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ABSTRACT
This work presents a comparison of diferent software and hardware implementations of a trafc simulator using a fuid-based
mesoscopic model. The model represents Vehicular Trafc Networks (VTNs) based on the fow resulting by the interconnection of
dynamical agents associated to street segments and intersections. Starting from a single cross-intersection example, a traditional
numerical simulation was developed in MATLAB as a frst step. Afterwards looking for a leverage of the current computer
capabilities, new approaches in software and hardware were explored. Using the Python language and Django as a development
framework, the next version of the simulator was built to exploit the high-performance computing capabilities for research with
a web interface. Next, using a modular paradigm, a second version of a simulator was made based on object-oriented programming
(OOP) having “high-cohesion”, “low-coupling”, and extensibility features. A third numerical version with some libraries like
NumPy was created and tested, looking for better performance. All these versions served as a point of departure to explore the basis
of a fourth and ffth version: a high-performance simulator with a parallel mindset, using Graphic Processing Units (GPUs). A
comparison is presented with the same single cross example testing the time to generate data in each version.

1 | Introduction

The world population has grown rapidly in recent years.
According to some forecasts [1], there will be about 9.73 billion
inhabitants worldwide by 2050. This poses many problems, re-
lated to the mobility of people, physical and mental health, as
well as issues related to their impact on nature. More specifcally,
in urban areas, mobility is a major issue where the concentration

of people is high. Some studies such as [2] indicate that in some
cities people can spend up to 272 hours a year stuck in trafc.

Even when people use a variety of transportation options, cars
and public transport are still some of the most widely used. This
requires efort to overcome trafc due to the size of roads, the
infrastructure available, and the number of vehicles. So, the
study of Vehicle Trafc Networks (VTNs) is still an open subject
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[3, 4] where multiple factors such as congestion, driver’s habits,
and heterogeneity on the roads are active in most of the networks
studied [5].

VTNs have been studied exploring diferent approaches. A
helpful review was published in [6]. Typically, the study of VTNs
can be diferentiated in two main focuses: Microscopic and
macroscopic [7, 8]. Microscopic-based works design the elements
in VTNs with specifc details. For example, in some cases, cars
are represented with tiny details like speed, size, and accelera-
tion; also, drivers are studied considering their habits [9–11]. In
contrast, macroscopic perspective represents VTNs at a wider
level, in which vehicular trafc is conceived regularly as a fow.
In this case, fow density is the main parameter to defne state
space models in discrete or continuous time [12]. Alternative
models have been studied like in [13] based on energy. Con-
gestion modeling is addressed in [14]. A disadvantage of this
approach is the loss of information due to the focus on the fow
density [15]. In an intermediate hybrid level, we can fnd the
mesoscopic perspective, with a mix between the two major al-
ternatives. In this perspective, the fow usually is depicted in
groups of cars [16]. Finally, as shown in [17, 18], the trafc
models serve to enable autonomous driving and other further
applications.

The main purpose of Multiagent Dynamical Systems (MAS) is
the representation of complex systems by the interconnection of
agents [19]. An important challenge of MAS is to design the
connectivity of diferent agents and the huge amount of in-
formation shared between them [20]. The interaction of agents
can be represented using diferent approaches, for instance,
discrete event mechanisms, diferential equations and proba-
bility. Diferent applications have come out from the MAS, as
optimizing routes, coordinating robot movement, managing
large economic systems and planning project tasks [21]. Another
example of agents’ approach is the one proposed in [22] where
a complex system has been split in agents, using the design of
algorithms to solve the Adaptive Dynamic Programming (ADP).

Control trafc mechanisms have the objective to fetch data to
improve vehicular fow synchronously, analyzing data in real-
time and making changes in real-time, or asynchronously, using
tools to analyze information and defne plans and strategies
which can be implemented and tested after their design. Sensors
are used to obtain information to be analyzed. In some cases,
sensors are installed on roads or in trafc lights to measure and
control vehicular trafc. In other cases, like [4], some smart-
phones of motorists or low-cost GPS vehicular embedded sensors
are compared with sensors deployed in the existing vehicular
infrastructure to validate the models in real-time. The amount of
data and the complexity of working with VTNs require specifc
computational resources that can be a good ft in obtaining timely
and accurate information. Therefore, computer simulators have
historically helped in the research and analysis of VTNs.

Some microscopic commercial and non-commercial simulators
[23–25] are: Trafc Software Integrated System, CORridor SIMu-
lation (TSIS-CORSIM), AIMSUN, and Simulation of Urban Mo-
bility (SUMO). These simulators work at a microscopical level
representing cars on diferent roads and paths displayed on the
graphical interface in simulators. The consequence of the micro-
scopic viewpoint is the growth of the VTN as the number of ele-
ments to be processed and displayed on the screen increases. It

requires a high computational cost making the study of larger grids
difcult. As expected, some intersections include trafc lights or-
dering the movement of cars. These kinds of crossings can be
addressed using diferent representations. The most common is
a discrete-event option called Petri Nets (PN). The temporal evo-
lution of tokens in a PN can describe the trafc light cycle place.
Some relevant PN cases are presented in [26–33]. In this paper, we
use a simple timed state machine to represent the functioning of
trafc lights as alternative in our previous works [34–36].

On the other hand, computational trafc simulator tools have
historically helped in the understanding, analysis and the im-
provement of the fow in VTNs. Considering the huge amount of
information captured from the number of carsmainly in crowded
cities and urban spaces, some systems are used to solve this
complexity. That is the case of [34] where a tool was designed to
model and simulate clusters of 1,000 nodes and trafc agents
using a Central Process Unit (CPU) in a distributed and con-
current way. Specifcally [35], works with a model of 120 million
elements, represented in an agent-based model, with data from
diferent frms settled in the USA using a parallel simulator.

Some articles have worked on trafc simulators related to car
collisions, such as [36], which include a methodology to study
crashes and their consequences, considering potential mistakes
made by drivers and obstacles and their trajectories. The case of [37]
looks to create a framework to assess potential risks in roads such as
crashes or adverse weather. Some cases like [38–40] have simulated
the behavior of autonomous cars based on diferent factors like
interaction with cars driven by people and the self-driving psy-
chology. An aspect widely studied in agent networks is the control
and automation of connections in interagent connections; for in-
stance, the work of [41] introduces an adaptive intersection.

