-147-166-159-194-17-1]
R6=[1-143-109-56-212-214-215-98-97-80-199-37-115-204-
186-173-148-161-164-235-1]

985 L n L
18.9 18.95 19 19.05 19.1 19.15

98
-
-98.1
ta
Y g
% _:j.\‘t.
.
982 ¥y o ,"’.; Y
- - g% .. %%
e . . ™ oe.
. >
Nae= Tl ™ a e
983 -
984 «
S

985 - -
189 1895 19 19.05 19.1 19.15

R7=[1-207-209-170-58-222-118-125-126 85-49-92-26-206-
32-1]
R8=[1-144-87-83-123-121-239-238-11-135-181-25-23-18-1]
R9=[1-197-36-45-47-50-202-122-120-73-75-21-241-151-182-
14-1]

R10=[1-34-35-38-91-231-229-224-12-183-184-185-243-13-
54-1)

R11=[1-33-43-46-48-230-111-6-157-152 153-155-156-178-
172-132-131-55-1]
R12=[1-137-138-139-140-142-141-196-100-195-95-79-200-
102-103-213-226-232-154-146-76-1]

-

081
E, -

B L B

—.“—_‘-.\l-.,

982 e, iy A

D i, i XL
o »
- &% Ty

189 18.95 19 19.05 19.1 19.15

98

-
981
..t.?"v
_-\.... g
-y )
82F  *“Seean, e %
EDIR V5 )
) X —
. .

-,

985 - L L
189 1895 19 19.05 19.1 19.15

R13=[1-41-42-89-88-112-217-64-66-67-124-176-165-190-
192-24-1)
R14=[1-77-78-96-104-105-82-208-211-219-61-60-65-225-40-
203-74-119-4-149-168-1]

R15=[1-57-220-110-113-237-5-171-175-162-188-179-193-
180-116-242-53-1]
R16=[1-90-228-107-218-216-59-62-63-221-174-150-1]
OV = 85052
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Table 4. Meta-heuristic Solution for the CVRP with 244X244 points

As computed by the meta-heuristic algorithm, a total of 16 routes are required to serve al 244 points.
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5.3. Results on the Instance of 532 X 532 Points

As previously discussed, a lower bound of 37 was defined for the number of vehicles required to serve
the full transport network with 532 points. Hence, suitability of the solution generated by the
meta-heuristic algorithm is assessed with this optimal number of vehicles. The results of the meta-

heuristic algorithm are presented in Table 5.

R1

1-380-277-252-251-278-253-282-107-102-197-42-364-70-145-159-379-1]

R2=[1-323-215-287-286-289-296-83-299-225-231-74-163-192-93-205-1]

R3

1-325-324-143-88-301-476-370-69-489-174-390-12-420-369-182-1]

R4

1-459-458-170-388-172-175-397-484-482-257-300-511-179-135-410-1]

R5=[1-455-456-463-91-196-359-220-64-309-496-427-450-436-504-376-1]

R6

1-457-176-186-498-124-229-230-316-20-421-422-426-473-302-1]

R7=[1-322-78-82-59-254-263-268-497-508-394-127-528-181-23-235-1]

R8=[1-454-165-152-431-430-11-465-31-402-365-90-441-446-1]

R9=[1-211-250-132-395-4-180-451-164-518-514-522-530-75-21-1]

R10=[1-469-512-291-247-383-195-48-50-120-417-272-424-243-206-1]

R11=[1-33-40-444-16-114-110-87-121-238-519-521-153-462-32-1]

R12=[1-470-156-157-464-133-483-493-349-292-288-38-203-30-1]

R13=[1-453-212-293-222-513-354-89-416-418-439-144-337-340-46-19-1]

R14=[1-129-130-515-190-346-491-485-214-216-276-85-232-126-28-1]

R15=[1-56-307-306-481-532-487-310-262-506-345-161-527-529-1]

=

16=[1-328-333-43-227-68-112-217-413-494-128-191-531-15-419-378-1]

=

17=[1-382-77-198-260-125-350-385-387-393-526-520-17-409-53-1]

=

18=[1-516-517-7-2-167-449-432-435-236-202-261-224-440-503-1]

=

19=[1-381-295-414-226-84-415-122-123-509-510-178-389-524-403-1]

=

20=[1-140-335-142-334-100-105-281-279-207-61-267-391-149-187-13-1]

1=[1-138-331-332-361-106-96-356-248-283-213-62-63-523-184-244-1]

2=[1-467-148-348-294-266-264-366-374-47-119-353-315-117-1]

g8

3=[1-336-357-258-492-399-162-525-183-437-442-274-55-1]

=

24=[1-154-472-398-57-101-249-285-360-362-298-313-71-371-372-275-1]

6=[1-97-500-35-34-41-66-411-412-486-147-155-9-150-502-1]

i<l

7=[1-80-98-99-95-94-104-246-208-58-304-255-311-308-488-177-6-92-242-1]

