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Abstract: A sustainable process satisfies the current needs without compromising the ability of future
generations to satisfy their own needs; that is, it must have a triple impact (sustainability): social,
economic, and environmental. In México, there are several services that the government must provide
to society for its proper development, for example, the collection of solid waste. Urban logistics
include all the processes and operations that provide a service to the community, such as water, safety,
health, waste collection, etc., providing the service with the lowest possible cost (economic, social, and
environmental) that contributes to the sustainability of the city. Due to the accelerated growth of the
world population, several environmental problems have arisen, among them, the generation of solid
waste in important quantities; their proper management is relevant for adequate development of the
population. The collection of solid waste in municipal areas aims to grant green spaces and recreation
areas for the citizens. Although an outstanding effort has been made by the government to provide
an adequate service, there are still gaps in the application of correct tools that guarantee efficiency
in operations and continuity in services. This article presents a proposal to improve the planning
of the design of territories for the cleaning, weeding, and collection of solid waste in municipal
areas, using two MILP (Mixed Integer Linear Programming) models. The main contribution of the
adaptation of this model is the application to the weeding and waste collection service municipality
of the Monterrey Metropolitan Area, which considers important factors among which are the amount
of waste, frequency, and service coverage.

Keywords: waste management; residue collection; urban logistics; design of territories

1. Introduction

In Mexico, the government is responsible for urban solid waste management (USWM) and the
cleanup of green and public spaces. This activity is very important for cities; however, it has become a
difficult task to perform as this service has very limited funds.

In the last few years, the term Urban Logistics have come to play [1], referring to the activities that
provide a service to the community, such as water, safety, health and waste collection, and green spaces
weeding, at the lowest possible cost (having economical, social, and environment impact) in order
to contribute to a sustainable city. Also Taniguchi et al. [2], Winkenbach et al. [3], Macário et al. [4],
and Villamizar et al. [5] mention that it covers multiple objectives. These types of activities also have a
positive impact on the city’s industrial supply chains.

The increasing traffic congestion and the need for preserving the environment (CO2 reduction),
make USWM an area opportunity to achieve an economic, social, and environmental impact by
reducing urban transport using adequate collection techniques [6–8]. The need to control the damage
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to the population and the environment transforms waste collection in a public and private matter.
Therefore, this leads to the need for developing solutions, mainly focused on the administration,
collection, and disposal of waste.

According to official data from 2014 INEGI [9], in Mexico, 102,887,315 kg of garbage is collected
daily throughout the country, that is, 0.86 kg of waste per person per day; thus, everyday, a person
generates approximately one kilogram of garbage. Figure 1 shows the total generation of solid waste
per state in Mexico. Nuevo Leon represents the 3.6% that is equivalent to 4,037,198 kg.

Figure 1. Total generation of solid waste. Source: INEGI [9].

The total generation of solid urban waste is a relevant variable that allows us to determine the
public policies of an adequate tool to manage and dispose of that waste [10].

The purpose of this work is focused on solid-waste collection in green spaces of the Monterrey
Metropolitan Area. Currently, this activity is the municipality government’s responsibility and they
have done it through empirical knowledge [11], usually outsourcing these services; therefore, it is
important to propose tools to support decision-making that helps to design and plan waste collection.

Two classifications of vehicle routing design exist: macro-routing and micro-routing [12].
Macro-routing is the allocation of collection vehicles to various areas of the city to perform the
collection, and micro-routing is the specific route that must be met by daily collection vehicles in the
areas of population where they have been assigned.

However, the basic objective is to create preferably balanced territories, that is, similar in size to
one or more of these criteria. In the case of space constraints, there is a basic set of conditions present
in most applications that force the creation of contiguous, connected, and compact areas.

The present work develops two macro-routing mathematical models based on the design of
territories for the collection of solid waste in the Monterrey Metropolitan Area.

In the next section, a brief description of the concepts related to this activity can be found: reverse
and urban logistics, and solid waste management. In Section 3, we present a case study and the
main contribution of this work: two mathematical models. We finish with the results, analysis,
and conclusions.

