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Abstract. The shift toward electric vehicles requires the development
of an extensive public electric charging infrastructure. With the aim of
simulating hundreds of configurations for charging stations, street direc-
tions, crossing, etc., we need to find the best solution in short periods
of time to predict and prevent traffic congestion. Thus, we study dif-
ferent models to discretize and manage vehicle movements using a syn-
chronous cellular automata, with an emphasis in reducing the amount
of (frequently accessed) memory and execution time, and improving the
thread parallelism. This is guided by the classical lemma of computer
architecture “make the common case fast”, thus optimizing those code
sections where most of the execution time is spent. Experiments carried
out for microscopic traffic simulations indicate that compiled languages
increase run-time efficiency by more than 70x. Then several strategies
are studied, such as storing future velocities of each vehicle so that neigh-
bor vehicles can benefit from this information. Using a single 12-core
PC, we get to a total run-time for a unidimensional simulation that is
very close to that reached by supercomputers composed of thousands of
cores that use interpreted languages. This may also greatly reduce the
energy consumed. Although some performance degradation may occur
when complex situations are introduced (crossroads, traffic lights, etc.),
this degradation would not be significant if the length of the streets were
large enough.
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1 Introduction

The transportation sector is responsible for a substantial share of the total
equivalents of carbon dioxide COs released into the atmosphere (see data for
the European Union in'). These greenhouse gas emissions are the cause behind
the current global climate crisis, which poses a formidable challenge to human-
ity. Within transportation, road vehicles, which play a major role in our daily
mobility, are a significant contributor to this phenomenon. In response to this
pressing issue, a shift toward electric vehicles (EVs) is being carried out at a
global level. This electrification of road transportation requires the development
of an extensive public charging infrastructure. Forecasts for the year 2030 indi-
cate a significant surge in the demand for public charging stations, far surpassing
the current figures. For example, a study conducted by the International Energy
Agency indicates that electric vehicles are expected to constitute approximately
55% of all transportation modalities in Europe by 2030 in the scenario of existing
policies, taking into account different types of vehicles [2].

It is important to optimize the distribution of urban roads in a city to avoid
them contributing to increase traffic congestion.

In this work, we study different models to discretize the movement of vehicles
using a synchronous cellular automaton (CA), with an emphasis on the efficiency
with respect to reducing both the amount of memory that is to be frequently
accessed and the execution time, and to improve the thread parallelism. To do
this, we take into consideration the classical lemma of computer architecture
“make the common case fast”, thus concentrating and optimizing those code
sections where it is spent most of the execution time.

The remainder of the paper is organized as follows. Section 2 presents related
work. Section 3 presents several ways to simulate and represent vehicle move-
ments and to understand how to make simulation efficient. Section 4 summarizes
the definition of data structures to produce an efficient simulation. The results
are presented and discussed in Sect. 5. Finally, Section 6 presents the conclusions
and future research directions.

2 Related Works

Modern traffic simulation applications focus on microscopic models that simu-
late the movements of individual vehicles [1]. These models are capable of reflect-
ing various phenomena observed in reality. However, the simulation of detailed
models poses a performance challenge that can be solved by using HPC (High
Performance Computing) systems or optimizing the part of the code where more
than 90% of the execution time is spent.

One of the most well-known microscopic models is the Nagel-Schreckenberg
model [6], implemented for parallel execution. The authors tuned the algorithms
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for particular processor architectures, achieving good results for different specific
computers [5].

Other important findings on parallelization can be found in [10]. The perfor-
mance analysis of TRANSIM [9] identifies some issues that need to be addressed
to achieve good scalability on a large number of processors when information
is exchanged between spaces after each time step. GPU implementations are a
more recent approach. The problem is that such simulations may not be well
suited to GPU or SIMD kernels, due to the inherent random memory accesses,
as some authors point out [11].

Other works that parallelize the traffic simulator are: [4], where authors
reached a speedup of about 3 using a distributed and synchronized package
on four PC computers; [7], where speedup was about 5 using 16 processors; and
[3], where a 16 computing nodes (12 cores each) maintain a good speedup up to
six nodes, but get stuck for more nodes due to intensive communication.

The above parallel simulators have been written in C, C++ and Java, using
OpenMP or native distribution protocols. Only a few papers were written using
other languages such as Erlang [12]), which is designed for massively concurrent
and asynchronous applications, thus achieving very good scalability on large
HPC systems.