=

28=[1-319-330-139-245-79-81-111-39-115-116-438-428-26-447-185-1]

R29=[1-480-103-108-290-223-265-201-423-434-401-507-3-8-189-375-1]

=

30=[1-137-329-326-501-86-259-312-445-479-474-475-24-52-404-14-1]

=

31=[1-45-51-477-239-73-400-495-303-343-188-166-136-317-1]

=

32=[1-460-158-471-342-490-5-351-29-443-240-408-146-76-1]

=

33=[1-318-363-60-65-297-67-228-233-234-270-118-392-131-448-194-1]

=

34=[1-141-327-320-358-199-384-210-461-171-433-425-355-407-160-54-1]

R35=[1-321-200-280-218-219-284-221-505-352-27-405-72-373-18-377-1]

R36=[1-468-466-151-10-386-305-256-36-338-237-271-25-169-1]

[
[
[
[
[
[
[
[
[
[
[
[
5=[1-44-49-314-367-22-478-204-241-406-429-168-452-273-339-1]
[
[
[
[
[
[
[
[
[
[
[
[

R37=[1-209-109-37-341-368-113-269-347-173-396-344-134-193-499-1]

Table 5. Meta-heuristic Solution for the CVRP with 532X532 points
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In total, 37 routes were generated by the meta-heuristic algorithm with an O.V. of 243246. These routes
comply with the optimal number of routes. In the absence of an exact solution, this result represents a
suitable solution for the full transport network. This solution also represents a benchmark for future work

related to this network.

6. Conclusions

The challenges of logistics optimization in the Latin American region, including those pertaining to
the urban trace of the city centers, as well as those of the new urbanization trends, can require the
use of methods as precise as possible. About the obtention of reliable data, the characteristic urban
distribution of many Latin American cities prevents the use of Euclidean distances when trying to
solve real life Vehicle Routing Problems. In such case, the use of Geographical Information Systems
represents a most reliable approach to obtain real data about travelling times and distances between

network locations.

Regarding the access and use of technological resources, Kim & Lee (2015) and Rodrik (2006) state
that the technological growth in Latin America is slow, and in some cases failed to grow at all.
Taking this into account, it is much needed to make an efficient use of the limited technological
resources present in the area. Fine-tuning mathematical problems to obtain adequate results with
the least amount of resources can prove to be beneficial for the logistics problems in the area in

general.

Obtaining an exact solution for a Large Scale Capacitated Vehicle Routing Problem proved to
consume an excessive amount of computing time. This is consistent with different research

documents, like the one of Baldacci et al. (2012).

For the specific case of this research, the considered meta-heuristic algorithm provided consistent
solutions with a mean approximation error from the exact solution of 2.08%. As the size of the
instance increases it is expected that the meta-heuristic can yield results with similar approximation
errors on the full-size instance. It is important to mention that meta-heuristics may or may not yield a
global optimal solution, but if the global optimal is known, we may have the certainty about how
close or far it is from the exact solution. In this case, a mean approximation of 2.08% is considered

suitable considering the computing time of the exact method.

The computing time of the exact method used for the 50 X 50 instance was too big for a practical

solution to be obtained. In contrast, the meta-heuristic generated a solution with an approximation
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error of 5.59% within a minute. For the 244 X 244 and 532 X 532 instances results were also
obtained within a few minutes with the meta-heuristic algorithm. In contrast to the meta-heuristic,
the exact method was not able to produce a solution after 900.0 hours. Hence, solutions with the
meta-heuristic were obtained in a considerably lower processing time, which could also be considered

as the cost of obtaining a result.

Additionally, when solving routing problems, optimality is based on the solution of global
minimum cost. In practice, the solution obtained by an exact method may represent only a small
advantage (or disadvantage) when compared with an approximate solution. This was observed for
the instance 40X40 where the exact solution consisted of four routes with a total time of 5438, and
the approximate solution consisted of three routes with a total time of 5593. While the
approximate solution had an error of 2.85% it represented a “saving” of one route for the

company.

Nevertheless, either exact or approximate methods, can lead to improved routing when compared
to empirical planning. The current state of the routing service in the said company includes the use
of 47 routes which serve 728 locations. The meta-heuristic solution of the routing problem
determined 37 routes to serve the same locations. This represents a saving of 10 routes. Further
improvements can be obtained if the requirements of each location are modelled more accurately.
This is because the method used to calculate the demand, as well as the elimination of duplicate
locations across routes, may affect route planning. A better calculation of the demand, attempting
to obtain a more realistic number for each location, or obtaining that information directly from the
company, could represent a much better solution for this model. An opportunity for future

research lies in there.

The number of instances that was obtained yields a difference between both methods that, if
graphed, could resemble a quadratic or linear equation. Also, it may remain constant or decrease for
larger instances. Because the amount of information is not enough to conclude about the
convergence of the approximation error, a possible future research would be to obtain a larger
number of instances, and apply statistical methods to try to obtain a better understanding of the

convergence pattern between both methods.
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