2. Literature Review

This section presents the literature analysis focusing on two concepts very much related to solid
waste collection and management: solid waste management and reverse logistics.
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2.1. Reverse Logistics

Reverse logistics is a recent concept that refers to the most effective and economic upstream
material flow and merchandise return to the supply chain and to the retrieval of products that were
already used for their main purpose [13]. This concept emerged at the end of the 20th century
in developed countries by doing recycling processes [14] as a key activity for waste management.
In countries with a higher income, one-third of the waste could be retrieved, whereas those with a lower
income only retrieved 4% [15]. In most cases, it is expected to generate income or to manage waste.

Such is the case of Uriarte-Miranda et al. [16], where strategies for waste tire management become
important due to its economic, social, and environmental impacts. This article shows a reverse
logistics model for the waste tire management systems in México and Russia (two specific processes:
remanufacturing and diversification) so that it is affordable and sustainable. Hage et al. [17] presented
a study about waste recycling (plastic, glass, paper, and metal) that demonstrates that, if a container is
located adequately, the probability for recycling increases by 28%. Something similar is proposed by
Castillo et al. [18] and applied in Spain.

In the cases of Chang and Wei [19], Gautam and Kumar [20], and Alonso [21], they use
optimization models focused on waste or container retrieval for their later recycling.

As could be observed in reverse logistics, it is a sustainable process, as it considers the triple helix:
society, economy, and environment. In the presented application as the contribution of this work,
whilst it does not consider an economical remuneration as such, it takes it into account due to the cost
reduction that it implies, as well as the social impact, as it is a service that improves the quality of life
for citizens and the environmental impact related to the solid waste management in green spaces.

Below, we present the works of which the main focus is on urban logistics, that is, those where
the main application is on social good.

2.2. Municipal Solid Waste (MSW Collection)

Generally the macro-routing problem is solved by design territories, whilst micro-routing employs
mathematical models like Vehicle Routing Problem (VRP) and Travel Salesman Problem (TSP) [22–24] or
uses computational tools and Geographic Information Systems (GIS) [25,26] to minimize the route
collection time.

Design territories is a mixed-integer linear programming that consists of grouping small
geographical areas, called areas, in larger geographic groupings, called territories, so that the latter
are acceptable according to certain criteria. There is a classification according to the context of the
problem proposed by Moreno [27]; these criteria may have economic reasons related to the average
potential sales [28,29], areas of use of services and equipment located in a fixed location [30], zones for
the provision of services at home [31], energy resource receiving areas [32], and political-electoral
districts [33–35].

Territorial partitioning in different regions or zones is a problem that is presented in various
disciplines related to earth and space sciences and has been treated under various denominations such
as partitioning, regionalization, zoning, delineation of zones and/or districts, allocation of spatial
units, etc. [36].

While most applications are related to the design of territories, there are other applications like
the literature review presented by Phuntsho et al. [37] to determine the solid waste collection plan
and schedule in the Bhutan municipality or the work presented by Jayakody et al. [38] that presents
the findings of a municipal solid waste characterization study with a sample size of 2850 persons,
estimating that the average for daily waste-generation rate for a household was 0.77± 0.13 kg/cap/day.
Also, this paper distinguishes that waste composition and waste management systems play a key role
in establishing an integrated sustainable solid waste management system in countries like Sri Lanka.
In addition to this, Kaosol [39] presented a study of the composition of waste collected in Thailand
(86%), which is mostly organic waste (paper, plastic, glass, and metal). The integrated MSW system
has the potential to maximize the useable waste materials as well as to produce energy as a by-product.
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While we can observe a qualitative approach in these articles, there are others with a quantitative
approach such as ours.

For example, Ayantoyinbo and Adepoju [40] analyzed the relationship between waste
management logistics and metrics for waste management performance. In this case, transport demand
system analysis must come in the form of predictive and prescriptive models, while deterministic
models make accurate predictions about a system of interest and probabilistic models entail some
elements of uncertainty. Dotoli and Epicoco [7] presented a routing and scheduling vehicle model (i)
to determine the optimal routes for HWC (Hazardous Waste Collection), which seeks to find the best
trade-off between reduction of traveled distances, maximization of amount of collected waste, and
maximization of commercial value of withdrawals and their transportation to the disposal site and
(ii) to assign the obtained routes to the available fleet. Similar to this work, Buhrkal et al. [8] studied
the Waste Collection Vehicle Routing Problem with Time Windows (WCVRPTW), where the problem
consists of routing vehicles to collect customers waste within a given time window while minimizing
travel costs. Laureri et al. [41] presented a mathematical model based on a Genoa Municipality case
study and contemplates various kind of objectives and constraints, making the collection a complex
task involving many actors (citizens, politicians, and technical personnel), technological expertise,
and investments since it uses WSM concerning the protection of the environment and conservation of
natural resources.