3 Representing Vehicle Movements

The classical Nagel-Schreckengberg (Na-Sch) model reproduces the movement of
vehicles using a synchronous cellular automata (CA), where space and time are
discretized. A common way to simplify the representation of a two-dimensional
map is to render and compact it into a one-dimensional vector, where each
element (or CA cell) represents an area of a few meters. The vector must contain
some special cells to represent crossroads and bifurcations (which must point to
at least two cells). However, the number of crossroads and bifurcations is usually
much lower than the total number of cells, which implies that speeding up the
movement of vehicles along a one-dimensional vector is a critical task.

This model Na-Sch defines the vehicles variables with two pairs of values:
The current and next positions of vehicle i (1 <=4 <= N, N is the number of
CA cells) are z;(t) and z;(t + 1), and its current and next velocities v;(t) and
v;(t + 1). Each magnitude corresponds to time steps (t) and (t + 1).

The CA dynamic can be run in parallel and is determined according to the
four following rules [6] for a certain vehicle

1. Acceleration: v;(t + 1) = min(v;(t) + 1, Vmaz);

2. Deceleration: v;(t + 1) = min(d;, v;(t +1));

3. Randomization: v;(t + 1) = max(v;(t + 1) — 1,0) (braking reduces velocity in
one unit with probability F);

4. Movement: z;(t + 1) = x;(t) + v;(t + 1);

where V4, is the maximum speed that ¢ vehicle can reach and d; is the
number of empty cells in front of the vehicle.
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Note that these equations are obtained for a simple discretization of a moving
particle with a bounded acceleration of one unit, where the third step (random-
ization) introduces a certain stochastic behavior in the model. Concretely, the
most difficult and run-time consuming computing piece of the algorithm is the
calculus of the ahead “free” distance d;. This requires the search for empty cells
in front of each vehicle, which implies a loop that necessarily scans the contiguous
forward cells at least up to the reachable velocity of the vehicle.

In addition, special attention must be paid when using random numbers.
Calling a good random function generator is very time-consuming: in fact, this
call usually lasts more than the rest of the code devoted to each cell. High-quality
uniform random numbers are not crucial for this kind of simulations: note that
movement discretization is actually coarse, and the randomization of the third
step is artificial. Therefore, it is preferable to generate previously a vector with
a random number for each cell and simply access to one different element for
each cell and time step during the simulation (see the explanation later).

The previous equations contain several variables that must be mapped into
data structures with the double aim of being efficient and flexible enough to allow
the introduction of several functionalities in the simulations. In this section, we
proceed with a progressive optimization of the required structures.

First of all, one can part directly from declaring the most simple structures
that allow us to run all the CA cell in parallel, and which correspond to the
values that equations hold: two pairs of vectors for the current and next positions
Teyrr aNd Tpert, and for the velocities veyrr and vyerr, Whose index represents
the position on the map. As each cell needs to know the current state of its
neighborhood to compute its next values, .y and x,c.¢ cannot be condensed
into a single scalar vector.

Figure 1 represents 3 vehicles in a unidimensional CA, where the calculus of
d; for the two first vehicles and their resultant movements are depicted with
arrows. Here, we assume that random braking does not occur. The upper table
represents the simple solution that builds the two pairs of vectors.

Although a similar pair of velocity vectors can be the most straightforward
solution, both can be condensed into one if we realize that next velocity can be
stored in a local variable for each cell, which is stored at the end of a step can
be as a last stage. That is, considering v(t + 1) as a local variable (note that
the subindex 4 has been suppressed) and adding a new fifth rule that deletes the
previous velocity and stores the new one. Additionally, the position vector only
requires a few bits to indicate the presence of a vehicle in a cell. A mark must
exist for occupied cells of position vectors, whereas the velocity magnitudes must
reside in the velocity vectors. This new representation is depicted in the lower
table of Fig. 1.

Going further, an obvious optimization in the classical model is the condensa-
tion of the 3 vectors into only two vectors containing current and next velocities,
so that non-null cells in current velocity vector are also used as marks to com-
pute d;. Thus, Fig. 2 represents the same situation as Fig. 1 but using only two
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d=3 d=2
x(i, 1) 1 5
x(i, t+1) 4 7
v(i, 1) 2 4
v(i, t+1) 3 2
x(i, 1) 1 0 0 0 1 0 0
x(i, t+1) 0 0 0 1 0 0 1
v(i, t+1) 2—0 0 0 0—-3 | 4—-0 0 0—-2

Fig. 1. Example of magnitudes to be computed in the classical Nagel Schreckenberg
model for two vehicles.

vectors. Note that the mark in the free cell is now the value —1, because the
value 0 must be used for vehicles with null velocity.