Some other works [42] explore systems of monitoring and pro-
cessing unmanned aerial vehicles transit. The proposed system
achieved an 88% average success rate in real-time vehicle de-
tection, incorporating a high-performance neural accelerator
which is a relevant study case for trafc research and, in specifc,
for this work.

This make evident that the HPC systems will be crucial in the
development of strategies for transit control, optimization and
policies development. With the grown of diferent type of ve-
hicles, including those that use aerial space will represent
a computational challenge where the fow and movement of
them will represent an interesting challenge to be addressed.

The main objective of this work is to explore the diferent possi-
bilities to evolve the trafc simulator in a computational sense. We
explored diferent options not only in software but also in hardware.
Then, in this work, we analyze the alternatives to show the route we
followed from a MATLAB-based simulator to a new version of
a simulator based on high-performance hardware. We evolved the
simulator considering some hardware and software options, aiming
to improve information retrieval and thereby defning the best
structure in a VTN that allows a better trafc fow.

The essential contributions of this work are summarized as
follows:

• Continuing with our prior work in [43], we have started the
exploration of some compute alternatives to be prepared
towards having a more scalable solution.
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• Based on the initial model presented in [43], running in
MATLAB, we started to check possibilities to evolve into
a more capable version, taking advantage of the latest
computational advancements.

• Show the experiences and challenges we faced when trying
to evolve a MATLAB simulation to a more robust
simulation tool

• Diferent simulator options are explored to test whether
a better performance can be achieved and, consequently,
timely information and responses can be obtained.

• An object-oriented programming (OOP) approach is used to
match with the existing modular trafc model.

• A frst refection about the overhead introduced by this type
of approach is shown in our work.

• Considering a long-term simulator designed for end users,
a new web-based framework was integrated.

• Two calculation bases were explored on Python, frst with an
OOP basis and then with a numerical version based on the
diferential equation of the whole VTN.

• We showed the diference between these versions and
a possible explanation of the observed behavior.

• A translation of the simulator was conducted going from
a serial mindset on CPU to a parallel version on GPU,
considering the algorithm designs and the coding. Insights,
experiences, and metrics about this evolution are shown in
this work.

• Considering a single cross as a base, we defned a set of
parameters to be run in each version of the simulator. First,
we assess the correctness of the data generated, and second,
we measure the performance by checking the time the
simulator spends to generate the data.

• We explored diferent confgurations in execution param-
eters in GPU, trying to achieve a frst version of high-
performance computing.

2 | Materials and Methods

We performed our tests with the same parameters in each ver-
sion, using a workstation with an Intel Xeon W2245 3.0 GHz
processor, 128 GB RAM, GPU NVIDIA Quadro RTX 8000
(Turing) 48 GB RAM, Ubuntu OS. We used Python as the
backend programming language, Django as the web framework,
Atom as the selected Integrated Development Environment; and
Git for version control.

Each version in the simulator is managed by a view controller in
the Django framework; the variables of the execution are re-
ceived as parameters in each view in diferent Python fles.
Talking about GPU, the CPU served as the input method to
introduce the values to the GPU, passing numerical values
through NumPy arrays with Numba as the chosen library.

The frontend has been coded using the standard languages for
these purposes, like HTML and CSS fles.

The model used in this article to perform the simulations in the
diferent platforms or languages is based on the model in-
troduced in [43], where a new proposal for modeling complex
networks of vehicular fow using simple diferential equations
was presented, with a multi-agent systems approach at a mac-
roscopic level of detail. These agents have information on change
in fow, density and changes in trafc signals. The model carried
out in [43] was compared with simulations carried out in TSIS-
CORSIM, with real vehicle density data, achieving comparable
results, considering the diferences in the level of detail with
respect to commercial software, fnally highlighting that the [43]
model allows the simulation of complex networks with fewer
computational resources.

3 | Results and Discussion

3.1 | Agent-Based Modeling of a VTN

This section presents a brief summary of the modeling of VTNs
presented in [44]. A VTN can be conceived as a set of inter-
connected dynamical agents representing street segments. The
set of n physical spaces with fow of vehicles is given by
N = β1, … , βn{ }. A VTN is developed as a connectivity graph in
which vehicles go from an agent to a subsequent one. Then,N+

i is
the inadjacent subset of N and N−

i be the out-adjacent subset of
N. When N+

i ,N−
i ≠ ∅ , it is possible to partition the set into two

subsets, the NST subset which corresponds to streets, and the
subsetNCR which corresponds to intersections. Within the subset
NCR there could be a subset of intersections with trafc lights
denoted by NTL.

The nonnegative occupancy of each agent βi, given by zi, is
represented by the following frst-order diferential equation.

żi = ∑
j∈N+

i

 uji − ∑
k∈N−

i

 yik, (1)

yik = σik zi,  zk( )zi,  ∀k ∈ N− (2)

Equation (1) shows the balance of inputs and outputs in each
segment. The occupancy is delimited by 0 ≤ zi ≤ zmaxi , where
zmaxi ∈ R+ is defned according to the physical space of βi. Input
uji is the fow entering of the street segment of βi. Equation (2)
illustrates the behavior of the output fow in βi. Output yik is
a discharge fow function conceived as a time-variant nonlinear
discharge coefcient. It is evident that the value of σik = 0 de-
scribes the fow, stopping it or increasing according to the case.
The model allows that agents can be connected in a modular way
to develop a small or a big VTN, regardless the size or shape, this
ability in conjunction with ak(zk), αi(zi), and Γik values are il-
lustrated in Figure 1.

The parameter σik computes the combination of three main
factors: self-congestion through αi(zi), the congestion in sub-
sequent segment through ak(zk), and Trafc Light or Flow-
Distribution (TL-FD) efects contained in Γik. Thus, σik is de-
fned as

σik zi, zk( ) = αi zi( )ak zk( )Γik (3)

Complexity, 2026 3 of 19
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The functions αi(zi) and ak(zk) are defned as shown in Equations
(4) and (5).

