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THE SUPPORT UNIT LOCATION PROBLEM TO ROAD TRAFFIC SURVEYS
WITH MULTI-STAGES

MARCUS VINICIUS OLIVEIRA CAMARA! AND GLAYDSTON MATTOS RIBEIROM

Abstract. Large countries with extensive road networks, such as Brazil, require large volumes of
financial resources to perform traffic surveys. In Brazil, the biggest road traffic survey was performed
in 2011 with 120 counting survey stations. This survey was divided into three stages and 83 support
units provided survey teams. A support unit is a place, such as a military organization, close to the
survey stations. A stage indicates that only some survey stations must be considered at a time. In large
scale traffic surveys with multi-stages, we must define which support unit will serve each survey station
so that travel costs for the survey teams and the costs to use the support units are minimized. We
present the Support Unit Location Problem to Assist Road Traffic Survey with Multi-Stages where,
given a set of available support units, each one with a coverage area, and a set of multi-stage traffic
survey stations, we must select units to serve stations so that the cost is minimized. Scenarios are
evaluated for a real traffic survey with 300 counting stations and four stages in Brazil. Computational
experiments show that large cost reductions can be found when a mathematical model is used.
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1. INTRODUCTION

Strategic planning of the transport sector has an important role in the economic development of a nation. It
is responsible for the correct use of investments in infrastructure (expansion and deployment), cost reduction,
and increased competitiveness and efficiency of the sector, among others. However, obtaining data to feed such
mechanisms is not always an easy task, mainly due to the quality of the information obtained.

In this context, public and/or private initiatives that aim to provide data and information to governmental
agencies which are used to develop a correct planning of the transport sector become relevant. In Brazil, the
government uses specific mechanisms to obtain traffic data on national highways since 1975.

According to the National Department of Transport Infrastructure [14], the first traffic counting initiative
in Brazil occurred through the Programa de Contagem Sistemdtica de Transito (Systematic Traffic Counting
Program), which was carried out in the states of Rio de Janeiro, Sdo Paulo and Minas Gerais. In 1976, with
the successful implementation of this initiative, the program evolved and was replaced by the Plano Piloto de
Contagem Sistemdtica de Trinsito (Pilot Plan for Systematic Traffic Counting). In 1977, the Plano Nacional
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de Contagem de Trinsito (National Traffic Counting Plan) was instituted, which evolved in 1989, 1997 and
1998. However, a transport macro-planning needs information that goes beyond data from counting vehicles on
highways.

According to [19], Origin-Destination (OD) matrices for demand estimation derive, usually, from large-scale
traffic surveys, despite the high costs involved [23]. Thus, new national initiatives have emerged aiming to
acquire information regarding OD, motivation and frequency of trips and characteristics related to the type of
cargo transported. As an example, we can mention the event called Semana Nacional de Contagem de Trdfego
(SNCT — National Traffic Counting Week) held in 2005, the Opera¢do Safra (Harvest Operation) in 2006 and
the Pesquisa Nacional de Trdfego (PNT — National Traffic Survey) in 2011, named PNT 2011 [31].

Traffic surveys become even more complex when it is considered that the quality of an estimated OD matrix
for road transport depends on different factors. These factors can be mainly related to: (1) methods used for
estimation; (2) correct choice of segments (links) for vehicle counting (location and number of counting points);
and (3) the quantity and reliability of the data used [9,15,47].

The quantity and reliability of the data used suffer direct variation depending on the workforce involved, espe-
cially regarding the specific skills required to conduct traffic surveys. Since the SNCT 2005, the involvement of
the Exército Brasileiro (EB — Brazilian Army), through its Organizag¢oes Militares (OM — Military Organiza-
tions), has proved to be an important contribution to the accomplishment of these surveys in Brazil. The success
of EB in these operations occurs mainly because of its large distribution and operational capacity throughout
the national territory, which enable the coverage of survey stations, and their experience in performing field
operations.

Thus, when large-scale traffic surveys focused on transportation macro-planning are considered, at the inter-
regional level, it is relevant to plan the assistance of the survey stations by Support Units, which serve the stations
with the necessary manpower and infrastructure. With the imminence of a new National Traffic Survey, for the
years 2016 and 2017 [32], in which counting and OD surveys will again be conducted by militaries, the Support
Unit Location Problem to Assist Road Traffic Survey with Multi-Stages (SULPARTSMS) was developed. Due
to the larger number of survey stations (300) and traffic zones (more than 5.500) and the size of the road
network (more than 300 thousand kilometers), this new traffic survey was divided into four stages, i.e., two
stages in 2016 and two stages in 2017. The first two stages have 120 survey stations and the ones of 2017 have
180, summing up to 300 survey stations spread over the national territory.

The SULPARTSMS can be described as follows: given a set of available support units, each one with a
coverage area, and a set of multi-stage traffic survey stations, we must select support units to assist traffic
survey stations so that the travel costs of the survey teams and the costs associated to the units are minimized.
The coverage of a support unit can be defined, for example, by a maximum distance, i.e., a support unit cannot
serve a survey station if the distance between them is larger than a known limit.

Figure 1a shows an example of the SULPARTSMS in which 10 survey stations need support, five in the
first stage and five in the second. Five support units are available with different coverage areas represented by
non-shaded and shaded areas. Figure 1b shows a solution in which two support units are selected to serve the
survey stations in different stages. When a support unit is used more than once, the costs are reduced because
several types of equipment have already been purchased, such as vests and signaling devices.

Thus, the main objective of this paper is to present the SULPARTSMS and propose a mathematical modeling
to assist road traffic surveys considering that the total cost must be minimized. In this case, this cost is
represented by travel costs and the costs to use the support units. Our model was used for the planning of the
National Traffic Survey 2016-2017 in Brazil and the main results are presented in this paper, therefore a real
case study. Different scenarios are shown to help decision-makers. This study is relevant because it provides a
tool to support the traffic survey planning process, aiming to reduce costs and, consequently, to improve the
use of resources.