Finally, the case study of Son and Louati [42] developed an effective vehicle routing model
that optimizes the total traveling distance of vehicles for MSW collection in Danang City (Vietnam)
considering the environmental emissions; the investment cost; and the available node structures,
vehicles, and parameters in a generalized context. Moreover, in Das and Bhattacharyya [43],
MSW management systems suffer by the high collection and transportation cost, where typically,
collection cost represents 80–90% and 50–80% of municipal solid waste management budget in low
income and middle-income countries. Proposed heuristic solutions reduce more than 30% of the total
waste collection path length (100 source points, 65 waste collection centers, and 50 transfer stations).

Considering the literature review and the lack of a defined algorithm or model for the design
of macro-routing for cleaning and solid waste collection in municipal areas, the problem consists
of the optimal grouping of green spaces in the Monterrey Metropolitan Area, so that territories are
balanced regarding the workload of each provider and the coverage of the collection service. These two
fundamental aspects are not currently in the planning service.

As a consequence of this fact, our proposal consists of improving the territorial design planning
of the current collection service through the adaptation of a mathematical model of territory design for
cleaning and solid waste collection in the municipal areas and considers the criteria of spatial integrity,
homogeneity, contiguity, and compactness.

It is important to mention that the objects to be grouped are parks of the municipality of San
Nicolas de los Garza, but due to a large number of parks, a first grouping has been done to reduce the
scale of the problem and to simplify the solution. Thus, we then applied model 1 where we group the
districts established by the municipality and model 2 to group the parks; both models are similar, and
each one is described below.

3. Case Study: San Nicolas De Los Garza

The Monterrey Metropolitan Area is formed by nine municipalities of the state of Nuevo Leon
(which work in a similar way in terms of the operation of primary services, so the proposal for this
project is replicable to the others) and constitutes the third most populated conurbation of the Mexican
Republic, according to the most recent count and official delimitation carried out in 2010; together with
the Instituto Nacional de Estadistica y Geografia, the Consejo Nacional de Poblacion, and the Secretaria
de Desarrollo Social del Gobierno Federal, there are a total of 4,080,329 people in an area of 6680 (km)2.
In the area of economic development, it holds the second place at the national level, only after Mexico
City, the capital of Mexico.
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We focus on the solid waste collection municipal areas. Most of the waste composition is
grass; trees; and in minimum proportion, nonorganic products. The amount of waste collected
is proportional to the dimension of the green spaces (see Table 1). It is worth mentioning that this
process will be performed every 2 weeks in autumn or every 3 weeks in summer, depending on
weather conditions. Because of the rain, its growth is faster as is the proliferation of mosquitoes.
Besides that, the municipality has already standardized the carry out time, so we do not need to
contemplate it in the models.

In this complex metropolitan frame stands the municipality of San Nicolas de los Garza,
located geographically in the North of Monterrey, with important industrial, commercial, and housing
areas, in which there is a constant evolution and physical transformation. San Nicolas is the second
largest, at the national level, in terms of economic development, only behind Mexico City, the capital
of the country [44].

We chose to apply this mathematical model in the municipality of San Nicolas because it plays a
fundamental role in the Monterrey Metropolitan Area. It is considered the sixth municipality at the
national level in terms of the Human Development Index and the tenth in the National highest income
index [45]. Therefore, it is extremely important to provide citizens with an excellent level of quality
of life, which involves factors ranging from health, housing, transportation, education, and wealth
to natural conditions; hence, it is important to have green spaces in a good state. On the other hand,
considering the physical conditions of San Nicolas, geographically, it is a regular municipality which
facilitates the design of the territories.