αi zi( ) =

αmaxi if  0 ≤ zi ≤ ρi,

fαi zi( ) if  ρi < zi < μi,

αmini if  μi ≤ zi ≤ zmaxi ,

⎧⎪⎨

⎪⎩
(4)

ak zk( ) =

1 if  zk = 0,

gak zk( ) if  0 < zk < zmaxk ,

0 if  zk ≥ zmaxk ,

⎧⎨

⎩
(5)

where the functions fαi(zi) and gak(zk) are smooth functions given
by:

fαi zi( ) = αmaxi − zi − ρi( )
αmaxi − αmini( )

μi − ρi
, (6)

gak zk( ) =
1

1 + exp λk zk( )/ zmaxk( )( ) − ξk( )( )
. (7)

The parameters 0 ≤ ρi < μi ≤ zmaxi serve as the occupancy in-
terval where the function αi(zi) decreases. Also, the parameters
λk > 0 and 0 < ξk < 1 defne the shape of the sigmoidal function
that gives the percentage of fow going through to downstream
agent βk.

Figure 2 shows an example of αi(zi). Figure 3 shows an example
of an ak(zk) function.

Finally, the function representing Trafc Lights is described by
Γik which depends on diferent cases if βi and the subsequent βk
belong or not to NCR or NTL as given in equation (8).

Γik =

hik, if  βi ∉ NCR, βk ∈ NTL,

wik, if  βi ∈ NTL, βk ∉ NCR

1, otherwise.

⎧⎪⎨

⎪⎩
, (8)

with hik ∈ 0, 1{ } and it changes value depending on the stage of
the fnite-state machine which is attached to trafc light cycle in
each βk. The weighing value wik ∈ R, 0 < wik < 1 contains the
proportional fow in each intersection. The cars in βi ∈ NTL are
fully distributed in agents βk ∈ N−

i , then it is satisfed that
∑k∈N−

i
 wik = 1.Γik = 1 by default when trafc lights are not in-

volved in the intersection allowing a complete fow of vehicles in
that direction.

Figure 4 illustrates βi ∈ NTL. When hji enables or stops the output
from βj to βi and wik indicate the proportion of fow leaving from
βi to βk.

The value hji defnes the trafc signal to each connection between
the agents, and it depends on the trafc lights’ cycles. These
cycles serve to enable green, yellow and red lights, like a common
trafc light. The behavior of these machines can be simulated
using some discrete-event techniques such as timed PNs and
timed fnite-state machines, among other discrete structures.
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Now, to extend the model and look for a more reduced version of
the equations, we used a matrix representation, which aids in the
simulation and serves as a future control structure. The con-
nectivity of agents establishes that if j ∈ N−

i , i ∈ N+
j . Meanwhile

Γij = Γji, ∀ i ≠ j. Then, the adjacency matrix M ∈ Rn×n with
elements mij, i = 1, … ,n, j = 1, … ,n defned in equation (9).

mij =

Γij, if   βj ∈ N−
i ,

Γji, if   βj ∈ N+
i ,

0, otherwise.

⎧⎪⎨

⎪⎩
(9)

The out-adjacency matrix M− ∈ Rn×n with elements
m−
ij , i = 1, ..,n, j = 1, … , n in equation (10).

m−
ij =

1, if   βj ∈ N−
i ,

0, otherwise.
{ (10)

And consider the matrix equations.

z = z1, … , zn[ ]
⊤, (11)

a = a1 z1( ), … , an zn( )[ ]
⊤, (12)

Zd = diag z1, … , zn[ ], (13)

α = diag a1 z1( ), … , an zn( )[ ], (14)

A = diag a1 z1( ), … , an zn( )[ ]. (15)

Then, the next matrix equations [45] are equivalent, representing
the equations of the systems given in (1)-(2) for a VTN with n
agents:

ż = ABTαz − αZdB( )a, (16)

ż = AB⊤αZd − αZdBA{ }1,
→

(17)

ż = −BA M−( )
⊤α[ ]In ◦+{ ,

BT ◦ A M−( )
⊤α[ ]}z,

(18)

where B = M  ◦ M− and BT = M ◦ (M−)
⊤, with ◦ representing

Hadamard multiplication [45], (elementwise multiplication),
1→ = [1, … , 1]

⊤ ∈ Rn×1 and In the n × n identity matrix.

3.2 | Example of VTN

Considering Downtown in Mexico City as the base (Figure 5), we
simulate a simple crossing example. In this example N = 9,
where β1, … , β4 are streets, β6, β7 are sources, β8, β9 are sinks and
β5 ∈ NTL is a junction with a trafc light. A west-to-east fow in
one direction is represented by β6 ⟶ β1 ⟶ β5 ⟶ β2 ⟶ β8,
and north-to-south fow is represented by
β7 ⟶ β3 ⟶ β5 ⟶ β4 ⟶ β9. The trafc light cycle controls
the fow between both directions.

The trafc light performs its cycle to allow the fow in which
direction, alternating the west-to-east fow and north-to-south
fow, assigning green-time values tgh and tgv, respectively, ta is
yellow time and tar the all-red time. In Figure 6 values of
h15, h35,w52,w54 are presented according with tgh, tgv, ta time
values. The period in each phase is calculated by T = tgh + tgv+
2(ta + tar). In the horizontal direction w52 = 0.6,w54 = 0.4, 60 %
of vehicles move horizontally and 40% turn right to the vertical
fow, while in the vertical direction they change to
w52 = 0.4,w54 = 0.6, 40% go straight vertically and the rest of
60% turn left. The phases at trafc light 6 are created by
a fnite-state machine which is shown in Figure 7. States 1-2 and

1
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0.6
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5 10 15 20 25 30 35 40 45 50
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FIGURE 3 | Congestion in subsequent segment function ak.
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0.0

t

zi zk

t

Output distribution

1.0

0.0
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FIGURE 4 | Block diagram of an intersection with trafc light.
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FIGURE 5 | Example of VTN.
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3-4 correspond to each phase, respectively. The transition at each
node is given by green, yellow, and all-red times. Values h15,
h35,w52,w54 are indicated in every state and are used in the
simulator to enable/disable the fow depending on the case.