As delimitations of this study, we have used the parameters and characteristics of the surveys already per-
formed in Brazil, mainly of PNT 2011. Furthermore, estimates and simplifications were adopted for the repre-
sentation of the travel costs and for the costs associated with the use of the support units. However, although
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FIGURE 1. Fictitious problem: (a) general representation and (b) possible solution.

this paper is motivated by a problem in which the support units are OMs, our approach can be easily adapted
to consider, for example, schools and institutions (public or private) instead of OMs.

The remainder of this paper is organized into five other sections. Section 2 presents a literature review about
location-allocation problems and considerations about road traffic surveys. The problem addressed in this work,
the assumptions and the mathematical model are presented in Section 3. Section 4 presents three scenarios,
summing up to 20 computational tests for the application of the mathematical model. Section 5 describes the
results and Section 6 is dedicated to final remarks.

2. FACILITY LOCATION AND ROAD TRAFFIC SURVEYS: A BRIEF REVIEW

The study of facility location has established itself as an important area of Operational Research [30]. Facility
Location Problems (FLP) aim to determine the location of facilities that must interact with other elements,
which may have fixed locations, such as producers, usually far from each other [13].

The theory related to facility location is extensive and influenced by the large diversity of factors involved.
Based on the studies of [1,5,7,11,16,28,35,48], some important items can be listed in the process of choosing the
location of facilities, such as: labor, transport and accessibility, legal issues, and implementation areas, among
several others.

Different classes of problems, represented by several model types, can be found in the literature, such as p-
Median, p-Coverage and p-Center models. The p-Median location problem was initially proposed in the literature
by [21]. This problem consists in locating p (median) facilities so that the sum of the distances between the
demand points and the nearest facility is minimized [34].

The first relevant references found in the literature about coverage location problems are from the studies
of [4,22]. However, the first mathematical formulation was proposed by [41]. For this problem, the concept of
coverage must be introduced, which in this case is related to the demand points that each facility can cover. A
demand point is covered by a facility if the facility can serve it. In an analogous way, the set of demand points
that this facility can serve is called the coverage of this facility. Thus, for each demand point there is a subset of
facilities that can serve it. The coverage area can be defined based on the distance or travel time, as described
in Section 1.

The p-Center location problem consists in locating p facilities, which must be allocated to the demand
points, in order to minimize the maximum distance between each demand point and the facility that serves it
[39]. According to [40], the objective of the p-Center problem can also be considered to be the minimization of
maximum loss in order to provide a good service by a facility.
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Although the SULPARTSMS is an FLP, it does not have characteristics of just one class of problem. Even
S0, its main features are related to the p-Median and p-Coverage problems. The SULPARTSMS is similar to
the p-Median problems in that its goal is finding facilities that serve demand points at the lowest possible cost.
Besides, it considers capacities such as the capacitated p-Median problem [29,44].

However, the SULPARTSMS also incorporates the main characteristics of the p-Coverage problems. In this
case, its constraints ensure that the facilities have a set of candidate demand points to be served. Consequently,
these points belong to their coverage area. Moreover, the SULPARTSMS considers a cost related to the opening
of a facility (represented by use costs) in the objective function.

Despite considering some characteristics of already known problems related to FLP theory, our SULPARTSMS
presents contributions not only regarding the mathematical modeling addressed, but also in the area of trans-
portation planning and traffic engineering.

As for the transportation planning, it is hard to obtain representative mass data that can support the
application of effective planning techniques and models [37,43]. This difficulty is related to dimensions (large
territorial areas, growing population and extensive road transportation network) but also, and mainly, related to
the high costs involved [33] that are often prohibitive. For example, in transportation planning with a focus on
prioritization of investments for the expansion of the road transportation network (new highways), improvements
in pavement conditions or concession feasibility studies, it is necessary to know the annual average daily traffic
on highways [18,26,42,50].

In this context, several papers were presented in the literature addressing how to obtain these data, optimizing
the use of resources. For problems that are similar to the SULPARTSMS, we found applications focused on
traffic surveys (data collection on highways) through automated sensors/counters with the location of these
counters focused on OD matrix estimates. Studies related to this topic are considered important because OD
demand estimation from traffic location (traffic counters) is an important input data for transportation planning
and traffic management [36].

Yang et al. [45] presented a mathematical model for locating a minimum amount of traffic counter stations
with constraints that should guarantee coverage of all possible OD pairs (at least a fraction of travel between
these OD pairs) for a given transportation network. This study was complemented by [46], with constraints
that ensure coverage of all possible routes among the OD pairs considered in the network.

Considering that the costs to implement a minimum number of automatic traffic counters in large networks
are high [24], new approaches have emerged aiming to maximize results with limited budget resources. For
example, the maximization of captured OD pairs with a limited number of traffic counters [47,49].

Yang and Zhou [47] have formally proposed the Traffic Counting Location Problem (TCL), which has been
extensively studied (see [10,17,27,38]). The TCL is also known as the Sensor Location Problem (SLP), as seen
in [3,6,20,51]. These papers seek to propose traffic counter locations aiming to obtain reliable data for the OD
matrix estimation. The relationship between the number of traffic counters and the quality of the estimated
OD matrix is detailed in [9].

As shown in the literature, most studies found in the literature are devoted to locating traffic counters, mainly
focused on automatic vehicle counters. However, in the case of traffic surveys involving vehicle counting and
OD interviews, it is necessary to find support units to provide logistics structure and researcher teams for the
stations. Our paper presents a mathematical model to complement this gap in the literature.

3. PROBLEM DEFINITION, ASSUMPTIONS AND MATHEMATICAL MODELING

The SULPARTSMS aims to determine, from a set of possible locations, those that must be used as Support
Units to assist road traffic surveys with survey teams. However, these surveys can also be performed at different
time periods, here called stages, so, in addition to the locations, the mathematical model must also indicate in
which stages each support unit is used.