San Nicolas has 24 districts which consist of strategic territorial delimitations that enjoy
homogeneity in their land uses and enjoy regional and primary equipment for the service of their
neighborhoods and, in some cases, the municipality. Figure 2 shows the districts, and Table 1 presents
the number of parks in each district and the measure of activity.

Table 1. Districts of the municipality San Nicolas de los Garza.

Districts Parks Activity Measure m2 % m2

1. Casa Bella 11 71,344.02 5%
2. Balcones 3 25,901.85 1.8%
3. Centro 2 11,771.30 0.8%
4. CEDECO 18 82,428.73 5.7%
5. El Refugio 20 51,673.84 3.6%
6. Vicente Guerrero 10 74,529.20 5.2%
7. Santo Domingo 12 89,845.99 6.3%
8. Del Paseo 17 10,6051.64 7.4%
9. San Cristobal 7 27,787.56 1.9%
10. La Fe 4 27,285.80 1.9%
11. Casa Blanca 13 95,637.52 6.7%
12. Talaverna 14 130,072.60 9.1%
13. Del Vidrio 14 52,549.01 3.7%
14. Constituyentes 19 33,960.43 2.4%
15. Nogalar 8 45,471.45 3.2%
16. Pedregal 5 25,059.05 1.7%
17. Residencial Anahuac 7 51,956.72 3.6%
18. La Grange 6 8417.01 0.6%
19. Industrial 0 0 0%
20. Andalucia 19 97,414.25 6.8%
21. Cuauhtemoc 12 77,329.98 5.4%
22. Las Puentes 20 137,946.42 9.6%
23. Anahuac 11 42,991.38 3%
24. Jardines de Anahuac 13 67,664.64 4.7%
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Figure 2. Districts of the municipality San Nicolas de los Garza.

3.1. Model 1

Some municipalities in the Monterrey Metropolitan Area have zoning consisting of areas that
integrate and delimit a population center; their predominant uses, reserves, and destinations; as well
as the delimitation of areas of conservation, improvement, and growth.

The use of this model is to determine the optimal grouping of the zones established by a
municipality of the Monterrey Metropolitan Area to reduce the scale of the problem due to the
great number of parks that the municipality has.

The following assumptions are considered: each basic area (districts) must be assigned to a single
territory, the quantity of territories is known, and it is determined based on the number of service
providers (8) employed by the municipality. Only these providers are eligible and authorized, and the
measure of activity is determined by the number of square meters that makes up each of the parks
since it is directly related to the amount of waste generated.

Consider model 1 displayed in Equations (1)–(10), where I is the set of basic areas (districts); J the
set of centers of territories; p the number of territories; and i and j are basic areas index (where i ∈ I y j
∈ J). The parameters of the model are as follows: wi is the measure of the activity; µ = ∑ wi/p is the
average of the size of territories; and aij is the adjacency matrix, where 1 if the districts are adjacent and
0 otherwise. The continuous variables are defined as follows: wmax for the greatest measure of activity
of the territories formed; wmin for the least measure of activity of the territories formed, and w̄j for the
measure of activity of the territory j. Binary decision variables are defined as xj = 1 if the basic area j is
a center, xj = 0 otherwise, yij = 1 if the basic area i is assigned to the center j, and yij = 0 otherwise.

Model 1

min wmax − wmin (1)

s.t : w̄j = ∑i wiyij ∀j ∈ J (2)

wmax ≥ w̄j ∀j ∈ J (3)

wmin ≤ w̄j ∀j ∈ J (4)

∑j xj = p (5)

∑j yij = 1 ∀i ∈ I (6)

aijxj ≥ yij ∀i ∈ I, j ∈ J (7)

xj ≤ yjj ∀j ∈ J (8)

xj, yij ∈ {0, 1} ∀i ∈ I, j ∈ J (9)

wmax, wmin, w̄j ∈ R ∀j ∈ J (10)
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The objective function in Equation (1) minimizes the difference between the territory with the
greatest measure of activity and the territory with the least measure of activity with the idea of forming
balanced territories, and in this way, the workload of each service provider is balanced. The restriction
in Equation (2) determines the measure of activity of each territory. The inequality of Equation (3)
establishes the territory with the greatest measure of activity, while Equation (4) has the least activity.
In the restriction of Equation (5), it is sought that the number of fictitious centers installed equals the
number of territories; on the other hand, Equation (6) forces all districts to be assigned to a single
center. The inequality of Equation (7) ensures contiguity between districts. The restriction of Equation
(8) states if a district is a center of territory within the territory. Finally, in Equations (9) and (10),
the nature of the variables is defined.