3.3 | Simulators of the VTN Model

The previous agent-basedmodeling of a VTN can be simulated by
diferent computational languages and platforms. Note that every
diferential equation is simple to program, but the main chal-
lenge is running the entire model with a signifcant number of
streets and intersections that appear in real cases. Therefore, this
section presents the diferent versions of simulators built for the
model. The analysis and comparison of these versions are an
important step for the deployment for the fnal optimized
version.

An overview of simulators timeline is shown in Figure 8.

3.4 | First Simulator Version

We started with the MATLAB simulator presented in [43, 44],
with a graphical and coded version. The graphical version was
created using Simulink and the coded version using an m-fle, or
script fle [46]. Figure 9 shows an image of themodel in Simulink,
while Figure 10 presents a block version of the algorithm.

Several arrays and variables were confgured to parameterize the
simulations; values like αi(zi) are used to simulate self-congestion
and ak(zk) to defne subsequent-congestion.

Then, Γik values to depict PN cycles were confgured. Initial zi
and max zmaxi values of each street segment were defned. The
representation of inputs and outputs G in the simulator was
originally produced using variables managed separately; never-
theless, having in mind faster calculations, a matrix approach
was adopted for all the variables, and they could be available
when they would be relevant.
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ta
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0.4

t

t

t

t
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tar tar
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FIGURE 6 | Signal generator for h15, h35,w52, and w54.
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FIGURE 7 | Example of timed fnite-state machine.
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FIGURE 8 | Simulators timeline.
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The matrix representation helped the programming of equations
in the model. Thus, it enables the system’s structure for better
schemes to improve the fow of vehicles. To reach this, an ad-
jacency matrix was created.

Next, elements like fαi(zi) were embedded into functions in
MATLAB.

The frst simulations have been conducted using PN to represent
trafc signals, then a simple fnite-state machine presented in
Figure 7 was defned. The diferent states depict the cycles of the
trafc signals depending on the green, yellow, and all-red times.

Finally, cycles and vars were established in MATLAB functions
to process the model. Results can be found in our previous works.
Some main aspects that enabled us to convert the simulator to
a diferent platform are outlined next:

Having a code version was fundamental to create a new pro-
gramming version because Simulink is a graphical tool available
only for MATLAB and not available for other languages.

• Going from a PN version to a fnite-state machine was
central due to the ease of its integration into a parallel cycle.

• Having matrix calculations with structures oriented to
calculations facilitated the integration of performance
measurement and improvement in the new version.

• Having a clear method of integration was fundamental for
coding a simulator with similar results.

Finally, in this initial version, all the simulations were conducted
using primarily MATLAB in two diferent forms: in a Simulink
fashion and in a coding fashion. These two methods served to
verify the model and confrm if we would have the same results
in data. For more information, the conclusions of using the
MATLAB simulator are published in [43, 47, 48].

3.4.1 | The Second Version of Simulator

Using MATLAB version as a starting point, we selected Py-
thon as a new language to code the simulator. Python is
a general-purpose programming language and is known for
its simplicity and readability. It is an opensource, multi-
platform language used in domains related to data science,
machine learning, and high-performance computing with
NumPy and Numba. For those reasons, this language
emerged as the primary selection.

For an end-user system, it is crucial to present an interface where
the user can operate. Considering the requisite that the frame-
work had to be compatible with Python. ThenDjango emerged as
a well-documented and suitable option.

Django [49] is an appealing and well-known framework that
integrates Python with the opportunity to display a webpage.
According to the ofcial documentation [50], implementing
Django, you can take web applications from concept to launch
quickly. Django takes care of much of the hassle of web devel-
opment, so you can focus on writing your app (in the simulator,

[tgh tgv] tv G

stin stout
fcn

tin tout out.G

out.t

out.z

fcn
alp fcn

Js 1
s

1
s

1
s

z
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Gam zd

zz

out.Js

out.Jr

FIGURE 9 | Simulink design.
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Time
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update
Results

presentation End

FIGURE 10 | Blocks diagram of the MATLAB version.
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this is vital because it is possible to focus on improving the
performance).

Using a virtual environment, Django set up a framework to build
a webpage with all the necessary attributes, such as the possi-
bility of viewing it in a browser, connecting with other web
services, mounting it in a hosting service, to enable the option to
interact with users through a browser and some others. Fig-
ures 11 and 12 show the preliminary UX/UI (User eXperience,
User Interface) of the landing page and simulator view.

In this preliminary UX/UI interface, multiple features were
designed. Some of them are still in progress; however, having
a complete design serves as a reference and roadmap for the
simulator we are developing.

First, we created a landing page where users can start interacting.
Later, the simulator main page is shown. On this page the user
can select from three diferent options (processors):

• CPU—CPU for input and simulation tasks

• CPU-GPU—CPU for input and output; GPU for processing

• CPU-GPU-QPU—CPU for input and output; GPU for pro-
cessing; Quantum Process Unit for optimization (future
work)

Note that the CPU is present in all choices because this kind of
processor cannot be replaced as fundamental unit, in our case as
the main media to interact with user.

Once the processor is selected, the user will frame the map, and
the algorithm will identify trafc lights on it, and then the user
could enter diferent parameters to explore and simulate
scenarios.

Simulation performs its tasks and exposes results depending on
criteria selected.

The goals include ensuring that the simulator can work with
VTN information in a real sense, that is, acquiring data from
existing streets, roads, avenues, and crossings. Considering this,
some analysis of commercial simulators and how they handle
data was performed. The usual structure to represent a VTN is
considering a set of points (nodes) and the connection between
them as edges to represent roads.

OpenStreetMap [51] provides a free API to obtain maps from the
real world. To detect the information attached to a map selection

in the interface of the simulator, we selected OpenStreetMap as
the option to acquire data about nodes and edges for the
real world.

We started studying a single intersection which can be seen in
Figure 13 using the agent-based modeling presented in the
previous section. Streets are represented by gray pins and in-
tersections by blue pins.

An example of a bigger representation of the VTN considering
a larger section of Mexico City is shown in Figure 14.

A possible solution when trying to build a scalable, modular and
repeatable program is to use classes. Classes are a concept for-
mulated in OOP because it allows developers to reduce coding
abstraction, getting closer to how the world that is perceived by
humans and reusing code. Usually, we try to organize elements
in the world like Classes, frst, then when they become more
“tangible” and “executable”, in Objects. Languages like Java and
Cþþ popularized the term.