Regarding survey stations, in the case of multi-stage traffic surveys, the mathematical modeling must also
allow a set of survey stations already defined for each stage to be previously indicated. When the sets of stations,
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for each stage, are not defined a priori, the model must indicate at which stage each survey station must be
attended, based on the costs to be minimized.

The main characteristics of support units are related to capacity and coverage. With regard to capacity,
each unit has a maximum number of survey stations that can perform service, or simply, that can be allocated.
Coverage is related to the covered area of each support unit, which may limit the set of possible stations to be
served. In this sense, the coverage of a support unit refers to the set of stations that it can serve.

3.1. Assumptions for the SULPARTSMS

Taking into account the observations described above about the SULPARTSMS, the following assumptions
are considered for the mathematical model development:

i. The support units selected to attend road traffic survey stations must be chosen from a set of pre-defined
candidate points;

ii. The choice of a given support unit must be associated with the travel cost of the survey teams to the survey
station which they are assigned;

iii. We must also consider the cost of using a Support Unit. In the case of multi-stage survey, the reuse of units
at different stages may lead to cost reduction, i.e., there is no need for new expenditures with the training
of researchers and the purchase of accessory materials such as signaling devices, tables and chairs. This fact
makes it interesting to select units to attend survey stations in different stages;

iv. The number of survey stations may indicate the need to divide the survey into multiple stages. In this case,
the set of stations that must be attended at each stage may or not be previously defined. However, the
number of stations that compose each stage must be pre-defined;

v. It may be interesting that the road traffic survey planning considers, for different reasons, budget constraints,
a maximum number of support units at all stages or even that a maximum number of support units is
employed per stage. This assumption must be fundamentally presented in the mathematical model;

vi. In addition to the capacity of each support unit, we must consider its coverage area. This area can be
defined by a maximum coverage radius or even as a set of possible stations that can be served by various
others reasons; and

vii. As a general rule, all survey stations must be served by a single support unit. However, in the case of
impossibility of attendance due to lack of operational capacity or coverage limitations (lack of support
units to attend a given region), the mathematical model must indicate the stations that have not been
served.

3.2. Mathematical modeling

Let S be the set that represents all available support units for use, P be the set of all road traffic survey
stations that must be served, N be the set whose elements represent the stages in which the traffic survey will
be performed and ) be a set whose elements indicate the number of stages in which each of the support units
can be used. For example, if a survey has four stages, then N = {1,2,3,4} and each support unit can: not be
used, be used once, twice, three times or even four times (at all stages). In this case, Q@ = {0,1,2,3,4}.

Based on the information above, consider that:

e U,: represents the set of support units that are candidates to serve the survey station p € P, such that,
U, C S. A candidate can serve a survey station if this station belongs to its coverage area;

e A,: represents the set of survey stations that must be attended at each stage n € N of the traffic survey,
such that, A, C P. If all survey stations can be served in any stage, then A, = P Vn € N;

e dummy: represents a fictitious support unit of infinite capacity, used as a way to meet the requirements of
Assumption (vii). Therefore, the dummy support unit must only be used in cases of lack of capacity due to
labor or coverage issues. However, a penalty must be associated with the use of this dummy support unit;

® ¢, > 0: represents the travel cost of a survey team from a given support unit s € S to a survey station
peP;
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e v > 0: represents the penalty (cost) for the allocation of a dummy support unit to a survey station. This
penalty receives a high value, larger than a common allocation, because, as mentioned before, the allocation
of a fictitious location must only be performed in cases of lack of operational capacity or coverage;

e O > 0: represents the penalty (cost) of using, or opening, a dummy support unit;

® J4s > 0: represents the cost of the support unit. This cost is associated with the number of stages ¢ € @ in
which a support unit s € S is used during the whole traffic survey;

e MAXUA,, > 0: represents the maximum number of support units that can be used per stage n € N;

e MAX > 0: represents the maximum number of different support units that can be used during all survey
stages;

e QTDP,, > 0: represents the amount of survey stations that must be attended in each stage n € N;

® K,s > 0: represents the amount of survey teams that, for each survey stage n € N, will be available per
support unit s € S to attend the survey stations;

o 1z, € {0,1}: is a binary decision variable. If a support unit s € S is allocated to a survey station p € P in
the survey stage n € N, 2,4 = 1, otherwise x5, = 0;

e y,s € {0,1}: is a binary decision variable. If a support unit s € S is used in the survey stage n € N, y,s = 1,
otherwise y,s = 0; and

o l,s € {0,1}: is a binary decision variable. If a support unit s € S is chosen for use in ¢ € Q survey stages,
lgs = 1, otherwise lgs = 0.

According to the description of the problem and, at the same time, considering the established assumptions,
the objective function of the SULPARTSMS is presented in (3.1).

Minimize z = Z Z Z CspTnsp + Z Z Ogslys + Z Z VL p, dummy,p + Z OYn,dummy (3.1)

neN peP s€S qeQ seS neN peP neN

The Objective Function (3.1), which must be minimized, is composed of four terms as follows:

e the first term refers to the travel costs of the survey teams from the selected support units to the allocated
survey stations;

e the second term consists of the costs associated with the use of the support units at all stages, i.e., it is
based on the number of survey stages that each support unit is used; and

e the last two terms refer to the penalties of using the dummy support unit to serve survey stations at all
stages.

Constraints (3.2) ensure that all survey stations are attended only once. For such attendance, a support unit,
conventional (one whose location belongs to set S) or dummy, must be allocated to the survey station.

DD Tnspt D Tndummyp =1 VP EP (3.2)

neN seU, neN

Constraints (3.3) guarantee that, in each survey stage n € N, only the survey stations planned for the
referred stage will be attended. Additionally, the number of survey stations served at each stage must respect
the parameter QT'DP,,. As in constraints (3.2), the variables related to the dummy support unit are considered.

D D Tt Y Todunny, = QTDP, e N (3.3)
pEA, s€U, PEA,
Constraints (3.4) ensure that, for each survey stage n € N, the maximum amount of support units (MAXUA,,)

must be respected. These constraints can be used as budget limits for one or more stages.

