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Abstract

Traffic forecast has been of practical interest for modern society,
mainly in minimizing of jammed traffic effects due to the saturation
of roads, as well as predictable the impact of road interventions. In
this way, a family of computational methods that represent basic
traffic characteristics is based on Cellular Automata (CA). More-
over, the simulation of traffic system for greater roads lattice re-
quires a high computational cost. Therefore, this work presents an
approach of sophisticate CA models applied for traffic simulation
on GPU.
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1 Introduction

Transportation is a necessity of modern society. However, vehicle
fleet increases faster than roads, not to mention environment pollu-
tion and deteriorating urban areas due to traffic disorderly growth.
Thus, a correct manager of traffic system can minimizing these ef-
fects. The traffic saturation on the roads, the jammed traffic and en-
vironment pollution has been studied since 1950s. Louis A. Pipes
[Pipes 1953] was one of first researchers in studying the traffic mo-
tion in which describes mathematically the vehicular motion.

Many researches try to describe mathematic models for understat-
ing traffic flows its bottlenecks. These models are classified as
macroscopic or microscopic. Among the microscopic models, Cel-
lular Automata (CA) has been adopted with good results, due to the
fact that it creates similar behavior features of traffic vehicular mo-
tion, such as the relation of flow-density and the metastable phase
[Wahle et al. 2001], [Hafstein et al. 2004], [Nagatani 2009] and
[Spyropoulou 2007]. Furthermore, CA models are widely adopted
to describe complex system through simple rules set. CA models
are time explicit, i.e., for defining state of current time, CA models
use all informations of previous one, they are parallelizable models.

The model proposed herein improves previous CA models, which
includes in a new manner anticipation and acceleration policies. In-
deed, these models present some difficultly for adjusting the veloc-
ities of vehicles which consider the continuous movement of ahead
vehicle. The proposed model herein has also the capacity to predict
the movement of head vehicle.

2 The Traffic-Flow Theory

The behavior of traffic is analyzed in according to three variables:
density (p), velocity (v) and flow (J). The first (p) is the number of
vehicles per unit length on a highway at some time ( Eq. 1), where
n is the number of vehicles and L represents the full length of the
highway’s segment under observation.
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The average velocity, i.e., the averaged sum of velocities, is ob-
tained with the following (Eq.2)
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Finally, the flow is defined as the number of vehicles (m) that pass
through a specific point of the highway in a given time interval (1),

as denoted in Eq. 3.

m
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Moreover, the variables which describe vehicular motion data can
be obtained by two ways: either by an instantaneous photograph
of a specific section with length L or by observing the flow from a
fixed location during an interval time 7". For the first case Eq. 1 and
2 describe the density and average velocity considering a continu-
ous section of the freeway as a photograph taken at a given instant
of time. The second approach, fixed location, Eq. 3 considers the
counting strategy during a gap time. Finally, it is possible to build
a relation among these variables, as described in the following Eq.
4 (considering a stationary traffic state).
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Based on previous equations, the analysis of traffic flow is accom-
plished by constructing the corresponding fundamental diagram.
This shows the relation of flow and density. Therefore, the theoret-
ical model is illustrated in Fig. 1 as long as a fundamental diagram
for real data is presented in Fig. 2. Upon inspection of the funda-
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Figure 1: Theoretical funda-
mental diagram

Figure 2: Real data fundamen-
tal diagram

mental diagram (Figs. 1 and 2) it is possible to identify three well
defined phases, as Kerner et al [Kerner et al. 2002] discussed. The
first one represents the free-flow and corresponds to the region of
low to medium density and weak interaction between vehicles, any
velocity fluctuation only reduces the distance among vehicles with-
out affecting average velocity. As illustrated by Fig. 1, the vehicles
move almost at the highways speed limit, and the flow increases
linearly with density level, within the interval of 0 < p < ¢;.
The second phase represents medium and high density and is also
known as the synchronized flow. The flow should behave either
free or jammed, i.e., the phase c; < p < c2 shows a flow that is not
defined only by density, but by the interaction among the vehicles.
Considering the fact that each vehicle moves close to next one,when
just one vehicle decreases its velocity, the previous vehicles should
reduce their velocity, and there is a reducing at highway average ve-
locity. At next time instants, the vehicles begin to increase their ve-
locity and highway average velocity increased again. In this phase,
little jammed flow formed and dissolved. This phase is named the
metastable phase. The last phase represents the jammed flow, where
an increase in density causes a decrease in the flow (p > c¢2).