Talking about trafc, some works have already used OOP to
simulate trafc with a signifcant number of agents, for example
[35], created a model of agents using OOP reaching up to 120
million agents on a parallel environment using the CPU. Con-
sequently, analyzing the objects, having streets, intersections,
among other components, the logical idea was to convert the
model into an OOP paradigm.

FIGURE 11 | Main screen.

FIGURE 12 | Simulator view.

FIGURE 13 | Single intersection using OpenStreetMap.
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Considering elements in the real world, we frst created a Class
including characteristics and actions in an OOP mindset, like
properties andmethods. Then, setting the type of data involved in
each property, and secondly a method called constructor to
initialize streetSegments.

This constructor serves to create objects setting properties and
methods of the class, i.e. the implementation of this class is an
object that can be used in the simulation. A representation of
the route from real world to the class abstraction and ending in
implementation in objects can be seen in Figure 15.

Each structure of a street is modelled frst in a Class and next,
using a constructor (term used commonly in OOP for methods
which serves to create objects), streetSegment(), and object (in
pink color), is built with all properties obtained from its class. As
we can see the abstraction using Class matches the description of
the agents.

Considering the modularity in the model and the fact that the
connection between streets happens in a massive way, OOP
represented a good option to explore about. In a larger street
representation, a single crossing is shown in Figure 16. As we can
see, a crossing can be divided into fve diferent objects. Using the
same method mentioned above, the class is used through its
constructor to generate fve diferent objects.

Each object connects itself with other objects through
their properties used a similar approach to those used in
database models. In Figure 17 a block diagram of this version
is shown.

3.4.2 | Third Version of Simulator

The performance was negatively impacted considering pure
OOP, as we will see in section Results. This may be since OOP
read/write in objects is slower than having access to a simpler
data structure, such as arrays. Therefore, a new strategy was
adopted to improve the performance in the simulator.

As a main study in this work, we only performed a time com-
parison between simulations. Nevertheless, trying to have a re-
sponse for this performance reduction, we researched more
about these structures in Python.

This task was not trivial because common language documen-
tation focuses on the use of the language.

CPython [52] is the basis of modern Python, which usually
defnes how Python behaves in terms of performance, memory
management, internal structures, and so on.

Looking more in detail at Python module, class, and object specs,
we detected some layers (not too heavy) of tuples that control the
usual functionalities of the OOP paradigm, like indexing, tuples
of dictionaries saving keys and values, defnition of type of in-
stance, and a collection of possible interwoven hierarchies that
deal with aspects such as inheritance and polymorphism.

Without stopping considering OOP as an option, we worked in
some modifcations, focusing more on a numerical simulation
using the available tools in Python. The frst answer to emerge
was from NumPy [53]. NumPy is “The fundamental package for
scientifc computing with Python” according with the ofcial
documentation. To achieve this, having an array-based simulator
has been crucial to have the code version with a set of matrices
created previously in the model.

One additional issue was the integration method. Even though
similar integration methods exist in Python, the election of the
method that adjusts the algorithm developed from a MATLAB

FIGURE 14 | Bigger selection using OpenStreetMap showing
a massive number of agents.

Real world OOP abstraction

Class

Streetsegment
Street segment

-Name: varchar
-Numberofsegment: id
-Typesegment: varchar
-Orientation: varchar
-Initialcars: int
-Currentcars:int
-Limitofcars:int
-Inputs:int[]
-Orientation_inputs:varchar
-Outputs:int[]
-Orientation_outputs:varchar
-Rho:foat
-Alpha:foat
-ak:foat
-zp:foat

+ streetSegment() methods

properties

Features

Implementation

Objects

Streetsegment1

FIGURE 15 | OOP single street representation.
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version required exploration and conducting diferent experi-
ments to fnd a suitable method in Python.

A block diagram of this version is shown in Figure 18 and the
processing steps in Algorithm 1.

The frst condition was to produce the same results with the new
version of the simulator compared with the baseline simulator
built in MATLAB; then, in terms of integration, the option that
provided an accurate result was the odeint function accessed via
SciPy library from Python [54].

Considering that the GPU is a device that enters the equation in
general-purpose computing, it comes with diferent limitations
and benefts according with its inherent architecture.

For GPU, there are multiple operations commonly present in
CPU from decades, but in the case of GPU, due to its initial
purposes and then of its evolution, are not present.

Some of them are due to the initial purposes of the creation of
GPUs, and some are related to the evolution of these devices
steering to AI tasks.

References [55, 56] detailed that the answer lies in the diferences
in fundamental design philosophies between the two types of
processors. The design of a CPU is optimized for low latency and
sequential code execution, while the GPU is optimized for
parallel tasks.

The integration method is not currently supported natively on
Numba with Python; for that reason, we developed the equations
in GPU-kernel functions (only available from other GPU-ker-
nels). This development represented an important technical

challenge, because even when arithmetic and algebraic opera-
tions are common in GPU too, we could not use odeint natively.

Another reason is that even when some operations are available
in GPU, not all the operations are optimized like what happens
with the CPU.

Then, we had to understand how MATLAB and Python perform
their calculations and develop the methods in GPU, having in
mind that the results were equal. The help of the math team here
was crucial to achieve the same results.

We confrmed that the values across versions do not show sig-
nifcant diferences in terms of the project scope. This was
a careful process, taking into account that integrations between
each processing step are more visible in cumulative procedures,
where even small diferences can accumulate and become more
evident.

In order to generate a comparison in computational complexity
between CPU and GPU versions both working with NumPy
arrays, a diagram of the algorithm of this version was generated,
shown in Algorithm 1, where β is the selected VTN represented
as segments of streets, tl1min, tl1max, tl2min, tl2max depict the pa-
rameters of each trafc light, in this case for a single crossing; and
lastly z for the number of vehicles initially represented as a scalar
in each β and later measured as fow in zp.