> yns <MAXUA, Vn € N (3.4)
sesS
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Constraint (3.5) guarantees that the maximum number of different support units must be respected during
the whole road traffic survey. This limit can be defined by various reasons, such as the budget constraints.

> e <MAX (3.5)

sES qeQ

Constraints (3.6) guarantee that, for each survey stage n € N and for each support unit s € {U,, dummy},
a survey station p € P can only be served by a support unit s, if, and only if, the support unit s is selected for
the stage n. This way, the allocation of survey stations to unselected support units at each stage is prohibited.

Tnsp < Yns Vn € N,s e {Upa dummY} ,pEP (36)

Constraints (3.7) are related to the operational capacity of each support unit. In each survey stage n € N,
the number of survey stations served by a support unit must respect the available number of survey teams
(support unit capacity).

Z Tnsp < KnsYns Vn € N, seSs (37)
peP\seU,

Constraints (3.8) and (3.9) guarantee, together, that the number of survey stages in which a support unit
s € S is used must be equal to the quantity defined by ¢lys, ¢ € Q.

Z Yns — Z qlqs =0VeS (38)

neN qeQ

Yl <1VseS (3.9)
9€Q

Finally, constraints (3.10), (3.11) and (3.12) are related to decision variable domains.

Tnsp € {0,1} Vn € N,s € {S,dummy},p € P (3.10)
Yns € {0,1} Vn € N, s € {S, dummy} (3.11)
lgs €{0,1} VgeQ,s€ S (3.12)

4. SCENARIOS FOR EVALUATION

In this section, three scenarios for the application of the mathematical model (3.1)—(3.12) are evaluated.
The first scenario considers an application using real data from the PNT 2011. The second one considers an
application based on information from a new traffic survey scheduled for 2016 and 2017 in Brazil. The third
one considers an application for a hypothetical larger survey. The Military Organizations (OM) of the Brazilian
Army are used as support units.

The different scenarios are presented to allow an evaluation of the results of the mathematical model for dif-
ferent situations, such as surveys with different numbers of survey stations and stages, different cost parameters
or different amounts of survey stations per each stage. However, some common parameters are adopted for all
scenarios.

We have used real data (locations and capacities) about the OMs. The capacity is based on the quantity
of survey teams that each OM can provide. Thus, 221 OMs are available for traffic surveys and the capacities
vary from 1 to 3 survey teams. Besides, we consider that all OMs are available for each survey stage. Thus,
MAXUA,, = MAX = |S|,Vn € N, where |e| represents the total number of elements of the argument.

The estimation of the travel cost of the survey teams (military platoons) considered two trucks, as in the
PNT 2011. The trucks are used to transport the militaries and equipment to the survey stations. Thus, let
dists, be the distance in km between a support unit s € S and a survey station p € P. Considering data from
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[2,12] about the average price of fuel (diesel oil) in Brazil and the average consumption of a truck, the travel
cost csp is given by (4.1):
Cop = 2.37dists), Vse S,peP. (4.1)

Therefore, in order to calculate the travel cost, it is necessary to know the distances between OMs and
survey stations. Thus, taking into account the georeferenced data of OM locations and survey stations, software
TransCAD 5.0 [8] was used to obtain a matrix of the distance.

The cost of each OM is a value dependent on many factors of difficult estimation, such as researchers training,
team management, equipment, material used, and the number of times each OM is used in different survey stages.

For this reason, for each scenario, five variations of these costs were created (five cost groups). The costs of
the groups were determined according to a range of values, resulting in a more complete analysis of the impact of
this parameter. Thus, the five cost groups adopted for the computational experiments are presented in Table 1,
which also considers the number of stages.

TABLE 1. Cost groups for the use of OM in different stages.

Cost Group (US$) Number of Stages
1 2 3 4 5
Cost Group 1 10 18 24 28 30
Cost Group 2 50 90 120 140 150

Cost Group 3 250 450 600 700 750
Cost Group 4 1250 2250 3000 3500 3750
Cost Group 5 6250 11250 15000 17500 18750

Cost Group 1 has the lowest values while Cost Group 5 has the highest values. The intermediate groups were
obtained considering multipliers of five. For example, Cost Group 2 has values five times higher than those in
Cost Group 1, Cost Group 3 has values five times higher than those in Cost Group 2, and so on until Cost
Group 5. Thus, we expect to create adequate conditions to evaluate a possible trade-off between the amount of
OMs used during the entire traffic survey and the total distances traveled by military troops.

The expected trade-off in this case refers to the possibility that the mathematical model indicates the use of
a large number of OMs when the costs are low (expected result for Cost Group 1) and a small number of OMs
when the costs are high (expected result for Cost Group 5). However, when the number of OMs is reduced, the
travelled distances increase generating impacts on the travel costs.

The cost groups vary according to the number of survey stages in which each OM participates during the
traffic survey and, although these costs have been constructed from estimated values, its composition complies
with the principle that: if an OM is used in different stages in the same traffic survey, its cost reduces per stage.

As a penalty for allocating and using a dummy OM, large enough values were adopted to guarantee that
they could only be used in cases of lack of survey teams (military platoons) to attend the survey stations or
even insufficient numbers of OM to perform the traffic survey. Therefore, the value established as a penalty for
the allocation of a dummy OM was v = 10%, and the penalty for the use of a dummy OM was 6 = 10°.

It is important to highlight that the mathematical model (3.1)—(3.12) can be considered a decision support
tool in the planning of traffic survey, however, for its effective application in a real situation, it is important to
develop specific studies that accurately estimate the costs involved.

4.1. Scenario 1

Scenario 1 considers the application of the mathematical model for the SULPARTSMS with the parameters
and characteristics of the PNT 2011 in Brazil [31]. This scenario is important to allow the comparison of the
total costs related to the travel cost and the OM cost using the configuration (allocation) performed in 2011
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and the total costs obtained after applying the mathematical model. With the adoption of this procedure, it is
possible to evaluate the potential of reduction in the total cost if the proposed mathematical model was used
during the planning of the PNT 2011.