3.2. Model 2

The use of this model is to determine the optimal grouping of the parks of a municipality of the
Monterrey Metropolitan Area in considering the criteria of planning and the frequency of cleaning
and collection of the service. The objective of model 2 is to minimize the total distance of each basic
area (park) to its respective center. The idea of the objective function is to obtain figures as compact as
possible in the distance direction.

The following assumptions are considered: each basic area (park) must be assigned to a single
territory; the number of territories is known and is determined based on the frequency of the provision
of cleaning and collection services, in this case, considered 4 weeks; the measure of activity is
determined by the number of square meters that makes up each of the parks since it is directly related
to the amount of waste generated; the relative tolerance for capacity was considered as a percentage
between 5 % and 10 % (because it is the tolerance of a vehicle’s permitted surplus without risking
damage to the vehicle and the allowable slack so that use is optimal); and the distances from park to
park consider the meaning of the streets.

The sets considered in this model are the same as in model 1, with the difference that, in this
case, the basic areas are parks. The parameters are also similar, but in model 2, we consider dij as the
distance between the basic area i and the center of territory j and discard the adjacency matrix. Binary
decision variables are defined as xj = 1 if the basic area j is a center, xj = 0 otherwise, yij = 1 if the
basic area i is assigned to the center j, and yij = 0 otherwise.

Model 2

min ∑i ∑j dijyij (11)

s.t : ∑j xj = p (12)

xj ≥ yij ∀i ∈ I, j ∈ J (13)

∑j∈J yij = 1 ∀i ∈ I (14)

(1 + τ)xjµ ≤ ∑i∈I wjyij ≤ (1− τ)xjµ ∀j ∈ J (15)

xj, yij ∈ {0, 1} ∀i ∈ I, j ∈ J (16)

The objective function in Equation (11) minimizes the total distance of each basic area to its
respective center. The idea of the objective function is to obtain figures as compact as possible in the
distance direction. In the restriction of Equation (12), it is sought that the number of fictitious centers
installed is equal to the number of territories; on the other hand, Equation (13) prohibits the assignment
of a basic area to a non-installed center. Equation (14) forces all the basic areas to be assigned to a
single center. The restriction in Equation (15) ensures that a load of each territory is within the lower
and upper capacities established. Finally, Equation (16) defines the nature of the variables.
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3.3. Other Considerations

In the literature, compliance with all planning criteria simultaneously by exact methods is difficult,
so it has resorted to using heuristic and metaheuristic methods. This situation is mainly due to
conflicting criteria of balance and contiguity, objectives that are in competition, since the improvement
in one of them can cause the deterioration of the other.

In this case, for model 1, the territorial design planning criteria were fulfilled entirely due to
the objective function that it has; however, in model 2, it did not meet the criterion of contiguity
and compactness. Therefore, we used a methodology to establish this criterion; to apply it, we need
the following data: the matrix of distances between the parks, the map with results obtained from
GAMS (General Algebraic Modeling System) with CPLEX Optimizer. of model 2, an adjacency
matrix of the parks of a territory, and the GAMS results. Table 2 describes the general steps of the
proposed algorithm.

Table 2. Algorithm of the solution method for the criterion of contiguity.

Algorithm: Allocation of Non-Contiguous Parks

Input: Matrix of adjacency of the parks in each formed territory, where an element takes the value of 1 if
the parks are adjacent and 0 otherwise; Adjacency matrix of all district parks; Matrix of distances between
each park; Table of results of model 2 containing the measure of activity of each territory.
Output: Contiguous parks.

1. While Criterion of contiguity is not met do
2. Identify a territory that contains at least one non-contiguous park.
3. Select a non-contiguous territory.
4. Search the adjacent parks of the park selected from the previous step.
5. for Adjacent parks do

Comparison between distances from the parks to the center of territory.
end for

6. Select the park with the shortest distance to the center of territory.
7. To realize interchange between the park with smaller distance to the center of territory and the
non-contiguous park.
8. Calculate the activity measure of the two territory formed.
9. Evaluate criterion of contiguity.

end while
10. return Compliance with the criterion of contiguity of the parks and new territories formed.