3.4.3 | Fourth Version of Simulator

Now, once we had reached a numerical array-oriented version,
we started exploring options to speed up the performance while
preserving simulation correctness. Considering the latest

Real world

Street
segment

Street
segment

Street
segment

Street
segment

Street
segment

OOP abstraction

Class

Streetsegment

-Name: varchar
-Numberofsegment: id
-TypeSegment: varchar
-Orientation: varchar
-Initialcars: int
-Currentcars:int
-Limitofcars:int
-Inputs:int[]
-Orientation_inputs:varchar
-Outputs:int[]
-Orientation_outputs:varchar
-rho:foat
-alpha:foat
-ak:foat
-zp:foat

+ Streetsegment() methods

Implementation

Objects

Streetsegment1

Streetsegment2

Streetsegment3

Streetsegment n

...

FIGURE 16 | OOP crossing representation.
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django
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State
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Object
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Results

presentation End

FIGURE 17 | Blocks diagram of the object-oriented programming version.
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advancements in parallelized architectures and high-
performance computing, we identifed that GPU computing is
applicable to speed up processing [57–60] and, in particular, to
accelerate the simulation of vehicular trafc [61–67].

Several years ago, GPUs were frst built for videogames to ac-
celerate specifc 3D rendering tasks. The early architecture was
designed to draw millions of elements in videogames rendering
them on real-time platforms. This architecture favored multi-
processing over memory latency commonly found in CPUs.
GPUs are commonly used to perform massive tasks, as it allows
to execute them in a parallel way that is explained because GPUs
have a higher number of Arithmetic Logical Units (ALU)
than CPUs.

A general representation of CPUs and GPUs is shown in Fig-
ure 19, where it is clear that the GPU is a processor that is made
up of many smaller and more specialized cores focused on
throughput behavior, whereas the CPU has an architecture
oriented to latency. CPUs are mainly focused on general pro-
cessing; for that reason, latency is crucial to enable users to

execute and access tasks with diferent purposes. In the case of
GPUs, the architecture is more defned to process massive cal-
culations at a time. By working together with CPU, the cores
deliver massive performance when a processing task can be
divided and processed across many cores [68].

Then, some years ago, the scientifc and professional community
realized that GPUs could be used more broadly to enhance
computing capabilities and reach a better performance running
massive processes. To gain better understanding of GPUs and the
parallel computing mindset, we had to check for documentation
and resources to understand how GPUs operate and then create
an algorithm to execute the simulator in a parallel fashion using
GPUs. One resource consulted has been the teaching kits for
high-performance computing which comes from an alliance with
NVIDIA, and the second was a certifcation in fundamentals of
high-performance computing using Python. Once we had gotten
these, a more detailed understanding of how GPUs operate
through kernels that are executed in a parallel manner was
possible. The execution is run by segments or chunks in memory,
a processing structure in grids, blocks, and threads.

Figure 20 illustrates this internal arrangement on GPU devices.

GPUs achieve better performance when they are used to conduct
numerical processing functions with thousands or millions of
operations. When using less data, there is a computational ex-
pense due to the overhead necessary to operate GPUs which is
greater than the acceleration achieved. Then, this overhead in
GPU processing is only convenient when processing massive
operations (thousands to millions).

Another important concept is that, from the feld of high-
performance computing, CPUs take the name of the “host”
and GPU the “device”. This terminology is crucial because the
data transfer between both devices during usage is very common,
so having a well-defned nomenclature and a correct handling of

Preparation Execution Results End

Start

Array and
matrix setup

(numpy
arrays)

State
machine

setup

Time
range on
each TL

Iteration
subiteration

Matrix
set IntegrationOperations Matrix

update
Results

presentation End

FIGURE 18 | Blocks diagram of the NumPy version.

CPU: latency-oriented design GPU: throughput-oriented design

Control

ALU ALU

ALUALU

Cache

DRAM

FIGURE 19 | CPU and GPU general architecture.

ALGORITHM 1 | CPU NumPy algorithm.

Input β, tl1min, tl1max, tl2min, tl2max, z0

Output zp

simulations← (tl1max − tl1min) ∗ (tl2max − tl2min)

for n in simulations do

Calculate zp

Integrate zp

n← nþ 1

end for
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this aspect is quite crucial. The other reason why this is relevant
is because we have a new element in hardware with abilities
(data memory management and processing) that were restricted
only to CPUs in the past.

A key objective that directed the research is how to apply the
parallel mindset to the work. This is not an automatic or trivial
step. Imagine that you have a 1000 tasks to process, each with
1000 independent activities. In a frst scenario, we have one
single worker to complete the processes. The execution would
occur serially, and the time to fnish would be the time it takes
the worker to complete each activity multiplied by the number of
activities. Now the capacity is increased with 1000 workers, what
would be the best election. Diferent scenarios are outlined as
follows:

• First scenario. Each worker executes one process com-
pletely; that is, 1000 workers execute one process with its
activities individually.

• Second scenario. Each worker operates one activity re-
gardless of the process until all the activities are completed.
Recalling the defnition, this execution is possible because
the activities are independent.

• Third scenario. A variation of the second scenario. Now the
activities are dependent in a process; that is, an activity must
fnish to start the next one in the same process. Well, even
when this process can be executed by the same 1000
workers, the job of each one is not fully separate; then, they
must wait until the previous activity is fnished.

As we can see, multiple options are possible to execute a process
in parallel. In the last scenario, even if you have a bigger capacity,
the parallelization of a job must consider the maximization of
autonomous and non-dependent activities between threads.
Even when there are options to work with this kind of behavior
(atomic operations) [69], this can represent an unnecessary
overhead and not exploit the full potential of parallel computing
and generate delays in the execution.

Therefore, it was so important to decide of the best alternative to
make a process parallel, because it depends on multiple factors
such as the type of operations, if there is a coupling between
elements in a simulation, or if there is a full independence in data.

Particularly for trafc simulator, we identifed the next options:

• Simulate each fully parameterized simulation in a diferent
execution process in parallel.

• Simulate each step of the simulation in a diferent process in
parallel.

• Simulate the behavior of each agent, across its lifecycle,
impacting changes during the simulation.

Considering the aspects of the model and looking for an in-
dependent and more parallelized simulator, we decided to work
with the frst option.

To understand better the way GPUs work, we researched frame-
works and libraries to runparallel processes inGPUs. The answerwe
found is a just-in-time compiler named Numba. Numba, according
with its ofcial documentation [70], is a just-in-time compiler for
Python array and numerical functions (an extra reason why a nu-
merical array-oriented Python simulator is a good option) that gives
the power to speed up applications with high-performance functions
written directly in Python. Numba generates optimized machine
code from pure Python using the LLVM compiler infrastructure.
With a few simple annotations, array-oriented and math-heavy
Python code can be just-in-time optimized.