3 Cellular Automata

The Cellular Automata (CA) is model mathematic widely em-
ployed for describing complex system, such as traffic, crowd sim-
ulation, etc. Its concept was presented by J. Von Neumann[Neu
]. A theoretical systematic description of CA was developed by
Wolfram [Wolfram 1984]. It is a robust and powerful mathemati-
cal model for simulating the dynamics systems, typically used for
physics, biology, ecology, fluid flow, crowd behavior, among others
[Takai et al. 1995], [Ling et al. 2004] and [Gaylord, Richard J. and
D’ Andria, Louis J. 1998].

CA models applied to traffic problems can describe basic pro-
prieties of the traffic. They are used for representing the ve-
hicular movement across the lattice, which represents the high-
way. Nagel and Schreckenberg (NaSch) [Nagel and Schrecken-
berg 1992] proposed the successful model that has been widely
employed, which became the basis for several developments and
is referred to NaSch’s model. Several others models were proposed
based on NaSch’s models, which create families of models.

A well known family of these solutions is named slow-to-start. This
model tries to mimic the driver inertia in returning his velocity
whenever he stops. It was introduced by Takayasu and Takayasu
(T2) [Takayasu and Takayasu 1993]. Several others works were
proposed [Benjamin et al. 1996], [Tian 2009], [Barlovic et al. 1998]
and [Nishinari et al. 2004]. Despite depicting metastable region,
this family model should work with more than one probability with
different range of values. At last, metastable region relies on its
initial condition: For free flow, the vehicles must be distributed
uniformly by the CA lattice. On the other hand, jammed flow is
represented by vehicles in jammed state on the CA lattice.

Another family of CA applied for traffic are related to those that
include anticipation feature. These models resemble the continuity
of drivers movement in the next instant time. The concept adopted
in this approach is that every driver considers that his ahead vehi-
cle will move with the same velocity as in the previous time instant.
The disadvantage of this model family is given by the unpredictable
driver’s behavior due to correct velocity definition. Emmerich et al.
[Emmerich and Rank 1997] suggests that each vehicle may adjust
its velocity considering the movement of the vehicle ahead at the
next time instant, but this strategy depends on flow and the results
show that the flow becomes jammed prematurely, besides not re-
producing metastable phase. Another strategy considers a percent-
age of velocity of the ahead vehicle as proposed by Larraga et al.
[Larraga et al. 2004], including a safety distance among vehicles.
Break light models is a subset of this family, which adopts a signal-
ize strategy [Knospe et al. 2000]. Other strategy adopted by antic-
ipation model was proposed by Zamith et al. [Zamith et al. 2010].
where a recursive procedure is added in order to correctly define
each vehicle velocity. Although these models reproduce basic pro-
priety of traffic, such as good flow-density relation and metastable
region, these are done through one of following features: signal-
ization of previous vehicle, recursive procedure for correct velocity
definition and counter flow velocity adjustment. Several of them
need to setup many parameters and others require a high computa-
tional power with complex data structure.

4 GPU Computing

Nowadays, GPUs are presented as solution for high performance
computing. The architecture massively parallel and circuits ded-
icated mathematics calculus together with low cost becomes a
good solution for many simulation problems, either academic re-
searches or industry. For instance, an old GPU as nVidia 8800 ul-
tra [NVIDIA 2006] takes a measured 384 GFLOPS/s whereas 35.3
GFLOPS/s for the 2.6 Ghz dual-core Intel Xeon 5150 [NVIDIA
2008].

Although the GPUs’ high performance computation, they requires a
different programming paradigm in relation to CPUs. A good man-
ages of memory and optimized algorithms can improve the speedup
in according to CPU. On the other hand, weak manages memory of
GPU memory hierarchy or algorithms with conditional instructions
make GPU performance low.