0 1 2 3 4 5 6 7 8 9 10 11 12
o) =y o)
- A AN A
=3 d=2
v(i, 1) 2 -1 -1 -1 4 -1 -1
v(i, t+1) -1 -1 -1 3 -1 -1 2

Fig. 2. Example of magnitudes to be computed in the optimized Nagel Schreckenberg
model for two vehicles.

Another possibility of implementing this model comes from the use of a list
that contains (at least) the positions of vehicles. However, the loop that searches
for empty cells to compute d; always implies the necessity of a vector with marks
representing the occupied cells, because we cannot guarantee that the vehicle list
will be ordered, and the search in a disordered list would be very inefficient.

Obviously, the combination of a list of vehicle coordinates plus a vector of
free/occupied cells may be beneficial if the number of vehicles is very small. This
is to be analyzed in Sect. 5.

Finally, the re-ordination of two iterations of the rules of the classical model
may produce a faster execution (see Sect.5). Since the most time-consuming
part is the search lop that computes d;, we can reduce the number of iterations
of this loop by storing the future velocity of each vehicle. In addition, the future
velocity stored in each cell is also the safety distance that must be fulfilled
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Fig. 3. Example of magnitudes to be computed in the novel model for two vehicles.

between vehicles. That is, we must ensure that the stored velocity value implies
that the number of cells that are free in front of the vehicle is at least this same
value. Thus, the search for the empty cell ahead can begin in the cell situated
at the stored velocity plus 1.

Figure 3 represents this case for two vehicles: the first begins its search from
cell 5 (because its stored safety distance is 3), where it encounters (in the first
iteration) an occupied cell with a (safety distance) velocity of 2. Then its next
velocity can be: the amount of cells (d in the figure) where the ahead vehicle
was found plus the stored velocity of this ahead vehicle, that is, 0+2 = 2. The
second vehicle can begin its search from cell 8 (because its stored safety distance
is 2), and it encounters (in the second iteration) an occupied cell with a (safety
distance) velocity of 4. Then its next velocity can be: the amount of empty
ahead cells (d=1) plus the stored velocity of the vehicle ahead, that is, 1 + 4 =
5. However, the acceleration bound of the model must reduce this new velocity
to 3 (one unit more than the previous one).

In summary, the CA dynamic rules for this novel model for a certain vehicle
i are as follows:

1. Search (Deceleration) and Bounded Acceleration: v(t + 2)[i + v(t + 1)[{]] =
min(df + v(t + 1)[i + v(t + 1)[i] + df], vmaz);

2. Randomization: v(t + 2)[i] = max(v(t 4+ 2)[i] — 1,0) (braking reduces velocity
in one unit with probability P);

Where d7 is the number of empty cells ahead after the safety distance (v(t+
D).

Note that we have used the notation [i] to indicate the element ¢ — th of the
velocity vector, while the two (current and next) velocities are expressed with

(t+1) and (¢t + 2).

4 Efficient Definition of Data Structures

According to the classical Na-Sch model, a complete description of the CA sim-
ulation requires up to four vectors with dimensions equal to the number of cells:
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vi(t + 1),v;(t), z;(t + 1), 2;(t). Other quantities do not need to be stored in
large data vectors because they are global (v,,4, Or can be computed specifically
for each cell (d;, P,). Besides, when developing a simulation with more complex
behavior, e.g. crossroads, different characteristic of vehicles, traffic lights, routing
preferences, etc., additional data structures must be inserted.

However, special care must be taken both to maintain the previous fast
kernel of simulation and to avoid that complex structures play a significant
role in the CA evolution. This is because the memory access locality is usu-
ally degraded when using complex structures. In the same way, it is preferable
to compact the set of cells into a unique unidimensional vector (which favors
memory locality and effective caching if neighboring streets were allocated in
adjacent addresses) instead of scattering cells among dynamic lists (which may
be allocated in disperse memory addresses). The reason for this decision, as
demonstrated in Sect. 5, is that cell vectors would play the most important role
in the simulation and probably consume most of the execution time. Thus, we
are taking into consideration the lemma “make the common case fast”.