Numba [71] supports CUDA GPU programming by directly
compiling a restricted subset of Python code into CUDA kernels
and device functions following the CUDA execution model.
Kernels written in Numba have direct access to NumPy arrays.
NumPy arrays are transferred between the CPU and the GPU
automatically. So, we worked on how to convert the serial
simulator to a parallel one. In the simulator, it was decided to
process the preparation and initial setup in the CPU and integrate
parallel GPU processing in the execution of each scenario of time
in the trafc light. Recalling the described in Model section, in
the last paper [44], we started exploring performance analysis in
the simulator to fnd which combination of trafc lights in a VTN
with a single cross is the best to maximize trafc fow.

We defned three criteria: Source-sink transfer criteria, inner-
fow transfer criteria, and mixed-criteria. Well, in that work, we
used the simulator in CPU with MATLAB. Now in this new
version we are going to process each combination of trafc lights
in a thread separately. As we illustrated in Figure 20, it is possible
to execute tasks on threads separately. To achieve this, in general,
it is necessary to create a process to be executed in GPU in
a parallel fashion; this process is named a kernel. In the simulator
a kernel in GPU with Numba was created with the decorator
@cuda.jit, directly in Python code. This kernel is a function that
executes a full simulation of the model, taking as diferentiated
parameters the combination of trafc lights times. A block di-
agram of this version is shown in Figure 21.

Because of the support currently available in Numba, not all the
mathematical functions are available, so we explored the ofcial
documentation to use those functions that are necessary for the
simulator.

We have found that some matrix operations were not available;
therefore, it was necessary to create them. We use an option
called @cuda.jit (device = True) to create functions directly on
GPU only callable from another GPU functions, because it does
not afect negatively the performance.

Another issue we found is that there is not an integrationmethod
available to execute natively in GPU that matches with the
simulator; then in the fourth version of the simulator the method
of integration is the one provided by the Math library obtained
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FIGURE 20 | Grid, blocks, and threads representation in GPU.
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from the CPU. This represents an overhead that impacts nega-
tively performance because the exchange of information between
the CPU and GPU is performed in each step of the simulation.

3.4.4 | Fifth Version of Simulator

To avoid the problem of information exchange and following the
recommendation of NVIDIA to reduce at minimum the exchange of
information between the CPU and GPU, we implemented an in-
tegration method directly on GPU that gives the same results as the
one existing on CPU to assure the accuracy of the information and
comparison. This method was created using the option called
@cuda.jit (device=True) to create the function directly on the GPU.
Unlike the fourth version, this new option of the simulator performs
each cycle of the simulation on the GPU. Only once is the in-
formation from the CPU transferred to the GPU with the perfor-
mance gain. A block diagram of this version is shown in Figure 22.

The algorithm of this version was generated with a diagram
showing the algorithm of this version, shown in Algorithm 2,
where β is the selected VTN represented as segments of streets,
tl1min, tl1max, tl2min, tl2max depict the parameters of each trafc
light, in this case for a single crossing; and fnally, z for the
number of vehicles initially represented as a scalar in each β, then
measured as fow in zp.

3.4.5 | Results by Version

We conducted diferent tests in the simulator options that are
mentioned above. We ran the same parameters in each version of
simulator in a workstation with an Intel XeonW-2245 3.0“GHz”,
128 GB RAM, GPU NVIDIA Quadro RTX 8000 (Turing) 48 GB
RAM, OS Ubuntu. The characteristics of each simulator are
presented in Table 1.

Execution confguration consisted in the defnition of mul-
tiplication of BlocksPerGrid and ThreadsPerBlock according
with the number of scenarios in each simulation (depending
the number of seconds of each trafc light to be tested).

We utilized mainly global and thread memory according with
hierarchy subsystem [72] of memory from NVIDIA.

We reduced at minimum memory exchange between CPU and
GPU, using techniques like passing all the necessary data to GPU
once, creating GPU-only accessory functions.

Creating empty arrays from the beginning to be used for the GPU,
and be flled during execution and returned only once for CPU to
measure results.

In the case of Streaming Multiprocessors (SMs), we considered
the rule of having numbers of thread, as a multiple of 32
according with the best practices issued by NVIDIA [72].
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FIGURE 21 | Blocks diagram of the partially GPU version.
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FIGURE 22 | Blocks diagram of full GPU version.

ALGORITHM 2 | GPU NumPy algorithm.

Input β, tl1min, tl1max, tl2min, tl2max, z0

Output zp

simulations← (tl1max − tl1min) ∗ (tl2max − tl2min)

blocksPerGrid

threadsPerBlock

Compute zp parallel in GPU threads

Integrate zp parallel in GPU threads

Return zp to CPU
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The number of blocks per grid followed the rule defned by
NVIDIA according with the specifc features by each GPU card (2
x -4x the number of SMs in a card) [72].

Confguring a VTN with a crossing segment that contains two
trafc lights, one of them controlling the vertical fow and the
other controlling the horizontal fow. A combination of
green-time possibilities in each trafc light was defned.

TABLE 1 | Diferent versions of the simulator.

Simulators
Version Language Processing unit Approach
1 MATLAB CPU Serialized
2 Python OOP CPU Serialized
3 Python NumPy CPU Serialized
4 Python NumPy CPU and GPU Parallelized, integrator serialized
5 Python NumPy CPU and GPU Fully parallelized
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FIGURE 23 | Charts in MATLAB version.
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FIGURE 24 | Charts in classes version.
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FIGURE 25 | Charts in arrays version.
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The main objective is to measure the time spent by each
version to get the results while increasing the possibilities in
the VTN. In the simulator were settled diferent scenarios to
measure the best combination that allows a better fow of
vehicles. Thinking about the opportunity of having the in-
formation in the best period, measurements have been
performed to check the time each simulator spent to fnish
the simulation.

The frst step was checking the correctness of the information
between simulators and taking as a basis the MATLAB version.
We checked the data generated step by step by each version of
the simulator to verify whether they had the same results.