Indeed, CUDA enables inexpensive multi-threaded GPUs program-
ming. One of the advantages of programming in CUDA instead of
conventional Shader language programming is that it allows one to
work with familiar programming concepts while developing soft-
ware that can run on a GPU, avoiding the performance overhead
of graphics layer APIs by compiling the software directly to the
hardware [Dobbs 2008].

CUDA has several advantages over traditional general purpose
computation on GPUs, such as: scattered reads - code can read
from arbitrary addresses in memory; shared memory - CUDA ex-
poses a fast shared memory region which can be shared among dif-
ferent threads; faster downloads and read-backs to and from the
GPU and full support for integer and bitwise operations, including
integer texture lookups [NVIDIA 2012]. Besides all this memory
facilities of GPU, CUDA does not cater memory access by CPU.
This constraint requires the CPU to previously copy the data from
its memory to the GPU.

The GPU used for running CUDA is based on an unified architec-
ture, i.e., there is a set of stream processors for vertex and pixel pro-
gramming. Due to the fact that CUDA organizes this set of stream
processors in a set of multiprocessor cores, it is possible to run
multiple threads concurrently. The threads are arranged in blocks,
which have their own shared memory space for sharing among
their threads, as well as each multiprocessor can process one block.
Therefore, the level of parallelism is enhanced through proper ar-
rangement of the GPU model, blocks and threads per blocks. The
block set is named grid.

CUDA enables application programming in an extension of the C
language (C for CUDA). In fact, a CUDA program is a set of C
functions, named kernels, that can be invoked by the host, and are
executed on the device’s n instance of the kernel in parallel. In
CUDA architecture, CPU is defined as host a GPU as a device.

When a kernel starts running based on the execution configuration
and according to the function arguments, the host continues to the
next line of code, after the kernel launches. At this point, both the
CUDA device and host are simultaneously running their separate
programs. Nevertheless, it is possible to artificially synchronize
both host and kernel programs.

A typical structure of a CUDA program is composed by the steps
illustrated in Fig.3 [HBeonLabs 2009]:

—_

. copy of data from the main host memory to the GPU memory;
2. the host invokes the kernel;

3. the kernel runs concurrently in different threads in the device;
4. the results stored in GPU memory are copied back to the CPU.

Not all problems can be solved efficiently in CUDA. Problems
which are computation-intensive and that involve processing large
data sets using the same code (Single Instruction Multiple Data
paradigm) are natural candidates to be parallelized on GPUs. De-
veloping an appropriate parallel algorithm that suits the CUDA pro-
gramming model may be very difficult. Besides, there are two main
challenges in modeling an efficient CUDA program: breaking the
problem appropriately into many sub-problems that can run con-
currently in several independent threads and dealing appropriately
with CUDA memory hierarchy, so that no overhead is introduced
due to an inappropriate choice of data distribution, order of access
and communication strategies.

5 Cellular Automata Model and GPU

CA models applied to traffic problems can describe basic propri-
eties of the traffic. They are used for representing the vehicular
movement across the lattice, which represents the highway. Nagel
and Schreckenberg [Nagel and Schreckenberg 1992] proposed the
successful model that has been widely employed, became the basis
for several developments and is referred to as NaSch model.

In NaSch model a single-lane highway is considered. The road is
defined as a lattice composed by cells. Each cell represents a road
segment of 7.5m (Ax) and the time evolution scale is measured
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Figure 3: Processing Flow on CUDA

in seconds, where the time interval is represented by At¢. A posi-
tion in the lattice and the time are given by x and ¢, respectively,
where t € N, x! € Z. The highway is considered to have periodic
boundary conditions (closed circuit), i.e., the position x is the same
as position z + L where L is the length of the circuit. Likewise,
the 4th vehicle is the same as the (¢ + N)th vehicle, where N is the
number of vehicles. Moreover, the variable (v}) denotes the veloc-
ity of the ith vehicle at time instant ¢, measured in cells per units of
time and ! denotes the spatial position. The distance between two
vehicles, head to head, in a time instant is represented by d, and
the maximum speed allowed is given by vmaz-

Finally, the probabilistic feature of the model is given by p and
Pm, Where the first is chosen from an uniform distribution and the
second is an initial parameter which plays the role of a cutoff. Both
contribute to mimic the drivers’ tendency to preserve their velocities
at the next time instant ¢ + 1.