The road traffic survey of the PNT 2011 was conducted at 120 different survey stations divided into three
stages. In the first and third stages, the surveys were performed in 22 survey stations, while in the second stage
all 120 stations were used.

A total number of 83 different OMs were used in all stages. In the first and third stages, 19 OMs were used
and in the second survey stage all 83 OMs were used. According to data from the PNT 2011, it was possible
to identify and georeference the OMs effectively used in the traffic survey. However, the relationship of all OMs
available in the planning process and the choice of OMs actually adopted at that time is unknown. Therefore,
besides the 221 OMs available for the traffic surveys of 2016 and 2017, we included 10 OMs that do not belong
to this set but were used in 2011.

Regarding the OMs coverage areas, i.e., the list of survey stations that each OM can serve, they are related
with the operation areas of each OM, called Comando Militar de Area (CMA — Military Command Area). Each
OM can only serve survey stations that belong to the coverage area of its CMA. Following this premise, this
study considered information from the CMA to define the sets Uy, Vp € P.

This first scenario is composed of 10 instances (Instances 1-10), with the first five ones considering the
solution implemented in the PNT 2011 but with the group costs presented in Table 1. Instances 6-10 consider
the group costs presented in Table 1 and the main parameters of the PNT 2011. These instances are solved by
a commercial solver as we show in Section 5.

4.2. Scenario 2

Information about the new road traffic surveys of 2016 and 2017 in Brazil indicates that four survey stages are
used with 300 different survey stations throughout the national territory. With that in mind, we considered 10
instances (Instances 11-20), which also vary according to cost groups (Tab. 1), divided into two configurations
described as follows:

e Configuration 1: aims to represent the new road traffic survey with the information about the real division
of survey stages (amount of survey stations per stage). Stages 1, 3 and 4 with 60 survey stations and Stage
2 with 120 survey stations; and

e Configuration 2: proposes a new division of the amount of survey stations per stage. In this configuration,
all survey stages have an equal amount of stations, i.e., 75 survey stations per stage. This configuration aims
to evaluate the potential benefits of an equal division of the survey stations through the stages.

4.3. Scenario 3

Scenario 3 has the main objective of evaluating the behavior of the mathematical model given a hypothetical
road traffic survey, larger than the one of 2016 and 2017.

Thus, we expect that the mathematical model will also assist larger road traffic surveys, with a level of
availability of resources similar to the current one. Thus, Scenario 3 proposes a road traffic with 500 survey
stations, 500 support units to serve them, and five stages. However, in this scenario, the locations of the points
(survey stations and OMs) were randomly defined using TransCAD 5.0 [8] taking into account the georeferenced
database of Brazil.

As in other scenarios, the demand for a survey station is equivalent to one survey team. Regarding the
availability of these teams by OMs, the maximum number of teams that each unit can provide for the traffic
survey was also defined at random. Following the capacities of each OM for the real situations presented in the
other scenarios, the capacities of each support unit were obtained considering the range of 1-5.

Considering as a premise the information from a previous traffic survey (Scenario 1) and from the new traffic
survey (Scenario 2), we believe that the number of survey stations per stage is limited by the availability of
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survey teams. We defined for this scenario that the 500 survey stations are equally divided into five stages. Thus,
this scenario is composed by five instances (Instances 21-25), one for each group cost presented in Table 1.

5. COMPUTATIONAL EXPERIMENTS AND RESULTS

In order to solve the mathematical model presented in Section 3 for the three scenarios defined in Section 4, a
computer equipped with an AMD Phenom X4 1.9 GHz processor and 4 GB of RAM was used. The IBM ILOG
CPLEX 12.6 [25] optimization software was used for up to 2h on each instance. The summary of the results,
based on the best solutions found by CPLEX for the 25 instances of the three proposed scenarios, is presented
in Table 2.

In this table, first column shows the scenarios and the instances. The second column presents the number
of traffic survey stages served. The third column indicates the number of OMs used. The fourth column shows
the costs associated to the travelling of the military platoons. The fifth column shows the costs associated to
the use of OMs. Finally, the last column presents the results found by CPLEX, where GAP% is the deviation
between lower and upper bounds after two hours.

5.1. Results of Scenario 1

Scenario 1 allows a comparison between the decisions of the PNT planning team of 2011 regarding the
allocation of military platoons performed, and such allocation made from the results of the mathematical model
proposed in this paper in order to serve the 164 traffic survey stations at the time.

Although 120 different survey stations were used in 2011, 22 were repeated in Stages 1 and 3, with a total of
164 survey stations being used as input for the mathematical model. Thus, we use indicators which are extracted
from the results to perform comparisons.

The indicators mentioned above refer, for example, to the amount of OMs used (per stage and throughout
the traffic survey), the travelling cost of military platoons going to survey stations, the cost of using OMs, and
the total value of the Objective Function (best solution value found by CPLEX), among others. In addition to
the analysis of these indicators, other comparisons can be made in which importance is given to the time and
computational effort required during the solution process.

With respect to the amount of OMs (regardless of the analysis being performed per survey stage or number
of different OMs), the results of the mathematical model are better in all cases. This means that in Instances
6-10, a smaller number of OMs are needed to serve all 164 survey stations of the PNT 2011, as can be seen in
Table 2.

In the PNT 2011 (Instances 1-5), in the first and third stages of the traffic survey, 19 OMs were used to
serve the 22 survey stations, and in the second stage 83 OMs were used. It is possible to observe that the best
results were found for the amount of different OMs in Instances 6-10 for Stage 2.

The results of Table 2 show that with each increase in the costs of the OMs or variation of the cost groups, a
smaller number of OMs is chosen to serve the survey stations. For this reason, for Instances 6 and 7, the gains
are much lower in relation to the other instances. In both Instance 6 and 7, the amount of OMs used in Stages
1 and 3 is equal to 18. For Stage 2, 82 OMs were used in Instance 6 and 78 OMs in Instance 7. For Instances
8, 9 and 10, the reduction in the amount of OMs is higher as usage costs increase. Instances 8, 9 and 10 used
16, 11 and 9 OMs, respectively, in Stages 1 and 3 while for Stage 2, 64, 44 and 41 OMs were used, respectively.