Originally, we found some relevant diferences due to the
codifcation in a new language. We proved with diferent
methods, especially regarding the simulator method, to get the
results closer than the original version. After several tests we
obtained similar results between the versions. These tests were
conducted frst at the data level and then by checking the charts.
Figures 23, 24, 25 and 26 show the charts plotting the results of
each street segment from z1 to z9 obtained in each version of
the simulator. Some minor diferences can be observed due to
the speed of the discharge rate caused by the integrator
methods.

Time spent by each simulation is shown numerically in Table 2
and graphically in Figures 27 and 28.

As we can see, the results indicate that the use of OOP (classes) is
not a good option since the very frst simulations; this is a result
of the additional workload necessary to access data in an object
structure. Even when in theory the objects are well-suited to
model agents, we can see in the results that the time spent by the
OOP simulator quickly separates from other versions. On the
other hand, having a numerical array-oriented solution was
crucial to the simulator because the access and processing of
numerical variables like arrays, vectors, and matrix have better
performance. The next versions of simulator (NumPy, partially
GPU and full GPU) use this kind of approach, accelerating access
and calculations that were slow when using objects.

Thinking in parallel, a numerical arrangement resulting in
a simpler and more straightforward integration. GPUs work very
well with arrays, and the use of these in GPU kernels is well-
documented and efcient. In fact, structures like tuples, dic-
tionaries, or objects are not supported by NUMBA in the GPU, so
all the information has to be passed in array form. It is similar to
what happened in the beginning of programming when
a memory management and the care of data types were processes
very rigorous and accurate.

TABLE 2 | Time in minutes by each version.

Results
Executions
(millions) MAT-LAB Classes NumPy P-GPU F-GPU
0.18 0.3 0.9 0.7 7.4 0.4
10.89 8.3 69.8 17.6 4.0 4.1
151.29 35.9 699.7 231.7 11.4 17.6
590.49 254.7 2401.6 819.5 75.0 68.7
1544.490 671.8 3101.3 1051.2 200.0 99.6

Time by each version of simulator (minutes)
3,500.0

3,000.0

2,500.0

2,000.0

1,500.0

1,000.0

500.0

180,000 10,890,000 151,290,000 590,490,000 1,544,490,000

1. Matlab

2. Classes
3. Numpy

4. Partially GPU

5. Full GPU

FIGURE 27 | Comparison between versions of the simulator.

Time by each version of simulator (minutes)

180,000 10,890,000 151,290,000 590,490,000 1,544,490,000

Matlab Z4
GPU with integration

800.0

700.0

600.0

500.0

400.0

300.0

200.0

100.0

FIGURE 28 | MATLAB vs. GPU full version.

TABLE 3 | MATLAB version vs. full GPU version.

Final comparison
Executions (millions) MATLAB Full GPU
0.18 0.3 0.4
10.89 8.3 4.1
151.29 35.9 17.6
590.49 254.7 68.7
1544.490 671.8 99.6
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There exists a gain in performance comparing MATLAB and
NumPy versions (totally simulated in CPU) against GPU ver-
sions. Nevertheless, in the case of the partial GPU this beneft is
reduced because of the overhead provoked by the exchange of
information between them.

CPU and GPU. Still, the NumPy and GPUs versions perform
better than MATLAB; the beneft is greater while we get close to
a fully parallelized GPU version. We can see that because if the
GPU version has theminimum exchange with the CPU, it has the
best beneft in performance. If we take the last test (17,161
simulations, 1,544,490,000 executions), comparing MATLAB
version against the partially GPU version is 3.4x faster, but in
a GPU full version is 6.7 × faster.

Another result is that while the number of simulations is smaller,
the gain between the MATLAB version and GPU full version is
smaller, or in some cases, like the frst test (2 simulations, 180,000
executions), there is no beneft. That is explained by the fact that
GPU performs better with simulations greater than thousands of
data and processes.

Finally, the main result is found in Table 3, which compares the
original version in MATLAB against the full GPU version, where
we can observe that the diference between lines grow while
more simulations are added to the simulator. In the case of the
GPU having a better performance and the time growth does not
correspond with the simulations’ growth, that is the result of the
parallelization execution where the cores in CUDA perform the
calculations without growing the necessary time.

4 | Conclusions and Future Work

We can summarize the following conclusions:

• It was possible to translate the model into a Python NumPy
version using the features of the language.

• The use of OOP with larger calculations is not a suitable
option for the model.

• GPUs can be used to create a Vehicular Trafc Network
based on agents and simulate it.

• Using the same computer, the simulation on GPUs has
better performance while the number of simulations and
executions are increasing.

• It is evident that the CPU version does not represent a good
option when the number of simulations as a VTN grows.

• The overhead generated by the exchange of information
between the CPU and GPU is not convenient with a reduced
number of simulations.

• The lack of necessary and basic functions like matrix op-
erations or integration methods produces an additional
amount of time when translating an existing CPU-based
simulator.

• NUMBA is a good option to parallelize Python functions.

• In general, the optimization of fetching data from trafc
actors (in our case, trafc lights) could serve Transit De-
partments in Government Institutions to have data more
efciently and test scenarios that best match the needs in
each specifc location.

In our case, urban planning and signal optimization could be two
of multiple tasks where our simulator can help in a process where
fast decisions could represent saving minutes in each trip.

Regarding limitations we critically identifed the following:

• In the development of the simulator, we identifed that the
available functions in GPU are limited, moreover talking
about NUMBA framework. Considering extra features could
result inmath and generic functions that would be necessary
but not available.

• As it wasmentioned before, the hierarchymemory in GPU is
limited, then strategies to address this problem would be
necessary in bigger scenarios.

• The availability of GPUs both cloud and on-premises when
running our approach could be a limitation.

• Evenwhenwe started using Python as a starting point due to
its relevance to scientifc, HPC, and AI cases, we could
include a hybrid approach using Cþþ as the language to
enhance some capabilities.

• The use of GPU to have results in diferent scenarios is one of
the possible approaches. Nevertheless, some other options
like “attach” an agent to each Core in the GPU could
represent a good choice that could be aligned with an agent
mindset.

As future work, we are considering the exploration and tests in
bigger and complex cases and the integration of quantum
computing to optimize the best scenario to improve
trafc fow.
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