NaSch model presents basic and simple rules, where all drivers at-
tempt to drive in the maximum velocity allowed by the flow of ve-
hicles or the road’s speed limit; a driver shall keep the vehicle’s ve-
locity or, without any apparent reason and with a small probability,
simply reduce it. A subsequent adjustment of each vehicle’s speed
considers its distance to the one immediately ahead, following the
rules:

: et
Acceleration :  v! = min[v) " + 1, Umaz]

: -1 -1
Distance : di =z ' -zl -1
Adjust :  vf = min[v},d}]
Probability (p < pm): vf =o' —1
Update : : = x§71 + ’Uf (5)

Moreover, the data structure of the model is also simple, and it re-
quires only O(n) memory space, where n is the number of cells.

NaSch model is able to reproduce properties of real traffic flow,
like the density-flow relation and spatio-temporal evolution of jams,
shown in Fig. 4. However, it indicates that the traffic becomes
jammed prematurely. Real data denote the traffic becomes jammed
for J ~ 0.6, as illustrated by Fig. 2. Fig. 5 illustrates the effects
of different values of p,,, indicating in which density value the free
flow behavior becomes jammed. If a probabilistic drivers’ behavior
(p = 0.30) is introduced, the flow becomes jammed for J ~ 0.5.
NaSch does not give rise to the metastable phase.

5.1 GPU Implementation Approach

GPU implementation is divided in two kernels: The first one is re-
sponsible for correct velocity definition (lines 1 to 4) of model 5.
The second kernel just updates vehicles position. The algorithm 1

J 1o

— =001
p=03
p=04
p=05

— =075

Figure 4: Space vs. time
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is pseudo code of model, where vehicles are processed in parallel
independently of highway discretization. kernel 1 input parameter
are: current vehicle state, probability p,, and speed limit of high-
way (vmax). At the end of algorithm 1, all vehicles have defined

Input: (p,,, current state, Vrmaz)
Result: new velocity value
1 for all vehicles do in parallel do
2 copy from global memory to shared memory vehicle
position (x;)
3 synchronize threads
4 vl = min[vf_l + 1, Vmaaz]
5 di =2t —xﬁ;ll—l
6 if p < p,, then
7 | vf =mazv]" —1,0]
8 end
9

end

Algorithm 1: Algorithm of kernel 1.

the correct velocity in order to not hit to next vehicle. Thus, kernel
2 described by algorithm 2 has input the correct velocity definition
and output is the new state of each vehicle, i.e., the new position on
the highway. For each time step simulation two kernels synchro-
nized are invoked.

Input: (new velocity value defined in kernel 1)
Result: new state - position update

1 for para todos os veculos do

2 ‘ xf =m§71 +vf;

3 end

Algorithm 2: Algorithm of kernel 2.

6 Data Structure Adopted

Data structure proposed in this work is composed by two arrays in
global memory and an array in shared memory. In global memory
is stored a highway discretization (first array) and a list of vehicles
(second array). The first array stored a integer value which repre-
sents the index of vehicle in second one. The list of vehicles array
stored the vehicles’ attributes (position and velocity). The array in
shared memory is integer array and it is used to store vehicle posi-
tion. Therefore, each thread in algorithm 1 copies its vehicles po-
sition from global to shared memory. Immediately after all threads
are synchronized for velocity definition step which accesses shared
memory in order to get vehicle position, as illustrated by Fig. 6. At
last, empty cell is numbered with —1 values.

7 Conclusion

This work depicts a concept of Cellular Automata applied for traf-
fic simulation forecast. Moreover, discusses an approach for correct
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Figure 6: Data structure in global memory

use of GPU memory in order to maximize the use of shared mem-
ory. Finally, forecast in real time is important for traffic manages
due to the fact that unexpected problems arise from vehicles interac-
tion in real world, such as accidents. For this cases it is important to
predict how long jammed flow takes s as well as length of it. Even-if
problem solved in real world, how long jammed flow takes in order
to dissolves. For all these necessity, high performance computing
as GPUs shows very efficient.
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