The situation presented for Scenario 1 has a very particular characteristic where the 22 stations of Stage 1
and Stage 3 coincide in location with 22 of the 120 stations of Stage 2. Thus, the results of the mathematical
model show that the amount of different OMs used during the entire survey coincides with the amount of OMs
used in Stage 2.

This situation occurs because the OMs selected for Stage 2 also need to serve the 22 survey stations for
Stages 1 and 3, since their locations coincide. In an analogous way, it is observed that the amount of OMs in
Stages 1 and 3 are the same in all cases (all instances).
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FIGURE 2. Comparative map between results of (a) Instance 1 and (b) Instance 10.

Thus, for the quantities of OMs used to serve the survey stations considered in Scenario 1, the best results
are obtained with Group 5. In this group (Instance 10), in Stages 1 and 3, only 56.25% of the used OMs in the
PNT 2011 would be enough to serve the survey stations. For Stage 2, the result is even better and only 49.40%
of OMs would be sufficient.

In general, with respect to the total amount of different OMs throughout the traffic survey, as presented
previously, the benefit is coincident with the results of Stage 2. Therefore, following the configurations and
parameters presented for this scenario and ignoring external factors that may have influenced the choice of OMs
in 2011, the survey stations could have been served with 41 OMs instead of 83.

We must also point out that the results of the mathematical model show that this amount is directly related
to the variations in the cost groups established for the use of OMs. Therefore, besides the amounts of OMs,
we must also analyze other indicators obtained from the variation of these costs. Figures 2a and 2b show,
respectively, the solutions for Instances 1 and 10. We can see different allocations for OMs and survey stations.

When the results of Instances 6-10 are compared with the costs of the PNT 2011, we can observe that the
costs related to the travelling of military troops are also smaller in three of the five comparisons. In the first and
third survey stages, the reductions in travel costs were: 32.85% (Instance 6); 32.85% (Instance 7); and 31.40%
(Instance 8). As for Stage 2, reductions are even more significant. At this stage, the number of survey stations is
much higher compared to the others. In this case, the potential gains are: 28.61% (Instance 6); 28.36% (Instance
7); and 22.94% (Instance 8).

However, in the case of Instances 9 and 10, the high benefit in relation to the number of OMs has a negative
effect on the travelling costs. In Stages 1 and 3, we have a growth of 4.28% (Instance 9) and 76.47% (Instance
10), and in Stage 2, 7.00% (Instance 9) and 25.86% (Instance 10), justified by the significant reduction in OMs
used during the traffic survey.

For the total travel costs, the result follows the previously presented trends seen per stage. Again, Instances
6, 7 and 8 present better results, allowing a cost reduction of 29.82%, 29.65% and 25.36%, respectively, while
Instances 9 and 10 increase these costs by 6.22% and 40.34%, respectively.

Regarding OM costs, for each Cost Group (1-5) we observe that when comparing the results from the math-
ematical model (Instances 6-10) and the instances representing the allocations of the 2011 PNT, respectively
per Cost Group, in all cases the results of the mathematical model are better than the PNT instance results.
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Therefore, in situations where the costs of the OMs are high, the mathematical model can provide good
results. These results also reflect the reductions in the amount of OMs used. We can state, then, that the
potential reductions in the OM use costs are: 2.19% with Cost Group 1; 5.84% with Cost Group 2; 21.17% with
Cost Group 3; 45.44% with Cost Group 4; and 51.09% with Cost Group 5.

For the results of the best solution values (last column of Tab. 2), with the same comparisons made previously
applied to the cost groups, again good cost reductions are possible where OMs present high use costs. However,
the reductions are not increasing. In the first three cases, Instances 6, 7 and 8 compared to Instances 1, 2 and
3, the potential gains are, respectively, 29.21%, 27.20% and 23.84%. There is a decreasing behavior, while in
the comparison between Instances 9 and 10 with Instances 4 and 5, the potential reductions are, respectively,
32.07% and 45.13% in the best solution found.

A possible reason for this behavior is again the variation in OM use costs. As the travelling costs for Instances
1-5 are the same, the impacts in the best solution found occur precisely when a smaller OM amount is used.

Now considering the computational complexity associated with the mathematical model, Table 2 shows that
the time to find the optimal solution for Instances 1-5 was practically constant and small, as the decision
variables were inserted in the model with the respective choices made in 2011. For the other instances (6-10),
the computational time starts a more accentuated growth in Instance 9, with 6.75s, and reaches 462.465s in
Instance 10.

Although the computational times are below 10 minutes, this behavior gives indications that in larger
instances, as in the ones presented in Scenarios 2 and 3, the computational complexity may be related mainly
to variations in cost groups which can make it difficult to obtain the optimal solution using a conventional
optimization software.

5.2. Results of Scenario 2

In Scenario 2, when considering the data of the new larger traffic survey, we expect that the mathematical
model can be used as a decision support tool in the choice of OMs to serve road traffic survey stations in the
2016 and 2017.

As in the evaluation of Scenario 1, the indicators used to evaluate the results of the instances are related to
the number of OMs used to serve the survey stations, the travelling costs of military platoons (per stage and for
the entire traffic survey), the OM use costs, the best solution value by CPLEX for the proposed mathematical
model and the computational time of the solution process. In addition, special attention is given to the residual
GAP% in cases where the optimal solution is not found during the defined maximum processing time.

Considering the number of OMs for Configuration 1, Table 2 shows that Stage 2 is the one that requires
more OMs due to the larger number of survey stations that must be served (120). In addition, the difference
in results found for the instances is related to the OM costs. In this way, we observe that, when the OM costs
increase, the optimal solution indicates that a smaller number of OMs must be used.