It is important to emphasize that, as a consequence of the newly formed territories, the criterion
of contiguity and compactness is fulfilled; however, the criterion of balance is violated. It is important
to emphasize that, in the literature, the property of contiguity is a priority spatial criterion, so that both
solutions will be proposed to the service managers by letting them know that both proposals are in
support of their decision-making; the zoning given by model 2 would show a balance of work whereas
the proposal by the heuristic shows imbalance but contiguity.

4. Results And Analysis

4.1. Results of Model 1

For both model 1 and model 2, programming tests were performed in GAMS, which is the
software used as the basis for solving these models characterized with real data obtained. GAMS was
used with CPLEX version 12 and was run in a computer Intel Xeon E5-2697v2 2.7 GHz with 12 cores
each, a RAM of 64 Gb, and a hard disk of 1 Tb.

For the proposed model 1, some tests were performed, considering as basic areas the 24 districts
that make up the municipality of San Nicolas and considering the size of parks in square meters. Eight
territories were established due to the number of service providers that count the municipality, and an
adjacency matrix of the districts was constructed.
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Figure 3 shows the corresponding groupings of model 1; each color indicates a territory, and each
territory is assigned to a service provider, for example, the territory formed by the districts 1, 2, and 17
corresponds to provider A, the territory formed by districts 4–6 correspond to provider B, and so forth.

Table 3 shows the allocation of districts to each provider. A notable aspect is to assign the lowest
capacity provider to the smallest activity measure and the highest capacity provider to the highest
activity measure.
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Figure 3. Proposed territory design for providers.

Table 3. Allocation of districts for each provider.

Districts Provider Parks Activity Measure m2

1, 2, 17 Provider A 21 149,202.59
4, 5, 6 Provider B 48 208,631.77
3, 22 Provider C 22 149,717.72
19, 21, 23, 24 Provider D 36 187,986
11, 15, 16, 18 Provider E 32 174,585.03
7, 8 Provider F 29 195 897.63
13, 14, 20 Provider G 52 183,923.69
9, 10, 12 Provider H 25 185,145.96

From the obtained results, the following aspects can be emphasized: in the clusters obtained,
it is observed in Figure 3 that the districts are contiguous which facilitates the work to the provider
in each district because their area of work would be delimited; if perfectly balanced territories were
achieved, the average activity measure that would correspond to each service provider would be
179, 386.29 m2. However, because perfectly balanced territories cannot normally be achieved, the idea
of the objective function is to create territories that are almost perfectly balanced, minimizing the
difference between the values of the territory with the highest activity (provider B) and the least activity
(provider A); in this case, a minimum value of 59,426.18 m2 was obtained. The main purpose of creating
balanced territories is to allocate a balanced workload to each supplier because the current imbalance
in workloads causes some parks to be unprocessed by provider; it is shown that not necessarily the
supplier with more parks has the greater measure of activity and also is not fulfilled in a contrary
way. This is because it influences the size of the parks in each district. Finally, it is very important
to highlight the coverage of the service, since with this design, all the parks will be assigned to a
provider which guarantees the cleanup of all the parks that make up the municipality of San Nicolas
de los Garza.
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4.2. Results of Model 2

Once the previous design has been obtained for each supplier, it is now necessary to carry out a
second grouping because one of the most important factors of cleaning and solid waste collection in
parks is the frequency; in this case, it is considered that the cleaning of each of the parks must be held
every month, i.e., every 4 weeks.

There were 8 runs of model 2, one for each provider, considering the size in m2 of each park and
the distances between each one in meters with a 10% tolerance. The graphic solution for provider D is
displayed in Figure 4, where each color represents a territory, so that the parks that make up the blue
territory will be weeded on week 1; the parks that form the pink territory will be weeded on week 2;
the red territory will be weeded on week 3; and finally, the yellow territory will be weeded on week
4. Table 4 shows the weeks and the number of parks to be weeded in each of them, and the weekly
workload (activity measure) is shown.
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Figure 4. Design for districts 19, 21, 23, and 24.