Although cell vectors are believed to be a memory waste if the ratio between
the number of vehicles and cells is low (around a 10% is generally considered
to simulate dense and demanding traffic conditions), note that a complete set
of cells simplifies the search for adjacent vehicles. This issue is a crucial, very
common, and repetitive task to simulate vehicle movements. In contrast, a search
for a smaller but disordered list of cells would be very time-consuming because
the search has to be done for the complete disordered list and for each vehicle.
Using a cell vector, only the indexes to the new structures (that is, acting like
pointers) must be added and updated (as explained below).

In addition to cell vectors, other structures are needed to store the charac-
teristics of vehicles and the shape of the streets that correspond to the city to
be simulated. These structures can contain at least the following information to
define vehicle and street data. For each vehicle: its routing preferences, its type,
the cell where it is at the current step, and other necessary to emulate more
complex behaviors, like its length, maximum speed, etc. For each street: the cell
indexes where it begins and ends (actually, linear indexes to the cell vector), its
maximum allowed speed, a set of indexes to relate this street with its neighbor-
ing ones), if it has priority when entering a crossroad, and other necessary to
emulate more complex behaviors, like its type, priority changes due to traffic
lights, and so on.

In summary, the basic vectors that control the speed of vehicles are two
(vi(t 4+ 1),v;(t)) ; the other two (z;(t + 1),x;(t)) are not necessary because the
cell index is, in fact, the position x;(t). Instead of position, a pointer to the
vehicle list (namely, pyen,ist(t)) for each cell must be updated at the end of
each simulation step. Note that two vectors for the current (¢) and next steps
(t 4+ 1) are not necessary to control vehicle movements. Thus, a minimal set of
pointers that relate cell indexes with vehicle and street indexes is also required.
Figure 4 represents the minimal set of structures and its relation using indexes
among them. Note that Fig.3 contains the minimal set of structures required
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for efficient simulation, thus reducing the amount of memory that is frequently
accessed.

Cells
v(i, 1) 2 -1 -1 -1 4 1 7 ] 0
v(i, t+1) -1 -1 -1 3 -1 -] 2 ] i 7
p_veh_list 2 0 7
*. ;
Vehicle list ‘\\ See==ooTTTTTTT e /
! .
index | | Cell 5[ l,’ Tpe | Routing ﬁeet list
index) | preferences index | begin | end | /Next | Previous | ...
0 4- /| Car Right Street | Street
1 L 9| Car Left 0 0 |199 1 1244
2 N0 | Truck |  Let 1 | 200|200 2 0
3 2 201 | 260 4 1
3 261 | 261 5 7
4 262 | 361 7 2

Fig. 4. Minimal set of structures required for an efficient simulation and their main
relations.

In the next Section we compare the run-time execution of the different algo-
rithms to get to that with better results. Additionally, we introduce and discuss
additional features in the baseline model, to measure the influence of these fea-
tures on the final execution time.

5 Results and Discussion

The results have been conducted thoroughly to conclude which performance
improvement can be reached when changing the CA traffic model. We consider
the execution of the classical Na-Sch model as the baseline time, and we pro-
ceed to determine the acceleration when parallelizing several cores and when
comparing it with different optimizations and additional features.

Before trying to reach extreme performance and making optimizations, a first
comparison was made between languages for the classical Na-Sch model. Being
Python one of the most common languages nowadays, it is discovered that the
algorithm written in this language is around 70x slower than the same algorithm
written in C++ for a smaller number of cells (64 Ki cells?) when running in only
one core. Exactly, a total of 2.89639¢ 4+ 07 movements can be run in a second for
the C version in contrast to 4.14538e + 05 reached in Python. The situation is
even worse for larger sizes (80 slower for 128 Ki cells). Going further, speedup
for the version in C++ is easily achieved using OpenMP, then accelerating a
number of times near the number of cores (see next results). This result is even
greater than that found as the mean for scientific codes (around 40x slower;
see [8]).

2 Ki is the multiplier for 1024 x.
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Different configurations were also analyzed for the several tests in two stages.
In a first stage, we determine the most important parameters and fast models
using a simple simulation, mainly consisting of unidimensional vectors. Values
for a medium-sized city of a million inhabitants have been used: 5000 streets of
around 200 m each, that is, a total of 10 m, approx. A common selection for the
size of the simulated cell is 4 m, which results in a number of cells of 25 x 10*
cells.

In the second stage, we concentrate on the model that yields the best results
and compare its performance with that of baseline time for a realistic simulation
and for different values of the most important parameters, which were selected
in the first stage. These parameters are mainly: a) ratio of the number of vehicles
to the number of cells; b) maximum speed.