In the worst case (Instance 11), Stages 1, 2, 3 and 4 required 39, 80, 38 and 40 OMs, respectively, with a
total of 116 different OMs. However, the results of the other instances show that, with the increase in the OM
costs, this amount can be reduced in about 56.90% (Instance 15). This is because Instance 15 requires 21, 42,
21 and 21 OMs in Stages 1, 2, 3 and 4, respectively. In this case, the total number of different OMs is 50.

In the case of the instances of Configuration 2, Table 2 shows that, with the equal division of survey stations
between the stages, an even smaller number of different OMs is sufficient to serve the survey stations. Among
the survey stages, Instances 19 and 20 stand out because, even with the increase in the OM costs, the number of
OMs used is very similar in these instances. However, the difference is better observed in the amount of different
OMs: 40 different OMs are required for Instance 19 and only 30 for Instance 20.

Thus, it is important to note that, in terms of the number of OMs used during the entire traffic survey, the
proposed division of survey stations for the instances of Configuration 2 presents better results than the division
of Configuration 1. On the other hand, it is important to highlight that the technical criteria used to perform
the division of survey stations of Configuration 1 are not known.
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FIGURE 3. Comparative map between results of (a) Instance 11 and (b) Instance 20.

Figures 3a and 3b show, respectively, the results for Instances 11 and 20. We can see in Figure 3b that a
reduced number of OMs is used, so the travelled distances are larger than in Figure 3a.

The travelling costs analysis indicates that significant reductions in the amount of OMs needed for the traffic
survey, as a result of the increase in OM costs, influence negatively on the military platoons travel costs.

Considering Configuration 1 (Instances 11-15) in Table 2, we can see that the behaviors of Stages 3 and 4
stand out because, different from Stages 1 and 2, even with the increase in unit use costs and the decreased
amount of OMs as a result of these costs, in those stages it was possible to achieve the lowest travel costs, even
though there were higher OM unit use costs. Instances 12 and 13 presented a potential reduction of 13.29% and
12.60% for Stage 3 and 5.50% and 0.83% for Stage 4.

For the results of the instances related to Configuration 2, the travel costs are similarly distributed among
the stages because they present the same number of survey stations served. As in the instances of Configuration
1, in two stages (Stages 2 and 3), the travelling costs are not increasing in all instances.

In the case of Instances 17 and 18, although the OM costs are high (Cost Groups 2 and 3) compared to
Instance 16 (Cost Group 1) in Stages 2 and 3, the costs are 12.01% and 5.55% lower for Stage 2, and 7.66%
and 7.67% lower for Stage 3.

When comparing the total travelling costs of the instances for Configurations 1 and 2, for instance pairs that
have different cost groups (Instances 11 and 16, 12 and 17, successively up to Instances 15 and 20), the ones of
Configuration 2 have better results with 75 survey stations in each stage, except the pair of Instances 14-19.

Potential gains in relation to the reduction of travelling costs are: 5.88% for Cost Group 1 (Instances 11 and
16); 5.86% for Cost Group 2 (Instances 12 and 17); 5.18% for Cost Group 3 (Instances 13 and 18); and 7.54%
for Cost Group 5 (Instances 15 and 20). Even for Cost Group 4, where there was an increase in observed costs,
this was only 0.14%.

As expected initially, due to the good results of the instances of Configuration 2 in terms of the number of
OMs used in all comparisons between instances of Configuration 1 and 2, Instances 16, 17, 18, 19 and 20 present
potential reductions in OM costs due to the equal division of survey stations between Stages 1, 2, 3 and 4.

Considering the OM costs, a significant increase in the values in function of the cost groups can be seen whereas
the best results (lower costs) were those of Configuration 2. The reductions of comparative cost percentages
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are: 3.59% for Cost Group 1; 3.85% for Cost Group 2; 5.84% for Cost Group 3; 13.85% for Cost Group 4; and
12.30% for Cost Group 5.

As for the best solutions value, although there are benefits of the Configuration 2 compared to Configuration
1, for three cost groups (Cost Groups 1, 2 and 3), the potential gain with the division of the survey stations
by 75 stations per stage is lower than 6.00%. In the comparison between Instances 11 and 16, the reduction is
5.84%, whereas between Instances 12 and 17 it is 5.68% and for Instances 13 and 18 the reduction is 5.37%. In
the case of Cost Groups 4 and 5, the reductions provided by Configuration 2 are 7.33% and 11.35%, respectively.

Table 2 shows that for instances 15, 19 and 20, the optimal solution was not found within 7200.00s . For
these cases, the residual GAPs are 0.29%, 1.29% and 1.29%, respectively.

Although the residual GAP% found for the Instances 15, 19 and 20 are small (less than 2.00%), when we
compare the results of Scenario 2 with those of Scenario 1, we can see that the mathematical model is sensitive
to the number of survey stations and to the number of stages. Such as in Scenario 1, in the instances related
to cost groups with higher OM costs, the time required to solve the instances was larger. In addition, when
the number of survey stations was increased (from 164 to 300) and the number of survey stages increased from
three to four, the computational times increased.

5.3. Results of Scenario 3

This scenario presents five instances, one for each cost group of Table1. As noted in the previous scenarios,
again when the OM costs increase, the results indicate that a smaller number of OMs is required to serve the
survey stations. In the case of Instance 21, which presents the smallest OM costs, 63, 66, 62, 67 and 63 OMs
were selected, respectively, for Stages 1, 2, 3, 4 and 5.

The results for Instance 22, which considers the Cost Group 2, are lightly better than the ones found for
Instance 21. The most significant improvements are noted for Instance 23, for which the percentages of reduction
in relation to Instance 21 are: 31.75% (Stage 1); 30.33% (Stage 2); 30.65% (Stage 3); 43.28% (Stage 4); and
23.81% (Stage 5).