Table 4. Planning for park maintenance for provider D.

Weeks Parks Activity Measure m2

Week 1 1–11, 17, 21 53,658.57
Week 2 12–16, 18, 19, 22 52,728.17
Week 3 20, 23, 32–36 52,708.06
Week 4 24–31 46,947.11

As an analysis of the previous results, we have the clusters obtained; Figure 4 shows that the parks
are contiguous or connected which facilitates the work for the maintenance team, because their work
area would be delimited. The workload of each week is balanced; see Table 4. This aligns with the idea
that the cleaning and collection takes place in all parks and that the work is equitable every week for
the staff; the coverage of the service is fulfilled, since with this design, all the parks will be weeded
once a month which guarantees the maintenance of all the parks that make up the municipality of San
Nicolas de los Garza. The minimum distance traveled from the parks to the center of territory (central
park of the territory) is 28,150 m.

On the other hand, as mentioned previously, 8 runs were made for model 2 because the
municipality has 8 providers. However, in the results that were obtained, there were cases where
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the criterion of contiguity is not met; for this purpose the methodology is proposed. Figure 5 shows
the solution of model 2 for provider F. Also Table 5 shows the weeks and the number of parks to be
weeded in each of them and the workload every week.
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Figure 5. Design for districts 7 and 8—Solution 1.

Table 5. Planning for park maintenance for provider F.

Week Parks Activity Measure m2

Week 1 2–5, 7, 8 52,387
Week 2 1, 6, 9, 10–16 48,546
Week 3 11, 17–23, 25 50,697
Week 4 24, 26–29 44,265

4.3. Results Algorithm: Allocation of Non-Contiguous Parks

The proposed algorithm consists of making exchanges to obtain territories where all the parks are
contiguous and are next described graphically below.

Application of step 3 from Table 2, identify the non-contiguous parks: 1, 11, and 24 (see Figure 6).
After selecting one of the three, changes can be done; park 24 will be selected. The next step (4) is to
identify the adjacent parks: 25, 23, and 13 (see Figure 7). In order to determine the parks to be switched,
we select the one closest (park 25) to the center of territory (park 27) (see Figure 8).
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Figure 6. Application of step 3.
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Figure 7. Application of step 4.
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Figure 8. Application of step 5.

Similarly, exchanges are done for parks 11 and 1. Once all exchanges have been done, the activity
measure is adjusted for each territory. Figure 9 shows the second solution obtained with the proposed
methodology. It is important to mention that, in this new configuration, the criterion of contiguity is
met but the balance criterion is unbalanced, since in each week, as shown in Figure 9, the workload is
very variable, which leaves the final decision of the choice of solution to service providers (see Table 6).
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Figure 9. Design for districts 7 and 8—Solution 2.
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Table 6. Planning for park maintenance for provider F, solution 2.

Week Parks Activity Measure m2

Week 1 1–5, 8 43,580
Week 2 6, 7, 9, 10–13, 15, 16 56,877
Week 3 14, 17–24 48,893
Week 4 25–29 46,546

5. Conclusions

In this research, we obtain the conceptualization based on a mathematical model of territory
design for the cleaning and solid waste collection service in San Nicolas de los Garza public parks,
this being the main contribution, where the factors were considered important for this service, such as
the amount of waste collected and the frequency of service.

As an important conclusion, the results obtained using the mathematical model proposed are
satisfactory in the computational part and also offer an adequate design of territories fulfilling the
criteria of planning of contiguity, balance, compactness, and spatial integrity. On the other hand,
a remarkable aspect of the results is the coverage of the service, which ensures an adequate level of
service, where all the parks of the municipality of San Nicolas de los Garza will be weeded once a
month to generate a greater control in the allocation of parks to providers considering the payload.

The direct application of the mathematical model for the operation of public services would be
determined by the service managers; however, among the benefits that would be obtained, there is
greater efficiency in the use of transport equipment and service coverage.

6. Future Work

In the municipality of San Nicolas, each provider has a certain number of crews and a time
available for the weeding and collection of each park; in addition, the amount of playground equipment
and benches in each park differs as well as the travel times. The different capacities of provider are
elements that influence this service; therefore, it would be interesting to give service providers a new
proposal with these elements.
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