Throughout the simulations, the different values of the parameters have been
chosen to be similar to those in the current literature, except when indicated.
An 8% for the ratio of the number of vehicles by the number of cells; for the
maximum velocity values, the values are 4, 8 and 12 cells per simulation step.
Note that the maximum velocity for cities is around 50 Km/h (15m/s). If a
simulation step counts for a second, this means 4 cells per step. Bigger simulated
velocities would mean a finer description of movement, that is, fewer meters per
cell. Random braking probability is fixed to 0.10; a common value in most Na-Sch
simulations.

We also proceed with two computers (one laptop and a modern desktop
PC) to demonstrate whether the machine has an influence on the results. The
computers are an Intel Core i7-10750H, 2.60 GHz, 16.0 GB; and a 12th Intel Core
i7-12700K, 3.60 GHz, 32.0 GB.

The codes were written in C++ and compiled with Microsoft Visual Studio
2022, allowing all speed optimizations. Each test is repeated ten times, and the
minimum times are collected, because the first execution is always slower since
the operating system is reallocating the executable (actually the mean times
vary less than 5% than the minimum ones).

The main models to be considered are those represented in the three Fig-
ures of Sect. 3, that is, the classical Nagel-Schreckenberg, the optimized Nagel-
Schreckenberg, and the novel model proposed here.

The main loop that controls the vehicle movement of these models can be
two-fold. Obviously, the most basic loop executes one iteration for each cell.
However, a second option consists of a loop with one iteration for each vehicle.
In this case, we need to go through the vehicle list structure, read the cell index,
which points to the corresponding cell where each vehicle is placed, where finally
the movement is to be computed.

The main result is obtained by comparing the single-threaded execution with
the parallel execution obtained with OpenMP. Speed-up values are very satis-
factory even for the laptop, because they are close to the number of physical
cores that the machine has. Consequently, and from now on, only results for the
parallel OpenMP versions are shown.
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Figure 5 shows the number of movements per second for the classical Nagel-
Schreckenberg and the novel models when varying the number of cells from 128
Ki to 1024 Ki, and for different maximum velocities (4, 8 and 12 cells per step).
Here, the probability of random braking is fixed to 0.1.

It is clear that the number of cells managed for medium cities has very little
influence on the sizes that allow the cells to be allocated to the L3 cache. Of
course, there is a small performance reduction for much larger sizes. Similar
results are encountered for the other models.

Besides, running the same algorithm for different number of steps (bigger
than 10) implies little variations in performance. This is evident because each
time step is independent from the rest, and once the data vectors have been
cached, each execution step does not suffer from important variations.

Therefore, from now on the number of cells to be simulated is that of a
medium city (around 256 Ki) and the number of steps is fixed to 160 (a sensible
number used, for example, in [12]). Because the achieved speedups are usually
near the number of physical cores, OpenMP is active in all the tests.
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Fig. 5. Number of movements per second for the classical Nagel Schreckenberg and the
optimized Nagel Schreckenberg models when varying the number of cells from 128 K
to 1024 K. Maximum velocities are 4, 8 and 12 cells per step.

Previous Fig.5 gives a first idea of the speedup obtained for the models
of Sect.3, which counts for different parameters. The next set of simulations
compares the speedup obtained for the models in Sect. 3 for different parameters.

Table 1 shows the number of vehicle movements per second and the speed-up
(which is the reference for the classic Na-Sch algorithm) when simulating on the
modern PC a total of 160 steps and 256 Ki cells with a ratio of the number of
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Table 1. Comparative speed-up using the number of vehicle movements per second
for the Classic Na Sch, its optimized version, and the novel model proposed here when
varying maximum velocity.

Number of vehicle movements per second Speedup
Max. Veloc Classic Optim Novel Classic vs Optim | Classic vs Novel
4 2.28177e+08 | 4.68137e+08 | 7.09059¢+08 2.05 3.11
8 2.17847e+08 | 4.41291e+08 | 7.60969e+08 2.03 3.49
12 | 2.06842e+08 | 4.06585e+08 & 8.67613e+08 1.97 4.19

Table 2. Number of vehicle movements per second for different models. r.r. means the
reorder ratio of the vehicle list.