In the case of Instance 24, the reductions are even larger compared to Instance 21, reaching 59.70% (Stage
4). However, the best results in terms of the number of OMs per stage are found in Instance 25, which requires
between 22 and 25 OMs per stage to serve all the survey stations. It is important to remember that in this
scenario the number of survey teams varies from 1 to 5 while in Scenarios 1 and 2 a maximum of 3 military
platoons is available in each OM.

Considering the number of different OMs used throughout the traffic survey needed to serve the survey
stations, Table 2 shows that between Instances 21 and 25 there is a larger variation (81.29%). In Instance 21,
310 OMs are assigned to serve the 500 survey stations, whereas only 58 OMs are needed in Instance 25.

Figures 4a and 4b show, respectively, the results for Instances 21 and 25. These figures have the same behavior
of Figures 3a and 3b. When high costs are used for OMs, large travelled distances are required to serve all survey
stations. These figures clearly show the trade-off mentioned before.

Considering now the travel costs per survey, we can note that Instances 24 and 25 present the highest travelling
costs in the survey stages. Instance 24 has costs between 37.72% (Stage 1) and 59.39% (Stage 3) higher than
those of Instance 23. In the comparison between Instances 24 and 25, the increase in costs is between 81.40%
(Stage 5) and 123.85% (Stage 1).

Contrary to the trend of increasing travelling costs in the variation between Cost Groups 1 and 2 (Instance 21
for Instance 22) in Stages 2 and 3, and in the variation between Cost Groups 2 and 3 (Instance 22 for Instance
23) in Stage 2, small negative percentage variations in costs are observed. In the first case (Cost Group 1 and
Cost Group 2, Stages 2 and 3), there is a reduction in travelling costs of 1.36% and 4.76%, and in the second
case (Cost Group 2 and Cost Group 3, Stage 2), there is a reduction of 0.12%.

However, when the analysis is made for total travel costs throughout the traffic survey, there is a trend of
increasing travelling costs as a function of the OM costs. When Instances 25 and 21 are compared, it is possible
to observe that the total travelling cost is 250.97% higher. However, in the comparison between Instances 21
and 22, this increase is only 1.55%. This fact reinforces the need for an analysis that considers the trade-off.
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FIGURE 5. Computational time (a) and residual GAP (b) for Scenario 3 instances.

The results of this scenario based on the results of the previous ones show the trade-off between the number
of OMs used, the OM costs and the travel costs during the entire traffic survey planning.

The behavior of the best solution value, see Table 2, is similar to that of OM costs. The results show that,
in spite of the reduction that occurred in the number of OMs used due to the increase in OM costs, this was
not enough to reduce the best solution value.

With respect to computational time and complexity of the mathematical model solution process, a significant
increase can be observed. In Instances 21 and 22, while the highest time found in the other tests for Cost Groups
1 and 2 (Instances 1, 2, 6, 7, 11, 12, 16 and 17) was lower than 42s; Scenario 3 required 1903.30 and 1804.00s
for Instances 21 and 22, respectively, as seen Figure 5.

CPLEX did not find the optimal solution for Instances 23, 24 and 25 with a maximum time of 7200.00s.
Furthermore, it is important to note that the evidence found in Scenario 2, referring to the computational
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complexity associated with the number of survey stations and the parameters of the model, are confirmed in
this scenario.

For the instances of Scenario 3, the GAP value increases significantly from 5.59% in Instance 23 to 21.57% in
Instance 24 and to 31.83% in Instance 25. Thus, this scenario indicates that the implementation of new solution
techniques, such as heuristics and metaheuristics, are necessary in larger problems.

6. FINAL REMARKS

Through the theoretical discussion presented it was possible to better understand the operation of large road
traffic surveys already performed in Brazil and, at the same time, to identify the need of developing new tools
to assist the planning process of these surveys.

One of these identified needs is related to the locating and choice process of support units to serve survey
stations. Due to their high complexity, road traffic surveys require a great mobilization of resources (financial,
material and manpower) that need to be managed responsibly, especially the larger surveys.

Thus, the present study contributes to the planning of the surveys in a way that allows, through an opti-
mization mathematical model, the efficient use of the resources related to survey teams, from the support units
to the survey stations, and the use of these facilities. Therefore, the main objective of this paper was reached,
i.e., the Support Unit Location Problem to Assist Road Traffic Survey with Multi Stages (SULPARTSMS) was
presented and mathematically modelled. The model enables, given a set of possible support units, the selection
of which ones must be used to assist traffic survey stations whereas the cost is minimized.

With the three scenarios proposed for the computational experiments of the model, we could: (Scenario 1)
validate the mathematical model when comparisons are made with PNT 2011; (Scenario 2) perform analyses
related to the application of the mathematical model in the new traffic survey for the years 2016 and 2017 with
two possible configurations of division of the survey stations between the stages; and (Scenario 3) study the
behavior of the mathematical model and the results obtained for a hypothetical road traffic survey larger than
the previous ones used.

In order to analyze the results, performance indicators were established that evaluate: the number of support
units used per stage; the total number of different support units used during the entire traffic survey; the
total costs related to the travelling of the survey teams to the survey stations; the costs incurred with the
use of support units during the entire traffic survey; the total costs (Objective Function); and those related to
computational performance, such as execution time and GAP% residual.

For future researches, we believe that the mathematical modeling proposed in this study can be expanded or
even incorporated into the process of planning the location of survey stations. In this study, the location of the
survey stations is known and used as an input. However, location processes involve complex questions in terms
of network analysis (road mapping and geo-referencing, previous information about the origin and destination
of journeys, and annual average daily traffic, among others) that directly influence the process of defining the
best places for the survey stations. Therefore, it is expected that a mathematical modeling that simultaneously
determines the location of the survey stations and the support units will allow a better planning.

Another possible approach is related to the specific studies for detailing the composition and more precise
estimates for the costs related to travelling and the use of the support units, supporting, then, the correct
determination of these parameters for the model. In addition, the computational experiments, especially for
Scenario 3, show that the complexity involved in solving these problems justifies studies focused on specific
optimization methods, such as heuristics and metaheuristics, in order to obtain good solutions with a reduced
computational time.
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