Ratio veh/cells | Na-Sch classic | Na-Sch optim Novel model
5| 3.90486e+08 | 7.58989¢+08 | 1.32079e+09 |
10 | 2.73786e+08 | 5.42995e+08 | 8.68227e+08 |
20 | 1.96049e+08 3.82318e+08 5.9374e+08
‘ Ratio veh/cells | Na-Sch classic using Na-Sch classic using Na-Sch classic using ‘
vehicle list (r.r. =0.1) vehicle list (r.r. =0.2) vehicle list (r.r. =0.8)
[ S| 5.61475e+08 | 4.35744e+08 | 2.83068e+08
’ 10 | 4.68071e+08 | 3.60048e+08 | 2.75381e+08
20 | 3.84744e+08 2.87258e+08 2.33214e+08 |

vehicles by the number of cells of 7% and different velocities. Similar speedups
are encountered for the laptop. It is clear that the novel model outperforms the
rest and that the larger the velocity, the more speedup is reached. This can be
understood because the proposed novel algorithm scans for far fewer cells to find
each vehicle ahead. In fact, if the vehicles formed a platoon, exactly the next cell
(ahead of the stored future velocity) would contain a vehicle, and the scanning
would have only one iteration (see Fig.3). This is clearly more obvious when
maximum velocities are greater. On the other hand, classic or optimized Na-Sch
models need to scan at least as many cells as the current velocity.

The next interesting effect occurs when simulating different ratios between
the number of vehicles and cells: 1 vehicle of 5, 10 and 20 cells is simulated and
the results are presented in Table2. Around a 10% is generally considered to
simulate dense and demanding traffic conditions; 1 out of 5 is very dense traffic
and 1 out of 20 emulates relaxed traffic conditions.

This table shows the number of movements per second for the following
models: the classical Na-Sch, its optimized version, the novel model proposed
here, and three tests that implement the classical Na-Sch model with a list of
vehicles, so that the main loop is executed (and parallelized) for this list. These
three tests vary the reorder ratio (r.r.) of the vehicle list (values r.r. =0.1, 0.2,
0.8), that is, before the simulation, the indexes where the vehicles reside are
reordered to emulate the real case: Each entry in the vehicle list may point to
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disperse positions of the cell vector. The rest of parameters are the same as in
the previous table (except the maximum velocity fixed to 4 cell/step).

Several interesting conclusions are drawn from this table, which are enumer-
ated in the next section.

6 Conclusions and Future Work

Experiments carried out for microscopic traffic simulations indicate that com-
piled languages increase run-time efficiency by more than 70x. In addition, a
novel discretized vehicle movement model is proposed that reduces execution
time by more than 3x when compared with the classical Nagel-Schreckenberg
model. Putting all together, we get to a total run-time for a unidimensional sim-
ulation using a 12-core PC that is very close to that reached by supercomputers
composed of thousands of cores that use interpreted languages. Other several
interesting conclusions that yield from result tables are:

1. If the automata simulates less vehicles, the number of vehicle movements per
second is lower for any model that manage cells. This can be understood
because the main loop must go through the complete vector cell. If it con-
tained fewer vehicles, there would be an overhead time spent in empty cells.
Obviously, this effect is not so significant for the model that includes a vehicle
list.

2. Simulations using a vehicle list behave poorer than optimized cases, even for
low traffic densities. The effect of sparse accesses to the computer memory
hierarchy introduces a very negative effect on lists.

3. As expected, the model using a vehicle list gets much worse when the list is
reordered to emulate the above commented real case.

4. The novel model reaches an impressive performance (1.32079e+09 vehicle
movements per second) in saturated traffic conditions (due to its reduced
scanning task, as explained above). In this sense, we can remark that using
only a common PC with 12 cores, we are reaching a performance that is
very close to that of [12], which involves a huge amount of 19,200 computing
cores. To be exact, in this paper, a total of 160 steps for 11.5M cars were
simulated in one second, which means a total of 160 x 11.5M = 1.84e + 09
vehicle movements per second, similar to the results of Table2. Therefore,
the waste of energy when using a top HPC system instead of a common PC
to get similar performance is enormous. We are aware that some performance
degradation is going to occur when introducing more complex situations in
the simulations (crossroads, traffic lights, etc.). However, one can estimate
that this degradation would not be significant because the ratio between cells
and crossing is usually high. For example, in [12] a total of 240K crossroads
and 144M cells are simulated, which means 144M /240K = 600 cells for each
crossing.

Future work is twofold. First, making simulations even faster by comprising
data cell information into a more reduced number of bits. This can promote
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efficiency in other platforms like SIMD instructions, GPUs, etc. Second, studying
different models of crossroads to make them also time-efficient.
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